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Analysis of image formation in a differential interference contrast (DIC) microscope and retrieval of the
specimen’s properties require calibration of its key parameters, viz. shear and bias. We present a method
of measuring the shear and the bias of a DIC microscope from the interference fringes produced in the
back focal plane of the objective. Previous approaches, which use calibrated specimens such as polysty-
rene or fluorescent beads, provide rather approximate measurements of shear or require a complex
optical setup. The method presented is accurate, relies on simple image analysis, and does not require
a specimen. We provide a succinct and accurate description of properties of Nomarski prisms to explain
the rationale behind the method. © 2010 Optical Society of America

OCIS codes: 180.3170, 110.2960, 110.2990, 110.4980.

1. Introduction

A differential interference contrast (DIC) microscope
is a polarization-based wavefront-shearing interfer-
ometer that allows use of a large illumination aper-
ture for imaging transparent specimens [1,2]. In
contrast to spatially coherent phase imaging meth-
ods, large illumination aperture (i.e., partially coher-
ent illumination) leads to high lateral resolution,
depth sectioning, and lack of speckle noise. Although
DIC was developed as a qualitative imaging method,
it has been extended to provide semiquantitative and
quantitative information about the phase distribu-
tion (i.e., optical path length) of the specimen [3–7].
Quantitative analysis with DIC necessitates devel-
opment of its image formation model and methods
of calibrating experimental systems. In this paper,
we develop an accurate calibration procedure that re-
lies on intensity measurements performed in the

back focal plane of the objective. To explain the ratio-
nale of the method, we review the properties of the
Nomarski prism, which is a key component of the
DIC microscope.

DIC’s optical train, in the configuration due to
Nomarski, employs four polarization-sensitive com-
ponents: two Nomarski prisms that sandwich the
specimen, which are in turn sandwiched by a pair
of crossed polarizers. The schematic layout of the
DIC microscope can be found in several references
[1,2]. The discussion in this paper is based on the
schematic presented in Fig. 1(a) of Ref. [8] and re-
lated description of image formation in DIC. The fol-
lowing abbreviations are used to refer to different
components of a DIC microscope:

• OPrism: objective-side Nomarski prism.
• CPrism: condenser-side Nomarski prism.
• BFP: objective back focal plane where the

fringes produced by OPrism are effectively localized.
The concept of fringe localization is reviewed in
Appendix A.
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• FFP: condenser front focal plane where the
fringes produced by CPrism are effectively localized.

Also, we use the terms point source, spatially coher-
ent source, and coherent illumination interchange-
ably to imply a condenser FFP closed down to a
point on the optical axis. The term partially coherent
illumination/partially coherent source refers to a
source of finite size consisting of individually inco-
herent point sources. Unless specified, the term par-
tial coherence should not be confused to imply a
source having large emission bandwidth, i.e., partial
temporal coherence.

The key parameters of the DIC microscope and the
symbols that we use to represent them are as follows:

a. Objective shear (2Δ): the separation in the
specimen plane between foci of the sheared imaging
beams in the specimen plane.

b. Condenser shear (2Δc): the separation in the
specimen plane between points that are illuminated
coherently.

c. Bias (2ϕ): constant relative phase shift intro-
duced between sheared beams.

d. Numerical aperture (NA) of imaging path
(NAobj).

e. Numerical aperture of illumination path
NAcon. The coherence ratio, S ¼ NAcon=NAobj, deter-
mines coherence of the imaging system, and a higher
value of S implies reduced coherence in the speci-
men plane.

f. Average wavelength of quasi-monochromatic
illumination (λ).

g. Relative strengths of sheared beams deter-
mined by the angle between transmission axes of
the polarizers. In this paper, we assume that the po-
larizers are crossed, which leads to beams of equal
strength.

To facilitate quantitative analysis, a quasi-
monochromatic source is assumed throughout the
paper and experimentally created by placing an in-
terference filter (Olympus IF 550) between the halo-
gen lamp and the condenser.

The effects of shear, bias, imaging NA, and relative
strength of beams have been studied by various re-
searchers over the past three decades [9–12], assum-
ing coherent illumination. Assumption of coherent
illumination allows use of mathematically tractable
linear image formation models, but ignores the fact
that DIC employs a large illumination NA and an in-
coherent source. An illumination from an incoherent
source through a large NA leads to partially coherent
illumination at the specimen. While coherent image
is related linearly to the specimen transmission, a
partially coherent image depends bilinearly [13,14]
on the specimen transmission. By bilinear depen-
dence, we imply that the image intensity at any given
point is a function of the specimen transmission at
pairs of points. Equivalently, spatial frequencies ob-
served in the image depend not only on the specimen

spatial frequencies but also on mixing of pairs of spe-
cimen spatial frequencies. Owing to the complexity of
the partially-coherent model, the role of the illumina-
tion path in DIC has been clarified relatively re-
cently. Sheppard and Wilson, and Cogswell and
Sheppard [15,16], proposed a DIC model assuming
equal NAcon and NAobj, but took into account shear-
ing due to both prisms. Preza [17] studied effects of
illumination geometry assuming that the specimen
is imaged with a point-spread function, which is a
coherent difference of spatially and phase-shifted re-
plicas of the bright-field point-spread function. How-
ever, as explained in Ref. [8], Preza’s model failed to
take into account the role of CPrism ([17], figure 3).
Mehta and Sheppard [8] corrected this assumption to
take into account effects of both prisms as well as
general illumination geometry (e.g., slit and varying
NAcon).

Our model elucidated that the DIC microscope
with both prisms images an effective transmission
that is the coherent difference of spatially and phase-
shifted replicas of the specimen’s transmission. In
contrast, Preza’s model shears the PSF of the imag-
ing path, which amounts to modeling the so called
Köhler-DIC setup noted in Ref. [8]. We have devel-
oped a general phase-space model, termed a phase-
space imager (PSI) that allows efficient computation
[18] of partially coherent images. With help of a
phase-space imager we have compared resolution
and contrast in five phase microscopy methods [19].

Employing any of the above image formation mod-
els for image calculation, instrument design, or
reconstruction requires measurement of the key
parameters mentioned earlier. NAobj, NAcon, and λ
are usually specified. If bias is introduced by transla-
tion of either prism and not by a calibrated method
such as de Sènarmont compensation, it needs to be
measured. Shear introduced by the OPrism is usual-
ly not specified by manufacturers and has to be mea-
sured. A few approaches have been proposed for
measurement of shear of OPrism using a calibrated
specimen [11,20]. These approaches either do not
provide accurate measure of shear or require com-
plex experimental procedure (as discussed in
Section 4). Moreover, they do not allow estimation
of bias or the shear of CPrism.

Since the Nomarski prisms lead to interference
fringes in the objective BFP, there should be a way of
measuring shear and biaswithout a specimen. In this
paper, we present such an approach based on image
analysis of the intensity pattern in the BFP, evaluate
its accuracy, and discuss the effects of noise and sys-
temic errors.

