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Abstract: Digital holographic microscopes using two orthogonal polarized reference waves pro-
vides real-time polariscopes. Birefringence induced by internal stress is imaged in optical fibers and
in fused silica substrates, where lines are written with low-energy femtosecond pulses.

(© 2007 Optical Society of America
OCIS codes:(090.1760) Computer holography; (120.5410) Polarimetry; (110.0180) Microscopy

1. Introduction

Digital holographic microscopes (DHM) are instruments that allow real-time measurements of the amplitude and
phase of an optical wave reflected by or transmitted through a specimen [1]. A digital hologram, resulting from the
interference between a reference and an object wave, is recorded in off-axis geometry on a CCD camera [2] and then,
numerically processed to reconstruct the digital replica of the object wave [3]. In common practice, the physical ref-
erence wave and object wave have the same polarization to provide the best fringes contrast. Our approach is first to
use two different reference waves orthogonally polarized and with different propagation directions (linear polariza-
tion oriented at 0 and 90 degrees) and second, to illuminate a specimen with a 45 degrees oriented linear polarized
wave [4—6]. The obtained hologram contains now two different fringes patterns corresponding respectively to the in-
terference between the object wave and the two reference waves. In other words, the polarization components of the
object wave are projected on the orthogonal basis defined by the orthogonal reference waves. Because of different
propagation directions of these references waves, the different orders of the polarization components can be selected
in the Fourier domain by spatial filtering. A digital reconstruction of the two wavefronts is done using the Fresnel
propagation in the convolution formalism [3], combined with a digital superposition of the wavefronts and a com-
pensation for optical aberrations. This allows us to compute the polarization state of the Jones vector corresponding
to the object wave and in particular to extract the birefringence properties of the specimen from the phase difference
information. The main advantage of a two reference waves approach compared to common practice (i.e. using one
reference wave and changing its polarization state [7]), is the possibility to record and to measure polarization state

in real-time as all polarization information is simultaneously acquired.

2. Setup and reconstruction

The setup used is presented on Fig. 1(a). The Jones formalism allows us to write the orthogonal polarized reference
waves aR; = (r1,0,0) andRs = (0,72,0) and the object wav® = explido] (01, 02,0), Wherego is the
specimen optical path length seen by a linear polarized wave oriented at 0 degi@elansh = arg(os — o01)
is the phase difference. The object and reference waves interfere in off-axis geometry on the CCD camera [Inset of
Fig. 1(a)] to produce the digital holografiy = R} 4+ R3 + 0° + R0 + R;0* + R0 + R,O* [Fig. 1(b)].

Two wavefronts ¥; and W) are now reconstructed in the Fresnel approximation by using the convolution for-
malism [3]:

W;(m,n) = NL{(m,n) - A-FFT~ " {FFT [NL (k,1)If;;(k,1)] - exp [—imAd(v} + v})]} (1)

wherei = 1,2, FFT is the Fast Fourier Transformm, n, k, | are integers€N/2 < m,n,k,l < N/2); d, the recon-
struction distanced = exp(i2nd/\)/(iAd); A, the wavelengthy, = k/(NAz), v, = [/(NAy) are the spatial



frequencies coordinates]L! are defined in the hologran®(= H) or image ¢ = I) plane and are used to com-
pensate for aberrations. Instead of propagating the digital holofizawe propagate two different filtered apodized
holograms
15, = FFT ' [FFT(Iy - AP)FM;), 2

whereAP is a numerical amplitude filter used to apodize the hologram and therefore to suppress numerical diffrac-
tion created by the finite window of the hologram (see Ref. [8] for detallg); is a numerical mask filtering the
hologram to propagate only the reRQ@;) or the virtual R; O) image.F'M; can be seen as a numerical pinhole with
any shape definition [9]: in Fig. 1(c), the white rectangles define the selected spatial frequency areas corresponding
to virtual images for each interference.

The numerical lensed’ L! are complex arrays with constant amplitudéL!? is defined as a standard polyno-
mial model [10] (other models are possible, as Zernike polynomials [3]):

a+B=o0
2
NLi(k,l) = exp | =i Y Pag- k1% |, ©)
A a=£=0

whereP, 3 are the NL parameters ands the polynomial order. These parameters can be computed automatically

by fitting the assumed flat areas in the reconstructed phase image with the NL model [3, 10] or by using a conjugated
reference hologram [11]. Usually, in digital holograpNy./ is written only to a digital reference wavep; (k, ()

assumed to be a plane wave [1, 7], that corresponds to anoedér.

