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We developed an interferometric microscopy technique, referred to as Jones phase microscopy, capable of
extracting the spatially resolved Jones polarization matrix associated with transparent and anisotropic
samples. This is a generalization of quantitative phase imaging, which is recovered from one diagonal ele-
ment of the measured matrix. The principle of the technique is demonstrated with measurements of a liquid
crystal spatial light modulator and the potential for live cell imaging with experiments on live neurons in

culture. © 2008 Optical Society of America
OCIS codes: 180.0180, 170.0170, 120.0120.

Polarization is the fundamental property of electro-
magnetic fields that describes the orientation of the
oscillating electric field vector [1]. Recently, the
theory of polarization has been generalized to include
statistical behavior of optical fields [2,3].
Polarization-based techniques of investigation essen-
tially probe the anisotropy in the induced charge dis-
placement within a given sample and, thus, have the
capability to sense molecular level organization. In
the early 1940s, Jones developed a “field-based”
2 X2 matrix formalism to describe the anisotropic
response of a material in terms of its complex (i.e.,
phase and amplitude) behavior [4,5]. However, be-
cause polarization experiments have been largely
limited to intensity measurements, the Stokes—
Muller formalism, an intensity-based framework, has
been commonly used instead (see [6] for a review).

Polarization-sensitive microscopy can reveal inner
structures of cells without the need for exogenous
contrast agents [12,13]. Quantifying the optical
phase delays associated with live cells also gives ac-
cess to intrinsic information about morphology and
dynamics. Thus, quantitative phase imaging (QPI)
has become an increasingly active field in recent
years [14].

In this Letter we present a novel microscopy tech-
nique that is both quantitative in phase and polariza-
tion sensitive. Our method, referred to as Jones
phase microscopy (JPM), extracts, for the first time to
our knowledge, the full Jones matrix in each point
within the field of view associated with a transparent
sample. JPM uses a modified version of the Hilbert
phase microscope (HPM) [15,16]. HPM is similar to
the Leith—Upatnieks off axis analog holography
[17,18] that was later applied to digital holography
[19,20], in the sense that it uses spatial modulation
to encode the phase information of the object. How-
ever, in HPM the measurement is performed in the
image plane of a microscope rather than a Fresnel
(i.e., out-of-focus) plane, which offers important ad-
vantages in the case of thin samples, as follows.
First, the signal sampling, phase reconstruction, and
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unwrapping are more robustly performed in the im-
age plane than in the Fresnel zone, where high-
frequency interference patterns and phase disconti-
nuities may occur. Second, in the image plane of a
thin and transparent sample, such as live cells, the
intensity is evenly distributed, which efficiently uti-
lizes the limited dynamic range of the CCD. Finally,
this approach does not require the numerical Fresnel
propagation to the image plane, as the measured
field is already in the image plane.

The experimental setup is shown in Fig. 1. He—Ne
laser radiation is coupled into a 50/50 fiber coupler,
and the two output beams are used as the arms of a
Mach—Zehnder interferometer. On the object arm we
use an inverted microscope (Meiji 5200) equipped
with an 80X (NA=0.9) objective to image the sample.
This image is further relayed to the CCD (512
EMCCD, Princeton Instruments) via the L1-L2 lens
system, with magnification of 2.5X. The reference
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Fig. 1. (Color online) Jones phase microscope: Py, Pg, and
Py, polarizers; Cq, Csy, collimating lenses; L, Lg, Fourier
lens pair; BS, beam splitter; CCD, charge coupled device.
Inset, polarization orientation for the four measurements.
For Y4, Pp is at 45° and P, is at 0°; for Y9, Po is at 45°
and P, is at 90°; for Yoy, Pp is at —45° and P, is at 0°; for
Yoo, Po is at —45° and P, is at 90°. Pp has the same orien-
tation as Py.
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beam is collimated, magnified by the same L1-L2
system, and makes a small angle with the object
beam, such that interference fringes are generated at
the CCD (512 X512 pixels per frame). The intensity
recorded has the following form:

I(x) = Ip +I(x) + 2[IRIs(x)]"* cos[gx + p(x)], (1)
where I and Ig are the reference and the sample ir-
radiance distributions, ¢ is the spatial frequency of
the fringes, and ¢ is the spatially varying phase as-
sociated with the object. These fringes are typically
sampled by 5-6 pixels, which fulfills the sampling re-
quirement for preserving the optical resolution of the
microscope [21]. The HPM uses the basic principle of
reconstructing a complex analytic signal from its as-
sociated real part. The complex analytic signal for-
malism was first introduced in optics by Gabor [22].
In the spatial domain this type of reconstruction be-
came practical with the advancement of computer al-
gorithms for fast Fourier transformation, as demon-
strated by Takeda et al. [23] and later applied to
microscopy by Cuche et al. [24]. Thus, the quantita-
tive phase image associated with the sample is recon-
structed using a 2D spatial Hilbert transform, as
described in [15,16].