The rest of the paper is organized as follows.
Section 2 and the related Appendix A provide a suc-
cinct and accurate review of properties of Nomarski
prisms used in DIC. Section 3 provides a description
of the experimental setup used in this paper. The
same section discusses the measurement of shear
with a carefully constructed benchtop setup, which
provides a benchmark for measurements performed
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with our relatively simple approach. Section 4
discusses accuracy of approaches for measurement
of shear that use either a subresolution phase or a
subresolution fluorescent specimen. Section 6 then
describes our acquisition and image processing algo-
rithm for measuring shear (in normalized units of
λ=NAobj) and bias. Evaluation of the accuracy of the
specimen based methods and our method is carried
out in Section 7. The same section also discusses ef-
fects of various sources of noise and systemic errors.
Section 8 concludes the paper with a discussion of ef-
fects of dispersion, alternative approaches that we
tried, and a summary of results.

2. Basic Properties of the Nomarski Prism

It is useful to recall the basic features of the Nomars-
ki prism in order to appreciate the calibration proce-
dures described in this paper. DIC setups that use a
coherent source can be implemented with the help of
a grating [1,21] or spatial light modulator [22]. Spe-
cial properties of the Nomarski prism bestow the DIC
setup with the capability of high-contrast shearing
interferometry even with a source that is spatially
partially coherent (i.e., a source of finite physical ex-
tent) and temporally partially coherent (i.e., a source
having a large emission spectrum or a white-light
source). The reader is referred to Appendix A for
an explanation of how the coherence of the source
affects the interference fringes produced by the No-
marski prism. The key observations drawn from the
appendix are the following: (1) With a partially
coherent source, the fringes produced by the OPrism
are localized in the objective BFP. Therefore one
should carefully focus at BFP when measuring the
fringe intensity. (2) In absence of dispersion, the
prism introduces constant angular shear to all wave-
lengths, resulting in fringes whose period varies
linearly with the wavelength. Consequently, the
contrast of fringes recorded with a white-light
source is lower than the fringes recorded with a
quasi-monochromatic light. Therefore, use of quasi-
monochromatic illumination is important for record-
ing the fringes.

Using a collimated beam of monochromatic light,
the shear introduced by the Nomarski prism (or
any other birefringent angular beam splitter) can
be determined by measuring the period of the inter-
ference fringes with respect to the wavelength (see
figure 1.79 of [23]) with a benchtop optical setup
as per the following relationships.

As discussed in Appendix A, the relationship be-
tween the period of the fringe (P) and the angular
shear (2ε) caused by the prism is

P ¼ λ=2
tanðεÞ≃

λ
2ε : ð1Þ

Typically, the shear angles used by Nomarski prisms
are so small that even though wavelengths are of the
order of hundreds of nanometers, the fringe periods
are of the order of a few millimeters.

It is worth noting that only the OPrism causes
shearing interferometry, and the CPrism provides co-
herent illumination required to achieve good con-
trast ([8], figures 1 and 6). This fact can be easily
verified by acquiring images of small beads with
either OPrism or CPrism inserted in the bright-field
light path. As shown in Fig. 1, only the OPrism
causes blurring of the bright-field image of beads due
to shear. Therefore one should measure the shear of
OPrism for use in image calculation or phase retriev-
al. On our microscope, we found that the fringes of
the CPrism imaged in the BFP were slightly nar-
rower than those produced by OPrism but do not
cause significant reduction in image contrast.

When OPrism is placed in the BFP, we achieve
shear of 2Δ in the specimen plane. Angular and lat-
eral half-shears are related by

Δ ¼ tanðεÞf o ¼
λf o
2P

; ð2Þ

where f o is the focal length of the objective.
However, with partially coherent illumination and

imaging, the relative size of shear and the imaging
aperture becomes important. As evident from for-
ward image formation analysis in [8,16], one needs
to know the amount of shear normalized with respect
to λ=NAobj. The algorithm presented in this paper
measures this quantity. Once the shear is measured
in this normalized unit, physical shear can be deter-
mined for a given wavelength and objective. In the
following, we use the term “shear” to refer to both
full-shear 2Δ and half-shear Δ both, with the mean-
ing implied by the context.

3. Experimental Setup and Benchmark for
Measurements

We have used an Olympus BX61 motorized
microscope equipped with strain-free optics and a
Qimaging Retiga Exi cooled-CCD camera with a dy-
namic range of 12 bits. To image the BFP, a Bertrand
lens attachment available from Olympus (U-CPA) is
used. The motorized parts of the microscope and the

Fig. 1. Only with the OPrism does one observe blurring effect of
the shear on bright-field images of beads: images of 780 nm dia-
meter polystyrene beads from Micro-particles GmBH (courtesy
Bai Jianhao fromNational University of Singapore), obtained with
(a) only the CPrism or (b) only the OPrism in the bright-field light
path. Neither polarizer was inserted in the light path. Direction of
shear is along the horizontal.
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camera are controlled with open-source image
acquisition package μmanager (http://www.micro‑
manager.org). We developed the driver software for
the BX61 microscope controller in collaboration with
the μmanager development team using the documen-
tation provided by Olympus, Inc. The driver is
available with the μmanager package. For results
presented in this paper, we have used three strain-
free objectives from the Olympus UPlanSApo series:
20 × 0:75 NA, 40 × 0:9 NA, and 40 × 0:6 NA. We use
an Olympus universal condenser (UCD8) with a mo-
torized aperture stop and a dry top-lens (U-TLD)
that provides illumination NA in the range of 0.3–
0.9. When acquiring the images of the BFP, we al-
ways use matched illumination (i.e., the condenser
aperture stop opened so as to match the objective
aperture). Our microscope uses a single prism with
moderate amount of shear (U-DICTS) as OPrism.
The system employs different CPrisms placed in the
condenser turret tailored to the spatial-shear pro-
duced by the fixed OPrism and changing focal length
of the objective. To adjust the bias, de Sènarmont
compensation [24] was employed by placing a quar-
ter wavelength plate between the OPrism and a
rotatable analyzer. The rotatable analyzer carries ac-
curate markings to allow calibrated adjustment of
the bias. For image processing and data analysis,
MATLAB (version 2008a) is used. In the following
text, typewriter font indicates MATLAB func-
tions used for specific tasks. For experimental
evaluation of the phase-specimen or fluorescent-
specimen based methods of measuring shear
described in Section 4, we used beads of 175 nm dia-
meter (PS-Speck fluorescent point source kit, Invi-
trogen). We chose bright fluorescent beads so that
they are easier to locate with fluorescence contrast.
We chose the beads that fluoresce in the blue region
so that green (550 nm) illumination used for trans-
mission imaging does not excite fluorophores. The
beads were difficult to image with DIC when im-
mersed in an index matching mounting medium, and
hence were immersed in water after carefully drying
on a coverslip. Even after that, the contrast in the
DIC image of the beads was rather poor, and noise
from the camera made it difficult to distinguish
the intensity variation. Therefore, we averaged 100
images acquired with burst mode of the camera to
achieve better signal to noise ratio (SNR). Note that
earlier researchers have used larger beads [5,17] be-
cause of the difficulty of imaging very small beads.