The NLY have a great advantage for polarization imaging by using two different polarized reference waves. In-
deed, as explained by Yoko#h al.in Ref. [7], using two references involves that the reconstructed images are not in
the same position in the reconstructed plane; therefore a coordinate transformation had to be applied as in Ref. [4] to
compare the two wavefronts;. By using this automated adjustddL?, the tilt introduced by the off-axis geometry
is suppressed in the hologram plane and the reconstructed wavefronts are superposed with sub-pixel precision (see
Ref. [3] for details). Furthermore, different aberrations of curvature in the two references waves can be compensated
by using higher polynomial order for the numerical lenses definition.
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Fig. 1. (a) DHM setup for polarization imagin@, object waveR;, the reference waves; M, mirrors, BS, beam splitiet2, half wave plate;
Pol., polarizers. Inset: off-axis geometry. (b) Portion of the digital hologram recorded with an optical fiber as specimen. (c) Spectrum of (b),
rectangles delineating the frequency areas selected for defining the two filtered holdgrlams

3. Results

Figure 2(a,b) present the two reconstructed images obtained from the filtered holgraBecause of the use of

the numerical lenses, the superposition has a sub-pixel precision. The substraction pixel by pixel of these two im-
ages produces the phase difference image [Fig. 2(c)] that reveals the birefringence of the optical fiber and therefore
the internal stress variations. Figure 3 presents the phase difference induced by a single line written in a long slab of
fused silica using a femtosecond laser. The graph plots the mean phase difference along the vertical axis. From this
measurement, the distribution of internal stress can be observed and the corresponding birefringence estimated (as-
suming that birefringence in this case only results from the presence of internal stress) [12].
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Fig. 2. (a) and (b) are the reconstructed phase image obtained from the filtered hd@rmrd[fm defined by the areas selected in Fig. 1(c).

(c) is the phase difference image obtained by the substraction (b)-(a).
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Fig. 3. Measurement of the phase difference along a line perpendicular to a single laser track. The phase difference graph is obtained by taking the

mean phase difference along horizontal direction.

4. Conclusion

In this paper, we demonstrate that the birefringence properties of a specimen can be imaged and measured using a
single digital hologram recording. The use of numerical lenses makes the method user-friendly as wavefronts super-
position is done automatically. Digital holography using two polarized reference waves is therefore an ideal tech-
nigue to image and measure in real-time the birefringence properties of a specimen.

The authors are thankful of the Swiss National Science Foundation for supporting part of this work (research

grant 205320-103885/1) and of the company Lyncée tec (www.lynceetec.com) for its fruitful collaboration.

References

1.

2.

3.

10.

11.

12.

E. Cuche, P. Marquet, and C. Depeursinge, “Simultaneous amplitude-contrast and quantitative phase-contrast microscopy by numerical
reconstruction of Fresnel off-axis holograms,” Appl. C§8, 6994—7001 (1999).

U. Schnars and W. Juptner, “Direct Recording of Holograms by a Ccd Target and Numerical Reconstruction,” Ag3. 09181

(1994).

T. Colomb, F. Montfort, J. Kiihn, N. Aspert, E. Cuche, A. Marian, F. Charriére, S. Bourquin, P. Marquet, and C. Depeursinge, “Numerical
parametric lens for shifting, magnification and complete aberration compensation in digital holographic microscopy,” J. Opt. S®3 Am. A

3177-3190 (2006).

. T. Colomb, P. Dahlgren, D. Beghuin, E. Cuche, P. Marquet, and C. Depeursinge, “Polarization imaging by use of digital holography,” Appl.

Opt.41, 27-37 (2002).

. T. Colomb, E. Cuche, F. Montfort, P. Marquet, and C. Depeursinge, “Jones vector imaging by use of digital holography: simulation and

experimentation,” Opt. Commu@31, 137-147 (2004).

. T. Colomb, F. Diirr, E. Cuche, P. Marquet, H. Limberger, R.-P. Salathé, and C. Depeursinge, “Polarization microscopy by use of digital

holography: application to optical fiber birefringence measurements,” Appl.4@pt461-4469 (2005).

. M. Yokota, Y. Terui, and I. Yamaguchi, “Analysis of polarization state by digital holography with polarization modulation,” Optical Review

13, 405-409 (2006).

. E. Cuche, P. Marquet, and C. Depeursinge, “Aperture apodization using cubic spline interpolation: application in digital holographic mi-

croscopy,” Opt. Commurl82 59-69 (2000).

. E. Cuche, P. Marquet, and C. Depeursinge, “Spatial filtering for zero-order and twin-image elimination in digital off-axis holography,” Appl.

Opt. 39, 4070-4075 (2000).

T. Colomb, E. Cuche, F. Charriére, J. Kiihn, N. Aspert, F. Montfort, P. Marquet, and C. Depeursinge, “Automatic procedure for aberration
compensation in digital holographic microscopy and applications to specimen shape compensation,” Agp|.85@t-863 (2006).

T. Colomb, J. Kiihn, F. Charriére, C. Depeursinge, P. Marquet, and N. Aspert, “Total aberrations compensation in digital holographic mi-
croscopy with a reference conjugated hologram,” Opt. Exptés4300—-4306 (2006).

Y. Bellouard, T. Colomb, C. Depeursinge, M. Dugan, A. A. Said, and P. Bado, “Nanoindentation and birefringence measurements on fused
silica specimen exposed to low-energy femtosecond pulses,” Opt. ExXgre3360—8366 (2006).