To control the polarization of the beams on each
arm we used two polarizers, Py and Pg, which trans-
form the elliptical polarizations of the fields from the
optical fiber into linear polarization along control-
lable directions. In the laboratory system of refer-
ence, the Jones matrix of an arbitrary sample is

defined as
Jxx Jx
— Sy

Yy

(2)

where the matrix elements are complex numbers. To
interrogate the sample we prepare two incident elec-
tric vectors, oriented at +45° and —45° with respect to

the reference axis:
1
E.;5=C; 1l

1
E_45=C, 1l

with C;  real constants. We perform four sets of mea-
surements, each containing phase and amplitude im-
ages (Y;; complex, 7, j=1,2), corresponding to the ana-
lyzer P, oriented parallel and perpendicular with
respect to the two directions:

(3a)

(3b)

Yll _Jxx + ny_
=C 4
D R A (4a)
_Y21_ _Jxx _ny_
=C . (4b)
_Y22 ? _Jyx - J;v;v_

We can rewrite Eqgs. (4a) and (4b) in a compact form
by stacking them into a single 4 X 4 matrix equation:
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Yll Cl Cl 0 Jxx
Yol |C; -Co 0 0 Iy

= . (5

Yio 0 0 C, C, Jyx ®)
Yo!| |0 0 C, -Cyld,,

The inset of Fig. 1 describes the four polarization
combinations. The four complex elements of the
Jones matrix are obtained by inverting the 4 x4
matrix (C) in Eq. (5). The constants C; and C, are
retrieved by performing the measurement with no
sample, i.e., with J as the identity 2 X 2 matrix. This
procedure is robust and works for an arbitrary trans-
parent and anisotropic sample, for which the condi-
tion det(C) # 0 always holds.

We demonstrated the principle of operation of JPM
with measurements of the Jones matrix associated
with a controllable spatial light modulator (SLM).
The transmission SLM is made of a twisted nematic
liquid crystal that is controlled via the red channel of
red—green—blue (RGB) video input. A vertical polar-
izer is placed in front of the SLM and aligned with its
principal axis, such that the expected Jones matrix
contains nonzero terms in the right column only. The
result of this measurement is shown in Fig. 2. It can
be seen that the amplitude maps in the left column
are close to the expected zero level, to within the
noise level. In addition, the phase maps on this col-
umn are very noisy, as expected, because they are as-
sociated with fields of very low amplitudes where
phase is not well defined. In the right column of the
SLM dJones matrix, both amplitudes and the phase
maps are reconstructed with high signal to noise ra-
tio and show the expected pattern inputted via the
RGB signal. To find the phase relationship between
J,, and oJ,,, we performed an additional intensity
measurement with the analyzer placed at 45° such
that the two terms are coupled.

We proved the ability of JPM to extract Jones ma-
trices associated with biological samples by imaging
live neurons in culture. Primary hippocampal rat
neurons were established through a previously pub-
lished procedure [25]. Figure 3 shows the Jones ma-
trix maps of a single neuron. As can be seen, the am-
plitude of the diagonal terms shows very little
contrast, attesting that the cell is transparent. By
contrast, the diagonal phase maps reveal the struc-
ture of the neuron with soma (cell body) and several
processes (i.e., axon or dendrites) clearly visible. The
difference between these two phase images is very
small, proving that the birefringence is negligible in
this case. The off diagonal elements show zero ampli-
tudes and structureless phase distribution, which
indicate a lack of measurable polarization effects.

In summary, JPM is a new direct technique to ex-
tract the Jones matrix of a transparent and aniso-
tropic sample in a spatially resolved manner. The ex-
periment described here is carried out in
transmission geometry. However, the procedure is
equally applicable for a reflective type illumination.
The authors are currently working to improve the
sensitivity of the technique to polarization changes
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Fig. 2.
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(Color online) Amplitude and phase maps of the Jones matrix for the SLM-polarizer combination. For each sub-

plot, left is the amplitude map (bar in arbitrary units) and right is the phase map (bar in radians). The scale bar is the same

in all images. (a) J,,; (b) J,

Fig. 3.

© Jy; (D) .

'y

(Color online) JPM of an individual hippocampal neuron (live) in cell culture. For each subplot, the left side is the

amplitude map (bar in arbitrary units) and the right side is the phase map (bar in radians). (a) J,; (b) J; (¢) ;5 (d) .

and to make JPM amenable to dynamic studies of
transparent and anisotropic systems.

Z. Wang and G. Popescu thank Dan Marks for
stimulating discussions.
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