The magnification provided by the objective is
M ¼ f l=f o, where f l and f o are focal lengths of the
tube lens and the objective, respectively. Substitut-
ing for f o in Eq. (2), angular shear can be calcu-
lated as

ε ¼ arctan
�
ΔM

f l

�
¼ arctan

�
Δn

λ
NAobj

×
M
f l

�
; ð3Þ

whereΔn is the shear in normalized units of λ=NAobj.
Δn is the quantity that we measure. Olympus micro-

scopes with infinity-corrected optics use f l ¼
180 mm. For results presented in Sections 6 and 7,
we use quasi-monochromatic illumination with λ ¼
550 nm. Substituting for λ and f l in Eq. (3), we obtain
an expression for angular shear in terms of the mag-
nification and NA of the objective for our Olympus
microscope:

ε ¼ 3:056 × 10−6Δn
M

NAobj
: ð4Þ

A. Measurement of Angular Shear with Benchtop Setup

To provide an independent benchmark for shear
measured on the microscope, we measured the angu-
lar shear with normally incident monochromatic
light using the benchtop setup shown in Fig. 2(a).
Light produced by laser diode (Edmund Optics
NT59-088) with emission wavelength of 650 nm was
focused with a 30 mm focal-length lens and spatially
filtered with a pinhole. The sidelobes of the beam ex-
panding from the pinhole still retained inhomogene-
ities and hence were cropped using a beam stop. The
lens (focal length 300 mm) placed 300 mm away
from the pinhole was followed by a beam expander
(Thorlabs BE10M) to eventually provide a normally
incident plane wave. The optical axes of the cemen-
ted birefringent wedges in the Nomarski prism were
carefully oriented toward horizontal and vertical.
The transmission axes of the polarizer and the ana-
lyzer were set at 45° to the horizontal and were mu-
tually crossed. The above directions are in the plane
normal to the direction of propagation of the light. A
camera (Qimaging Retiga Exi) with a pixel size of
6:45 μm and sensor geometry of 1360 × 1036 pixels
was placed right after the analyzer to record the in-
terference fringes.

The recorded fringes are shown in Fig. 2(b), which
contain high-frequency coherent noise due to scatter-
ing from dust and imperfections in the light path.
The log spectrum of the recorded fringe shows a
bright circular feature corresponding to the highest
spatial frequencies recorded. The horizontal fringe
gives rise to the bright line in the log spectrum along
the horizontal. We know a priori that the fringes pro-
duced by the OPrism have low frequency along the
horizontal and are constant along the vertical. Most
of the energy of the fringes is concentrated at bright
pixels at the center of the spectrum. We filter the
spectrum with a low-pass rectangular mask, shown
by a black line in Fig. 2(c). Inverse Fourier transform-
ing the filtered spectrum gives smooth fringes shown
in Fig. 2(d). We average the image shown in Fig. 2(d)
along the vertical to obtain a profile shown in
Fig. 2(e) that represents average shear introduced
by the OPrism. The averaged data is normalized to
unity and then fit to a squared sinusoid using MA-
TLAB’s nonlinear least squares curve-fitting tools
(using the function fit). The expression to which
the data were fit is as follows:
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f ðxÞ ¼ 1
2

�
1þ cos

�
2π x

P
− α

��
: ð5Þ

The variable x represents the spatial distance on the
CCD chip, and the parameter α allows the fitting rou-
tine to translate the sinusoid to match the experi-
mental data. P is the period of the fringe that we
need to estimate. As noted in Fig. 2(e) the period
was measured to be 9:39 mm. The rms error (erms)
of the fit was 1.8% only. Substituting λ ¼ 0:65 μm
and P ¼ 9:39 × 103 μm in Eq. (1), we obtain the fol-
lowing value of the angular half-shear,

εr ¼ 3:46 × 10−5: ð6Þ

While the benchtop setup requires an effort of con-
structing a properly aligned light path, our approach
makes use of the prealigned light path present in the
microscope. Additionally, our approach employs a
partially coherent source, which provides immunity
against coherent noise introduced by imperfections
in the light path.

Since our Olympus setup employs a single OPrism
for all objectives, the angular shear computed from
different measurements must be the same. Conver-
sely, once the angular shear of the OPrism is mea-
sured, one should be able to compute the spatial
shear for any objective from its focal length. We
use this fact to verify that the presented method
measures the shear correctly. Note that the shear
measurements carried out in the rest of the paper
are at 550 nmwavelength. It is expected that the dis-
persion of the components causes slightly different
angular shear at 550 nm in comparison to 650 nm.

4. Evaluation of Specimen-based Methods

vanMunster [11] suggested that the image of a small
bead (a subresolution phase specimen) will have
bright and dark peaks separated approximately by
the shear at a bias of 2ϕ ¼ π=2. This method has been
used by quite a few researchers to estimate shear
[5,17]. However, this method is inaccurate, because
the location of peaks in the DIC image of a subreso-
lution phase specimen is affected by factors other
than shear. This behavior is explained below with
help of a simulation presented in Fig. 3 and related
Media 1, as well as experimental results of Figs. 4
and 5.

A DIC microscope with two prisms effectively
images a coherent difference of shifted (in space and
phase) replicas of the specimen’s transmission ([8],
equation (7)). Assuming the specimen transmission
to be tðx; yÞ, the DIC microscope images an effective
transmission given by

tDðx; yÞ ¼ tðxþΔ; yÞe−iϕ − tðx −Δ; yÞeiϕ: ð7Þ

The bead, being a phase specimen, is described by a
complex transmission function tðx; yÞ, whose phase is
the optical path length of the bead. We assume a sub-
resolution bead (smaller than 0:61λ=NAobj) whose ef-
fective transmission is shown in Figs. 3(a) and 3(b).
The parameters of the bead and imaging system are
noted in the figure caption. It is worth noting that, for
any bias, the separation between the maxima and
minima of the phase of the tDðx; yÞ is 2Δ only if
2Δ ≥ R, where R is the radius of the bead.

Each point of the condenser, Pcðξ; ηÞ, illuminates
the specimen by an oblique plane wave, expressed
by ei2πðξxþηyÞ. Thus, off-axis points, i.e., ðξ; ηÞ ≠ ð0; 0Þ,

Fig. 2. (Color online) Measurement of angular shear of our DIC prism using monochromatic illumination with a carefully aligned bench-
top setup. PO is the polarizer and AN is the analyzer.
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of the condenser aperture contribute a phase slope of
ei2πðξxþηyÞ to the effective transmission. The effective
transmission due to each condenser point, given by
ei2πðξxþηyÞtDðx; yÞ, is convolved with the amplitude
PSF of the imaging light path, hoðx; yÞ. The intensity
image produced by each condenser point is therefore
given by

Iðξ;ηÞ ¼ jei2πðξxþηyÞtDðx; yÞ ⊗ hoðx; yÞj2: ð8Þ

Note that the peaks of the magnitude of the above
convolution are not necessarily located at peaks of
the phase of tDðx; yÞ. The phase slope due to off-axis
illumination and the convolution by the imaging
PSF, when combined, can result in peaks not being
separated by the shear distance in the image of
the bead produced by each condenser point. In
Fig. 3, we assume coherent illumination, and conse-
quently the effective transmission is simply tDðx; yÞ.
Figure 3(c) shows the amplitude PSF of the bright-
field setup whose radial profile is given by 2J1ðυÞ=υ,
where υ ¼ 2πxλ=NAobj is the normalized optical
coordinate. The real and imaginary parts of the
amplitude image, tDðx; yÞ ⊗ hoðx; yÞ, are shown in
Figs. 3(d) and 3(e), respectively. The intensity image
(magnitude square of the amplitude) is shown in
Fig. 3(f).

