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Fast Mueller linear polarization modality at the usual rate of a laser
scanning microscope

Sylvain Rivet® Matthieu Dubreufl Adrian Bradll, Yann Le Grand
®Laboratoire d’Optique et de Magnétisme, UniverdaéBretagne Occidentale, IBSAM, 6 avenue Le
Gorgeu, 29238 Brest Cedex 3, Frafémplied Optics Group, School of Physical Sciences,
University of Kent, Canterbury CT2 7NH, UK

ABSTRACT

Mueller microscopes enable imaging of the optigabatropic properties of biological or non-biologicsamples, in
phase and amplitude, at sub-micrometer scale. Henyveékie development of Mueller microscopes facesrumental
challenges: whilst adjusting the microscope, therafor needs a polarimetric image as guidance lagroduction of
polarimetric parameters must be sufficiently quiokensure fast imaging. To mitigate this issuethis paper, a full
Mueller scanning microscope based on spectral engaxf polarization is presented. The spectrumentdid every 10
us for each position of the optical beam on the ispe, incorporates all the information needed todpce the full
Mueller matrix, which allows simultaneous imagesbthe polarimetric parameters at the unequatke of 1.5 Hz (for
an image of 256x256 pixels). The design of theaaptblocks allows for the real-time display of lémebirefringent
images which serve as guidance for the operatoaditition, the instrument has the capability toilgaswitch its

functionality from a Mueller to a Second Harmonier@ration (SHG) microscope, providing a pixel-tggbimatching
of the images produced by the two modalities. Theiak performance is illustrated by imaging variaustained
biological specimens.
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1. INTRODUCTION

Among numerous optical microscopy imaging modalitiolarized light microscopys dedicated to the observation of
biological structures that exhibit intrinsic opficanisotropic properties in phase (linear/circutarefringence) and
amplitude (linear/circular diattenuation) at subsroimeter scale. The usual white light polarizatioicroscope, in
which the sample is placed between crossed potariizeroutinely used for qualitative imaging bahwetimes provides
ambiguous image contrasts when several effectsr aicwltaneously. To obtain quantitative informatiand automate
the measurement process, other schemes have beeosed® assuming usually that the specimens exhibit a pure
polarimetric effect. As the need has arisen to takeed polarimetric effects into account, confosahnning Mueller
microscopes and full-field transmission Mueller polarimetriciaroscope? have been successfully devised and then
used for imaging biological tissues. Neverthelesgsh microscopes still have limited performances tu (i) the
complexity of the polarization state generation amalysis and (i) the time delay, typically fromfew dozens of
seconds to few minutes, for recording enough imagestrieve the 16-elements of the Mueller mawiih a suitable
signal-to-noise ratio. Another limitation, usualpt mentioned in most studies, is the difficulty di§playing these
polarimetric parameters in real time, which is gédissue when the operator adjusts the microsapfiad a region of
interest. Indeed, in addition to the acquisitiamdj a long post-processing stage is necessarympute the Mueller
matrices, to correct numerically the polarimetrignature of the microscope itself and to intergviteller matrices
physically. Due to these limitations, Mueller miscopy is not widespread yet despite its interestieg in imaging
histological sections. Recently, we have demorefras a proof of concept, the first full Muelledgrametric scanning
microscope based on an optical frequency swept-laserce implemented within a commercial confoded-|
microscop& The device did not use any moving parts for thiafized state generator (PSG) and analyzer (P®&ks,
but only static polarizers and retarders to spgteacode light polarization. From the channelpdctrum measured by
a single-pixel detector, the full Mueller matrix svdetermined at each point of the specimen. Thiaduspeed of the
swept laser, (1@s in our case) determined the data acquisition tifneur device. The paper was a proof-of-concept,
involving averaging of data, and more importantlyly static specimens were imaged.

This communication presents a full Mueller scannimgroscope based on new designs of passive PSA 8@l
blocks allowing to display in real-time linear Wiiegence and its orientation or more generally teange of



polarization induced by the specimen as guidancettfe operator whilst adjusting the microscope attdition, the
instrument is provided with another functionalityowing the operator to switch easily from a Muelte a Second
Harmonic Generation (SHG) imaging modality, whileeking a perfect point-to-point matching of the ges The
performance of our new Mueller microscope is illattd through imaging various unstained biolog&mdcimens and
liquid crystals at frame rates of 1.5 Hz and 0.4fidm respectively single-scan 256x256 and 512x&iyes. Finally,
specimens have been scanned using both MuelleB@ modalities in order to illustrate how a welsdmed Mueller
modality is able to reveal unstained birefringemaiagements — such as fibrillar collagen withimtkissue sections —