We compute the intensity image for varying shear,
results of which are shown in Media 1 for shears
ranging from 0.1 to 1.2. The distance (D) between
peaks in the intensity image is plotted against the
shear 2Δ in Fig. 3(g). As can be clearly seen from

Media 1, the peak separation in the DIC image is
usually larger than the shear when small shears ty-
pical of experimental DIC setups are used. Due to
complex image formation, the peak separation is
nonlinearly dependent on shear. This explains a sur-
prising observation from Fig. 3(g) that peak separa-
tion may reduce when shear is increased, when
coherent illumination is used.

The true DIC image of the bead is the sum of
images produced due to all condenser points. Thus,
a partially coherent DIC image is given by

IDICðx; yÞ ¼
ZZ

jPcðξ; ηÞj2Iðξ;ηÞðx; yÞdξdη: ð9Þ

The results of Fig. 3 were computed assuming co-
herent illumination for the sake of computational
efficiency. Nevertheless, they illustrate that the dis-
tance between peaks in a DIC image is not a proper
measure of the shear, since image formation of a
phase specimen is related in a complex manner with
settings of the imaging system. A valid but rather
complex approach of estimating the shear would be
to compute a partially coherent 2D image at different
shears and design an appropriate surface fitting al-
gorithm to fit the experimental data. Partially coher-
ent image computation for DIC is discussed in
section 4 of [19].

We corroborate the above analysis with two experi-
mental results. First, when imaging a subresolution
phase specimen, changing the condenser aperture in-
troduces an easily visible change in the size of and

Fig. 3. (Color online) DIC image of a bead due to the central point of the condenser aperture: a snapshot from an image sequence (Media 1)
showing computed images and their peaks at different shears. All coordinates are in the normalized units of λ=NAobj. The bead is assumed
to have a diameter of 0.4, RI of 1.59, and is immersed in water (RI 1.33). For the purpose of calculating the optical path length of the bead,
the wavelength is assumed to be 0:55 μm; (a) and (b) are real and imaginary parts of the effective transmission tDðx; yÞ, (c) is the amplitude
PSF of the aberration-free system (i.e., jinc function), (d) and (e) are real and imaginary parts of the amplitude image produced by con-
volution of the transmission and the PSF, (f) is the image intensity, and (g) is the plot of shear versus distance between peaks in the image.
Themarkers in (f) identify the peaks of the image. The bias is assumed to be π=2 at all shears. Note that the color maps of the different plots
are adjusted to allow clear display of data. In particular, the imaginary part of the image is an order of magnitude stronger than the
real part.
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distance between peaks as shown in Fig. 4. The sec-
ond but less visible effect is that the distance be-
tween the peaks remains nearly the same across a
range of biases, since a subresolution bead is a weak
specimen. A corresponding experimental result is
presented in Fig. 5. We observe that distance be-
tween peaks at all three biases is nearly the same,
and the contrast of the image reduces as bias is in-
creased. These experimental results (as well as the-
oretical analysis in [16]) show that for a specimen
having a small range of phase variation, small bias
suffices for linear imaging of the gradient. Therefore
the notion that bias (2ϕ) of π=2 has to be used is not
really valid, because better contrast is obtained for
smaller bias values for weak phase specimens. From
images of Fig. 5, we find that distance between
peaks is 0:49 μm. In normalized unit, shear 2Δ is
0:53λ=NAobj. According to Eq. (4), Δn ¼ 0:265 leads
to angular shear of ε ¼ 5:4 × 10−5, which is 56% lar-
ger than direct measurement of Eq. (6). Thus, experi-
mental data corroborate the above analysis that the
peak distance typically overestimates the shear.

Since the complex interaction of the phase speci-
men and partially coherent imaging system con-
founds the distance between peaks, it is tempting
to investigate the possibility of measuring the shear

by estimating peak distance in the image of a subre-
solution fluorescent bead. Since fluorescence imaging
is incoherent and described by a linear model, anal-
ysis of acquired data is simpler. We imaged the PS-
Speck beads described earlier by inserting only the
OPrism in the light path with three objectives of in-
terest. The images are shown in Fig. 6. Note that
both illumination and emission are sheared by the
OPrism. The role of illumination is to provide uni-
form intensity at the specimen plane, which is not
affected by the shear. The fluorescence emitted by
the bead is unpolarized. In the imaging path, the
OPrism splits the fluorescence in two orthogonal po-
larizations that match its crystal axes; however, both
of these beams are mutually incoherent. This gives
rise to an incoherent sum of the shifted images of
the bead due to shear of the OPrism. The image is
effectively the same as that produced by two closely
spaced fluorescent beads separated by the distance
equal to the shear of the OPrism. Therefore small
shears cannot produce two separate peaks as seen
for the 40 × 0:6 NA objective in Fig. 6(c). This point
is explained by simulating DIC images of a subreso-
lution fluorescent specimen at different shears.
Figure 7 and associated Media 2 show how the dis-
tance between peaks observed in the DIC image of a

Fig. 4. Distance between peaks in the image of a subresolution phase specimen is dependent on the size of the illumination aperture: DIC
images of 170 μmdiameter PS-Speck beads acquired with quasi-monochromatic light of 550 nmwavelength using a 40 × 0:6 NA objective,
π=2 bias, and (a) S ¼ 1 as well as (b) S ¼ 0:5. Since the specimen had weak phase information, we averaged 100 images acquired in burst
mode to obtain a good SNR. The scale bar is 1 μm.

Fig. 5. (Color online) Distance between peaks in the image of a subresolution phase specimen is nearly independent of the bias: (a), (b),
and (c) are raw images of PS-Speck beads acquired with a 40 × 0:6 NA objective and matched illumination at bias (2ϕ) of π=2, π=3, and π=6,
respectively. The color bar next to images shows that, while the image shape does not change much, contrast reduces at larger bias values.
(d) shows normalized line profiles through the center of beads and clarifies the previous point. Pixel width is 6:45=40 μm The distance
between peaks in all images is 0:49 μm. Since the specimen had weak phase information, we averaged 100 images acquired in burst mode
to obtain good SNR.
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subresolution fluorescent specimen changes as the
shear is changed. To compute the image shown in
Fig. 7(a), we simply took a sum of two Airy disks
separated by shear. Up to the shear of 2Δ ¼
0:45λ=NAobj, the image does not have separate peaks.
Even when two peaks are detected, incoherent imag-
ing of a fluorescent specimen leads to an overesti-
mate of the shear, when the shear is below Rayleigh
resolution limit, i.e., 2Δ < 0:61λ=NAobj.

The curves of Figs. 3(g) and 7, which show peak
separation at varying shears, appear surprisingly
different. However, they are expected to be very dif-
ferent due to the type of specimen imaged and differ-
ent coherence of the imaging process. It is known
that a phase specimen imaged coherently behaves
very differently from an incoherently imaged self-
luminous specimen [25].

Recently, a relatively precise but complex ap-
proach based on dual-focus fluorescence correlation
spectroscopy (2fFCS) has been demonstrated [20].
In this method, the Nomarski prism is used to pro-
duce two overlapping focal volumes for an FCS
measurement. The diffusion coefficient of calibrated
monodisperse fluorescent beads measured with
2fFCS is compared to that measured by dynamic
light scattering (DLS). This comparison allows mea-
surement of shear in the sample plane at a given
wavelength. This approach requires recourse to a
precisely calibrated specimen and a complex experi-
mental setup to characterize the Nomarski prism.

5. Image of the Objective Back Focal Plane

In contrast to the above methods, the approach pre-
sented in this paper does not use any specimen and is
based on the model of the fringes produced by the
Nomarski prism within the BFP. Moreover, methods
described in Section 4 are not useful in calibration of
the bias. Dana has shown that when a sliding
Wollaston prism is used to adjust the bias, it is pos-
sible to calibrate the position of the prism in terms of
the bias by measuring the variation in intensity of
background (i.e., the region of uniform optical path
length) ([26], subsection 3.1.3). The method pre-
sented in this paper allows direct estimation of shear
and bias from images acquired at the BFP.

The key idea behind our image analysis algorithm
is that the normalized shear can be calculated by
measuring the period of the interference fringes re-
lative to the size of the BFP. The algorithm consists of
(a) imaging the objective BFP with and without the
interference fringes produced by the OPrism, (b) es-
timating the size (in pixels) of the BFP, and (c) esti-
mating the shear by fitting the equation of the image
of the BFP to measured data.

When only the OPrism is in the light path between
crossed polarizers (configuration called Köhler-DIC
in [8]), it introduces an optical path difference vary-
ing linearly across the BFP between the two ortho-
gonally polarized beams it produces. When these
beams pass through analyzer, the sinusoidal fringes
are produced in the BFP.However, when both prisms
are inserted in the light path, the CPrism compen-
sates the optical path differences and the BFP ap-
pears dark, except for the Maltese cross caused by
depolarization due to focusing of light [23].

As discussed in Appendix A, the fringes produced
due to different condenser points are nearly the same
in the BFP, i.e., plane of localization. When one fo-
cuses away from the BFP using a Bertrand lens un-
der partially coherent illumination, one can observe
the blurring of the fringes. Thus, the intensity re-
corded at BFP has the same profile irrespective of
the coherence of illumination. Next, we model the
fringe profile assuming coherent illumination. In
the Köhler-DIC setup with coherent illumination,
the amplitude produced in the objective BFP is given
as [[8], equation (3)]

PDICðξ; ηÞ ¼ iPBFðξ; ηÞ sinð2πξΔ − ϕÞ: ð10Þ

Fig. 6. Images of fluorophores under (a) 20 × 0:75 NA, (b) 40 × 0:9 NA, and (c) 40 × 0:6 NA objectives obtained with only the OPrism
inserted in the light path.

Fig. 7. (Color online) Snapshot from an image sequence (Media 2,
1:5 MB) shows (a) the computed image of a subresolution fluo-
rescent bead under the DIC microscope at shear of 2Δ ¼ 0:5
and (b) the relationship between the distance between peaks in
the image and the shear. The markers in (a) identify the peaks
of the image.
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Therefore the intensity recorded in the BFP is
given by

jPDICðξ; ηÞj2 ¼ jPBFðξ; ηÞj2sin2ð2πξΔ − ϕÞ; ð11Þ

where ξ and η are pupil variables expressed in units
of NAobj=λ, which represents the coherent spatial-
frequency cutoff of the imaging system. In this nor-
malized unit, the radius of the objective pupil is 1.
Since the source is imaged at the back-focal plane,
the bright-field pupil may have variations that affect
the fringes. Therefore one should normalize the im-
age of the BFP obtained with OPrism with an image
of the bright-field BFP to retrieve the interference
fringes,

sin2ð2πξΔ − ϕÞ ¼ 1
2
½1 − cosð4πξΔ − 2ϕÞ�

¼ jPDICðξ; ηÞj2
jPBFðξ; ηÞj2

: ð12Þ

From Eq. (12), we notice that the frequency of the re-
corded fringes is 2Δ in normalized ðξ; ηÞ coordinates,
e.g., if 2Δ ¼ 0:5λ=NAobj, exactly one period of the in-
terference fringes will fit inside the BFP since the
BFP has the normalized diameter of 2.

6. Algorithm for Estimating the Shear and Bias

We describe the acquisition and analysis algorithm
in four stages, labeled (a)–(d) in the following dis-
cussion. Each subfigure of Fig. 8, also labeled (a)–(d),
shows results obtained at a given stage of the
algorithm.

A. Acquisition of BFP Images, jPBFj2 and jPDICj2
As bias is changed, different parts of the fringe ap-
pear in the BFP as observed in Media 3. Figure 8(a)
shows a snapshot at 2ϕ ¼ 0. Since the peak of the
fringe is observable in the BFP at 2ϕ ¼ π, we set cam-
era exposure at that setting to fill the dynamic range
of the camera. We acquire jPDICj2 at this exposure
using bias values at an interval of π=6 in the range
0 to 2π. jPBFj2 is acquired separately to fill up the
dynamic range of the camera. As can be seen from
the jPBFj2 image, the illumination aperture is not
of uniform intensity. A magnified image of a filament
of the halogen lamp is projected in the FFP, which is
perceivable as bright region oriented at 45°. Addi-
tionally, stronger Fresnel reflections near the periph-
ery of the lenses cause a drop in intensity at the
periphery of FFP.