and competes with a much more expensive nonlind& Sodality

2. EXPERIMENTAL SET-UP

The measurement of the Mueller matrix of a specim#lowing access to its complete polarimetric infation, requires
generating several input polarization states aradyaimg these states modified by the specimene&usbf carrying out
the measurements by active PSG and PSA blocks usiating optical elements or polarization modulatd®SG and
PSA blocks are made of thick chromatically dispensstarders associating each polarization statewavelength and
permitting to perform both generation and analyzing passive way. The microscope is based onralatd upright
confocal microscope with these PSG and PSA bloeggactively at the input and the output of the ascope in such a
way that polarization states are generated and/zewlfor each wavelength delivered in time by tver® laser. They
incorporate: a linear polarizer (Pol) oriented abf90°, YVQ, thick retarders oriented at 45° and 0°, achrongigrter
wave-plates at 45°, all the optical elements inRB& and PSA being fixed. The YY@ickness i® = 0.4 mm for PSG
and ® = 2 mm for PSA. The swept-source, (SSOCT-1060,uAxSech. Inc.) sweeps the optical frequency over a
spectral range of 100 nm (before digitization) abd050 nm at a rate of 100 kHz. The electricahaiglelivered by an
avalanched photodiode (APD module C12703SPL, Hartmmaquipping a standard upright confocal micrpsco
(Olympus BX51W1-FV300) is digitized by a data aaifibn board (DAQ, ATS9350 digitizer, AlazarTech) i
synchronism with the galvo-scanners the microscigpequipped with. The digitized signal includes exies of
channeled spectra whose modulation is relatedet@dharimetric signature of each pixel of the imaggh a pixel-dwell
time equal to 1Qs.

3. RESULTSAND DISCUSSION

The channeled spectruig(t) measured in transmission (Fig. 1(a)) is the cowion of 12 modulations froffg to 12f,
whose amplitudes and phases depend on the elemgtisthe Mueller matrix related to the polarimetsignature at
each point of the specimen, the microscope itsalftae PSG and PSA blocks. The acquisition of ffeetsum takes 10
us per image pixel, according to the tuning speedhef swept-source used in these experiments, wddiokvs for
producing the Mueller components at the usual freate of optical scanning microscopes, once raw det¢ processed.
Three modalities have been implemented in the eoope:

(i) Display of specific images for guidance for thecroscope operator through a software develoseagu
LabVIEW 2017: the amplitude and the phase of thelutations ofl,(t) are measured using harmonic analysis instead
of Fourier transform. This strategy is more effitito tackle real-time issues, as the axial rarfgeterest is shorter than
the one obtained via Fast Fourier Transform. To sumemathe complex values of the pedksassociated to the 12
modulations K=0 to 12),1,,(t) is only multiplied with 12 numerical oscillatorgxp(i27k f,t), and the difference

between the pealksP, with and without the specimen is calculated. Fégut(c), 1(d) and 1(e) are images of a potato
starch granule specimen obtained by displayingedifit peakP,. Figure 1(c) corresponds to the pesR, in grey
levels that is mainly sensitive to the transmittan€the sample. Figure 1(d) is an image for whieghphase of the peak
APy is color-coded in Hue-Saturation-Value (HSV) spackile the brightness of colors is regulated by dmplitude of
APy, the saturation being set to 1. The pa&k has been chosen because it theoretically depenttedinear retardance

R xy and its azimuthvgy,) through the expressionF;=2sinRL(xyy) Exp(—i mR(x,y))' Figure 1(e) corresponds M- 1,
[[AP] in green levels that images the starch granulealark background and is sensitive to an ovetainge of

polarization. This parameter is less sensitivéheodrientation of the birefringence and exhibitewa contrasted Maltese
Cross.
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Fig. 1. Signal processing for real-time display.Ghanneled spectrum measured versus time by teetdefor the Mueller
microscopy modality, originating from a single poon the specimen. (b) Extraction of the signal mations by local
oscillators. (c) Grey level image of the DC compdnéat) HSV image of the'®peak. Hue determined by the phase of the
peak and brightness by its amplitude. (e) Greeel lievage of all the modulatiork-; 1,[|APy|] except the DC component.

(ii) Record of all the polarimetric response (lineacular retardance, linear/circular diattenuatidepolarization)
of the specimens according to the different funldies of the scan head: images at different &aaies and sizes, or
in point mode at 100 kHz.

(iii) Use of the same microscope for both Muellemtrix measurement and SHG detection: this alloweséxal-to-
pixel comparison of the images while the usual fizacconsists in imaging specimen with two diffardevices. As a
demonstration, images of the same area of an nestdiuman liver specimen embedded in paraffin ezegmted with
both Mueller and SHG modalities (Fig. 2). Howevgaraffin has not been correctly removed from theppration and
pollutes retardance image of the specimen. By uaibgnary mask based on the degree of alignmebirefringence
axes, it is possible to select only collagen fibers
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Fig. 2. Comparison between Mueller, cross-polaraed SHG images of an unstained human liver spec{F&Oum-thick
fixed slice). (a) Linear retardance image in HS\u¢H= azimuth of retardanes, Saturation = 1, Value = linear retardance
R.) with a binary mask based on degree of alignménti@fringence axes. (b) Same area imaged withide ield
polarized microscope (crossed polarizers). (c) Sam@ imaged in second harmonic generation (SH@)s @Bnd hot
regions in (b) correspond to paraffin.

All 3 modalities implemented in the microscope vii# presented in details at the conference togetlierconvincing
demonstration with images and videos.
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