B. Preprocessing and Registration of jPBFj2 and jPDICj2
We encountered two experimental difficulties in
retrieving normalized fringes: presence of debris
[which causes spurious contrast when jPDICj2 is di-
vided by jPBFj2 as per Eq. (12)] and slight translation

Fig. 8. (Color online) Steps involved in accurate estimation of the shear and bias of OPrism by processing the images acquired at the BFP:
(a) jPBFj2 is the recorded intensity of bright-field BFP, jPDICj2, a snapshot from an image sequence (Media 3, 748 KB) is the recorded
intensity of the fringes produced due to OPrism at given bias. (b) Snapshot from an image sequence (Media 4, 1233 KB) shows preproces-
sing steps to remove the artifacts due to debris and to register jPDICj2 with jPDICj2. The red, green, and blue pixels in the rightmost panel
show the edges of jPBFj2, acquired jPDICj2, registered jPDICj2, respectively. (c) Snapshot from a sequence (Media 5, 1389 KB) shows (left
panel) the normalized fringe obtained at zero bias and (right panel) an estimate of normalized shear (2Δn) and bias 2ϕ. (d) By stitching the
normalized fringes obtained at different bias, a more accurate estimate of the shear is obtained. In (c) and (d), erms is the root-mean-square
error between the experimental data and the fitted data.
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of the jPDICj2 image as bias is changed. The transla-
tion is due to the slightly tilted analyzer used by the
manufacturer (as an additional antireflection me-
chanism) in our setup. This translation is observable
in Media 3. This hardware problem could not be re-
medied, as the rotatable analyzer is an integrated
product. We instead register the jPDICj2 image ac-
quired at each bias with the jPBFj2 image by image
processing. The registration consists of finding edges
of both images (edge), using phase correlation of
edges to find the relative shift [27], and translating
the jPDICj2 image (imtransform) to eliminate the
shift. To remove debris from images, we used mor-
phological closure [28] (imclose) with a circular
structuring element whose radius was set just larger
than the largest debris observed in the image. Use of
morphological processing rather than linear filtering
allows satisfactory elimination of sharp intensity
variations (introduced by debris) without blurring
the edges of the BFP. From the the edge of the
jPBFj2 image, we measure (in pixels) the diameter
of the BFP with the morphological region measure-
ment algorithm (regionprops). Note that in nor-
malized units of λ=NAobj, this diameter has a value
of 2. The cleaned and registered jPBFj2 and jPDICj2
are shown in Fig. 8(b); the associated image sequence
(Media 4) shows the results of preprocessing at dif-
ferent bias settings.

C. Obtaining Interference Fringes jPDICj2=jPBFj2 and
Estimating Shear

By dividing registered jPDICj2 images by jPBFj2, we
obtain normalized fringes. We set all pixels outside
the BFP to zero. The normalized fringes at different
bias values are shown in Media 5, a snapshot of
which at bias 0 is shown in Fig. 8(c). We extract line
profiles from the center of jPDICj2, whose length is 2
in normalized units as mentioned previously. This
line profile is low pass filtered to suppress high-
frequency noise and is fitted to Eq. (12) using the
curve fitting toolbox of MATLAB using a nonlinear
least square algorithm (fit). The algorithm is initi-
alized with nominal bias used during acquisition.
The parameters to be estimated are normalized
shear (2Δn) and exact bias (2ϕ) from the experimen-
tal data. By using normalized fringes at different
bias values, we obtain nearly the same estimate of
the shear. The right panel of Media 5 shows the ex-
perimental and fitted profiles, as well as estimated
shear and root mean square (rms) error between both
profiles (which ranges from 0.02 to 0.05). The dis-
agreements between the experimental and the fitted
profiles are mainly due to the noise in the line profile
extracted from the center of the BFP.

D. Stitching the Fringes Observed at Different Bias
Values to Improve Estimate of the Shear

To improve the error performance of the fitting pro-
cedure described above, we construct a longer fringe
profile by averaging the pixels and “stitching” pro-
files obtained at different bias values. From each

of the normalized fringes, we extract a square in-
scribed in the BFP. The pixels in these squares are
averaged perpendicular to the fringes to obtain a
fringe profile with low noise. Fringes are stitched
as follows:

• Convert sinusoidal fringes into rectangular
profiles by thresholding all fringes with a common
threshold computed by Otsu’s method [29] (gray-
thresh).

• Use the thresholded “fringes” to calculate the
amount by which the fringe shifts (in pixels) at con-
secutive bias values. Since we acquired fringes at the
same bias interval, this shift should be the same be-
tween any two consecutive fringes. However, slight
variation in shift was observed due to human error
in adjusting the de Sènarmont compensation. We
use regionprops to measure the shifts between
two profiles. The calculated shift allows stitching to-
gether the original sinusoidal fringes obtained at dif-
ferent bias values.

This stitched fringe is fitted to Eq. (12) by the same
method as in the above subsection to estimate the
shear. With this approach, as shown in Fig. 8(d),
the shear of the 20 × 0:75 NA objective was mea-
sured to be 0:91λ=NAobj. With the same approach,
the shear of the 40 × 0:9 NA objective was estimated
to be 0:537λ=NAobj as shown in Fig. 9. Shear of
the 40 × 0:6 NA objective was measured to be
0:371λ=NAobj as shown in Fig. 10. The root mean
square errors in the curve fitting procedure for
20 × 0:75 NA, 40 × 0:9 NA, and 40 × 0:6 NA were
0.015, 0.009, and 0.012, respectively, indicating that
the measured data were in excellent agreement with
the theoretical model and that the computational im-
plementation estimated the parameters of the model
with high accuracy.

7. Verification of Estimated Shear and Error Analysis

To verify our approach, we make use of a priori in-
formation that, in our setup, the angular shear of the
OPrism obtained from different measurements must
corroborate within the bounds of systemic differ-
ences. The benchmark for comparison is provided
by the angular shear measured in Eq. (6) with the
benchtop setup discussed in Subsection 3.A. The
shears measured from coherent fringes (produced
with benchtop setup), beads, and partially coherent

Fig. 9. (Color online) Estimation of shear introduced by OPrism
when used with UplansAPO 40 × 0:9 NA objective.
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fringes (produced with the microscope) are summar-
ized in Table 1.

This comparison illustrates several interesting
points. The maximum difference in angular shear es-
timated with three independent measurements per-
formed with three objectives is 3%, confirming that
our approach provides a consistent measurement of
shear. As discussed in Appendix A, an ideal prism
produces nearly the same fringe in the plane of loca-
lization, irrespective of the extent (spatial coherence)
or spectral width (temporal coherence) of the source.
However, the experimental system does produce
slightly different fringes for different inclinations
of the source [30]. Moreover, chromatic aberration
of the objectives causes different shears at different
wavelengths and slightly different shears across the
objectives at the same wavelength.

The angular shear measured with coherent illumi-
nation at λ ¼ 650 nm and partially coherent illumi-
nation around λ ¼ 550 nm differ maximally by 9%
among three objectives. This difference is due to the
chromatic dispersion discussed above. Similar differ-
ences between shears measured at different wave-
lengths with help of 2fFCS have also been noted
in [20]. Thus it is important to use quasi-monochro-
matic illumination and to measure the shear with
partially coherent illumination for accurate calibra-
tion. We have computed partially coherent images
[19] of an optical fiber under standard DIC and
Köhler-DIC setups for a 20 × 0:75 NA objective using
the shear as calibrated above and found the simu-
lated images to be in good agreement with experi-
mental images. The physical shears (2Δ ¼ 2Δnλ=
NAobj) at λ ¼ 0:55 μm for our 20 × 0:75 NA, 40×
0:9 NA, and 40 × 0:6 NA objectives are equal to
0.667, 0.33, and 0:34 μm. We notice that the shear
for a 20× objective is double that for a 40× objective.
This is an expected result, since the angular shear,

ε ¼ Δ
f o

¼ Δ f l
M

; ð13Þ

is constant for our setup, with a consequence that
the spatial shear varies inversely with the
magnification.

While the shear measured with our approach
matches closely with measurement done by a bench-
top setup and has allowed us to simulate partially
coherent imaging accurately [19], phase-bead based
measurement is 56% larger than the benchtop mea-
surement. Taken together, these experimental re-
sults confirm that the bead-based measurement
tends to overestimate the shear. Apart from effects
of spatial and temporal coherence discussed above,
there are sources of noise and systemic errors that
affect the measurement of the shear. Next, we dis-
cuss these sources and how they have been accounted
for in our measurement procedure.

A. Sources of Noise and Their Effects

• Systemic errors: We have found three systemic
errors to be of significant impact: the variation in the
BFP caused by the image of the filament, noise in the
BFP images due to mottle, and misregistration of
fringes imaged at different bias values due to an in-
clined rotatable analyzer. The effects and mitigation
of these errors are discussed in detail in Section 6.
Briefly, the mottle was removed by linear and mor-
phological filtering, the bright-field BFP and BFP
with fringes were registered with the phase correla-
tion method, and their ratio was taken to eliminate
the variations due to filament.

• Quantization noise: Methods based on a cali-
brated specimen require measurement of intensity
distribution in the specimen space, which possesses
high spatial frequencies. The acquisition of these
high spatial frequencies and subsequent localization
of peaks by data fitting is inherently prone to errors.
On the other hand, the intensity distribution in the
BFP is very smooth (as a result of the subresolution
shear). Therefore it can be acquired with high fidelity
and the results of data fitting are more accurate, be-
cause a sinusoid can be accurately estimated from
very few points.

• Dynamic range of useful signal and shot noise:
As seen from Fig. 5, images of beads have poor dy-
namic range and therefore required averaging of
100 images to overcome poor SNR due to shot noise.
On the other hand, the fringes in the BFP occupy the
entire dynamic range of the detector, and therefore
their measurement is negligibly affected by shot

Fig. 10. (Color online) Estimation of shear introduced by OPrism
when used with UPlanFl 40 × 0:6 NA objective.

Table 1. Summary of Angular Half-Shear (ε) and Spatial Half-Shear (Δ) Measured with Various Methods Presented in this Papera

Shear Estimated Using Benchtop Setup 20 × 0:75 NA 40 × 0:9 NA 20 × 0:6 NA

εðradÞ εðradÞ ΔðμmÞ εðradÞ ΔðμmÞ εðradÞ ΔðμmÞ
Coherent fringe (650 nm) 3:46 × 10−5 0.32 0.16 0.16
Partially coherent fringe (550 nm) 3:707 × 10−5 0.335 3:646 × 10−5 0.165 3:77 × 10−5 0.17
Peak distance in image of a bead (550 nm) 5:4 × 10−5 0.245
aBold entries indicate the direct measurements. Other entries are computed using Eq. (13) from relevant measurements.

2964 APPLIED OPTICS / Vol. 49, No. 15 / 20 May 2010



noise, except outside the BFP where the light inten-
sity is nearly zero. In areas of low light, the ratio be-
tween the fringes and the bright-field BFP (used to
correct for uneven illumination aperture) is erro-
neous if the registration between them is not correct.
As illustrated in Fig. 5, the phase-correlation method
provides quite accurate registration. Moreover, when
obtaining an average fringe, which is fit to the model,
we only use the intensity variation well within the
BFP and avoid the contamination of accurate data
by inaccurate data from low light regions. The
a priori information that the fringe is of low spatial
frequency also prevents the fitting procedure from
being affected by sudden variations due to noise.

8. Discussion and Conclusion

In addition to the methods discussed in Sections 3
and 6, we also explored a potentially accurate meth-
od of measuring the shear using a subresolution
fluorescent bead. This method relies on imaging of
only one of the polarizations (ordinary or extraordin-
ary) produced by the OPrism from unpolarized fluo-
rescence emission. If the analyzer is placed after the
OPrism and is aligned parallel to the ordinary or
the extraordinary polarization, one can suppress
the other polarization and obtain an image that is
simply an Airy disk shifted by half the shear dis-
tance. By suppressing either polarization in turn,
the peaks produced by both polarizations can be in-
dividually localized to a very high accuracy using
methods developed for superresolution techniques
such as PALM and STORM [31,32]. Nevertheless,
we chose not to employ this method due to following
practical problems.

• One needs to have an analyzer with extremely
good extinction to remove the unwanted polariza-
tion. Otherwise, the localization of the peaks will be
erroneous, especially when shears <0:45λ=NAobj are
being measured. Although our analyzer has high
extinction specification, the contribution from the
unwanted polarization was significant enough (espe-
cially, at small shears) to affect the location of
the peak.

• To suppress the unwanted polarizations in
turn, one needs to rotate the analyzer by 90°. In doing
this, the image of a fluorescent bead produced by in-
dividual polarization may become misregistered. In
our setup, this occurs due to the inclined analyzer
as discussed in Section 6. The slightest misregistra-
tion can introduce a large percentage error in the
measured distance between peaks.

Section 5 shows that the model of partially coher-
ent imaging in DIC facilitates measurement of shear
and bias, which is used to devise the acquisition and
image analysis algorithm of Section 6. The devised
approach has been used to measure the shear of
three different objectives and the bias of one objec-
tive as described in Sections 6 and 7. For image
analysis and reconstruction only the shear produced

by the OPrism should bemeasured, since it is respon-
sible for shearing interferometry. Nevertheless, the
same procedure can be used to estimate the shear
for the CPrism by inserting it between crossed polar-
izers (and removing the OPrism from the light path).
We found that the shear employed for an Olympus
UPlansapo 20 × 0:75 NA objective is much larger
than the usual recommendation that subresolution
shear should be used. This points out the inherent
trade-off involved in design of practical DIC systems
when one is required to limit the total number of
prisms used among different objectives.

We have shown in Section 7 that the accuracy of
measurement of shear using our approach is better
than 3%. If required, this accuracy can be improved
by enhancing the image analysis algorithms for mea-
suring the key parameters (such as diameter of the
bright-field BFP, period of the fringe, and shift of the
fringe with respect to the center of the BFP) with
subpixel accuracy.

As observed in Appendix A and Section 7, in the
absence of dispersion in the imaging light path,
the angular shear and the spatial shear introduced
by the OPrism for all wavelengths is the same.
However, practical systems always have dispersion
and some amount of chromatic aberrations. Depend-
ing on the amount of chromatic aberration intro-
duced by the OPrism and the objective, one may
need to measure the shear for each objective at
the wavelength of operation. We recommend the
use of a narrowband interference filter (i.e., quasi-
monochromatic illumination) to record high-contrast
interference fringes and to properly account for de-
pendence of shear on wavelength of illumination.
We have found that prisms from recent Olympus
and Zeiss microscopes produce central achromatic
fringe, which implies that the OPD between orthogo-
nal polarizations at the center of the OPrism is zero.
In such a case, the interference filter of 40 nm width
was found to be sufficient. However, we found that
Nikon Microphot SA performs interferometry with
fringes that are chromatic, i.e., the OPrism produces
a finite minimum OPD between split wavefronts.
The CPrism in this microscope is designed to com-
pensate for this OPD (and hence produces chromatic
fringes as well) so that the total OPD in the absence
of the specimen is zero. For prisms that employ chro-
matic fringes, one requires interference filters that
are as narrow as 10 nm.

In conclusion, we have provided a useful de-
scription of properties of Nomarski prisms. We have
shown that the peaks in the image of a small bead
(transparent or fluorescent) are not necessarily lo-
cated at the distance given by the shear, and hence
measuring the shear as a distance between peaks
leads to rather approximate results. We have demon-
strated that measuring the period of the interference
fringes relative to the size of the BFP provides an ac-
curate method of calibrating shear of a partially-
coherent DIC system. The bias can be estimated
by measuring the shift of the fringe with respect
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to the center of the BFP. The presented algo-
rithm makes use of linear and morphological image-
processing techniques to extract interference fringes
from intensities recorded at the BFP. These interfer-
ence fringes have been fitted to the model of the BFP
to accurately estimate the shear and bias.

Appendix A: Effect of Spatial and Temporal Coherence
on the Shear Produced by the Nomarski Prism

Since DIC is an interferometer, coherence of the
source plays a vital role in its operation. Pioneering
researchers [1,33] in shearing interferometry very
well appreciated the coherence effects discussed
here. However, these ideas do not appear to be main-
stream within the DIC community—even though
they are important. The following discussion also
clarifies the choices made while developing acquisi-
tion methods presented in this paper.

When illuminated with unpolarized light or light
polarized at an angle to the optic axes of the Nomars-
ki prism, the prism acts as a birefringent beam split-
ter that introduces angular shear (2ε) between two
orthogonally polarized output beams. The polariza-
tions of output beams are governed by the optic axes
of two wedges of the prism. If the input light is un-
polarized (i.e., without sufficient coherence between
component polarizations), the output beams cannot
produce detectable interference fringes. When the in-
put is polarized (e.g., if the prism is placed between
crossed or parallel polarizers), the output beams are
derived from the same scalar field and hence inter-
fere. Thus, to perform shearing interferometry, the
Nomarski prism has to be illuminated with polarized
light. Figures 11(a) and 11(b) show aNomarski prism
placed between crossed polarizers with its optic axes
at 45° to the polarizers. The blue color represents a
polarized wavefront, and green and yellow represent
the orthogonally polarized wavefronts to which the
prism has introduced angular shear. The relative dis-
tance between these two wavefronts represents the
optical path difference (OPD) introduced due to the
angular shear. These wavefronts are derived from
the same scalar field and therefore combine in ampli-
tude to form a wavefront whose polarization varies
across the direction of the shear. As an example,

the OPDs of 0, λ=4, λ=2, and λ between the green
and yellow wavefronts give rise to linear (along the
polarizer’s axis), circular, linear (along the analyzer’s
axis), and linear (again along the polarizer’s axis) po-
larizations. The wavefront with spatially varying po-
larization is passed through the analyzer, whose
transmission axis is represented in red. The analyzer
converts the spatial variation of polarization into si-
nusoidal variation of the intensity. Note that the
fringe produced in this manner repeats when the
OPD changes by λ. The period of the fringe is illu-
strated in Fig. 11(c) and noted as Eq. (1). The solid
and dashed lines represent the wavefronts produced
by light of wavelengths λ1 and λ2, respectively. We as-
sume that λ2 > λ1. Interference fringes produced by
the Nomarski prism from a spatially coherent wave-
front as illustrated in Fig. 11(a) can be observed any-
where in space as long as their intensities are
detectable. Thus a spatially coherent source pro-
duces nonlocalized fringes ([34], subsection 7.5.3).
As shown in Fig. 2, one can construct a benchtop set-
up with a coherent source to measure the shear of the
prism from the period of the observed fringes.

Next, we consider effects of spatial coherence of the
light on the fringe. By the van Cittert–Zernike the-
orem [34,35], the partially coherent field at a given
plane can be represented as an incoherent sum of
the plane waves coming from a finite numerical aper-
ture. Out of this set of plane waves, Fig. 11(a) shows a
normally incident plane wave, whereas Fig. 11(b)
shows an obliquely incident plane wave. As illu-
strated in the figures, the fringes produced by indi-
vidual plane waves are spatially displaced with
respect to each other. Moreover, these fringes add
in intensity over the entire space since the plane
waves are mutually incoherent. The fringes are
aligned only in the certain region of the space, where
the optical path difference between the two split wa-
vefronts (shown by green and yellow) is independent
of the angle of illumination of the prism. As a result,
fringe visibility diminishes over most of the space
and remains significant only over a small region—
a situation called localization of fringes ([36], chapter
5). OPrism and CPrism are designed such that
the plane of localization of fringes produced by them

Fig. 11. (Color online) Schematic representation of the interference fringes produced by the Nomarski prism when illuminated by (a)
normally incident plane wave and (b) oblique plane wave; (c) the relationship between the angular shear and the period of the fringe, and
(d) the relationship between spatial shear (2Δ), angular shear (2ε), and focal length of the lens (f o). Colors shown on the left are used to
indicate polarization of light and the orientations of the optical axes of the optical components. Note that the relative distance between
angularly-split wavefronts in (a)–(c) represents the relative optical path difference between them. Solid and dashed lines represent two
different wavelengths.
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coincide with the BFP and FFP, respectively, ensur-
ing that interference contrast is high even when a
partially coherent source is employed. Thus, for a
properly designed DIC microscope, the fringes pro-
duced in the BFP by either a coherent or a partially
coherent source are almost the same. When the
prism is placed in the back focal plane of the objec-
tive, the spatial shear produced in the specimen
plane depends on its focal length as illustrated in
Fig. 11(d) and noted in Eq. (2). In the DIC setup, pla-
cing either the OPrism or the CPrism, but not both,
between the polarizer and the analyzer produces the
interference fringes. These interference fringes can
be observed by looking at the objective back focal
plane—either by removing the eyepiece or using a
Bertrand lens.

Some comments about the effects of the temporal
coherence (i.e., spectral extent) of the source are also
in order. When white light is employed, the interfer-
ence fringes produced by each component wave-
length (e.g., λ1 and λ2 in Fig. 11) have different
periods. When multiple wavelengths are employed,
only the central fringe, where peaks of fringes due to
individual wavelengths align, is achromatic ([36],
subsection 5.2). The subsequent fringes are chro-
matic and hence of lower visibility than the central
fringe. Since the period of the fringe increases with
wavelength [as implied by Eq. (1)], the physical shear
is nearly independent of the wavelength [as implied
by Eq. (2)] even when a source of broad bandwidth is
used. Note that the dispersion by optical material
used to manufacture the prism will affect the linear
relationship between the wavelength and fringe per-
iod, causing variable angular and physical shears at
different wavelengths.
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