
Polarization-resolved second harmonic 

generation microscopy with a four-channel 

Stokes-polarimeter 

Nirmal Mazumder,
1
 Jianjun Qiu,

1
 Matthew R. Foreman,

2
 Carlos Macías Romero,

2
 

Chih-Wei Hu,
1
 Han-Ruei Tsai,

1
 Peter Tӧrӧk,

2
 and Fu-Jen Kao

1,*
 

1Institute of Biophotonics, National Yang-Ming University, 155, Li-Nong St. Taipei 11221, Taiwan 
2Blackett Laboratory, Department of Physics, Imperial College London, Prince Consort Road, London SW7 2BZ, UK 

*fjkao@ym.edu.tw 

Abstract: We developed a four-channel photon counting based Stokes-

polarimeter for spatial characterization of polarization effects in second 

harmonic generation (SHG). We have implemented a calibration technique 

allowing quantitative measurement of polarization parameters, such as the 

degree of polarization (DOP), degree of linear polarization (DOLP), degree 

of circular polarization (DOCP), as well as anisotropy from the acquired 

Stokes parameters. The technique is used as contrast mechanism to 

characterize the polarization properties from two potassium dihydrogen 

phosphate (KDP) micro-crystals and collagen type-I in SHG microscopy. 
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1. Introduction 

Optical imaging techniques based on nonlinear optical phenomena have been widely 

incorporated in microscopy using ultra-fast pulsed lasers. There have been many applications 

in cellular and tissue imaging because of the ability to spatially resolve subcellular details 

with high molecular contrast [1]. The development of nonlinear microscopy involving a wide 

range of contrast mechanisms, such as two-photon excitation fluorescence (TPEF) [2], second 

and third harmonic generation (SHG-THG) [1] and Coherent anti-Stokes Raman Scattering 

(CARS) has demonstrated immense capacity to the biological contrasts with high resolution, 

though usually with sub-millimeter depth penetration [2–4]. These imaging techniques have 

opened new routes towards optical diagnostics of complex cellular assemblies and tissue 

imaging [5,6].Second harmonic generation (SHG), a label free imaging technique, which 

arises from non-centrosymmetric structures [7] and the SH intensity depends on the relative 

orientation between the polarization of the incoming light and the second-order hyper 

polarizability of the sample [8]. Going beyond intensity measurements, SHG polarimetry can 

provide an interesting way to probe the absolute molecular structure orientation and disorder 

in organized organic media [1,6], impurities in crystal structures, characteristics of surfaces 

and optical interfaces [9]. Recently, SHG polarization anisotropy has been successfully 

applied to investigate the molecular orientation and the degree of organization in fibrotic 

collagen [10], human dermis [11], keloid [12], cornea [13,14], microtubules [8] as well as 

myosin of the skeletal muscle [15–17]. 

When light propagates through a sample to micrometer depths, the incoming light suffers 

a distortion in polarization induced by the sample. Spatially resolved polarization 

measurements permit detailed analysis of the changes in the magnitude and sign of the 

polarization parameters, and give information about the general symmetry properties of 

molecules. Polarization analysis can be carried out by Jones calculus, however this matrix 

method is applicable only for fully polarized light [18], whereas Stokes algebra is better for 

light in all states, whether incoherent, partially polarized or unpolarized [19,20]. A general 

beam of light can be characterized completely by four quantities known as the “Stokes 

parameters”. Any optical device that changes the polarization of a light wave can be 

represented by 4 × 4 Mueller matrix. 

Measurement of polarization properties from biological tissues has a number of 

biomedical applications, which benefit from the measurements of sample retardance, 

anisotropy via birefringence, diattenuation and depolarization of the scattering light 

[21,22].These polarization parameters can be fully determined using Lu-Chipman Mueller 

matrix decomposition techniques [23,24].To date, most studies have been made with linear 

optical technique [22,25,26], however SH light is sensitive to molecular structure and can 

provide detailed three-dimensionally resolved image contrast from biological samples. 

Polarization microscopy imaging using an epi-geometry can lead to a undesired changes 

in the retrieved information, due to the degree of ellipticity of reflections from galvo-mirrors 

and dichroic mirrors [27]. In addition, the use of high numerical aperture objectives causes 

polarization distortions in excitation and detection arms [27]. These polarization distortions 

from various components in the optical path have been addressed and can be accounted for 

[28,29]. To perform quantitative polarimetry, we developed an imaging system which can 

measure the full Stokes parameters of the SH light using the transmission geometry. The light 

is analyzed byte Stokes-Mueller formalism [30], from which the degree of polarization and 

anisotropy through the birefringence of the sample can be found. Conventional SH 

polarization microscopy is used for examining the linear birefringence and polarization 

anisotropy of samples [31,32], but it is unable to measure the output polarization states of SH 

light. For comparison, our method provides a complementary technique to obtain the four 

Stokes parameters of the output signals from the samples when illuminated by different 

polarizations, which is similar to that of linear light scattering detection [33]. Determining the 



polarization states in this way can reveal additional information regarding e.g. the circular 

birefringence properties of the SH light. 

In this work, we have developed a four-channel photon counting based polarization 

microscope to determine the complete polarization states of SH light from the anisotropic 

samples, which are widely studied in molecular and biological sciences. A theoretical model 

is also carefully implemented to test the setup and to interpret the resultant images. This 

method is applied to analysis the representative photonic materials and fibrillar structures of 

bio-molecules, namely potassium dihydrogen phosphate (KDP), a standard nonlinear optical 

crystal and collagen type-I, respectively. 

2. Materials and methods 

2.1. Microscopy setup 

A schematic diagram of the experimental arrangement for measuring the polarization 

properties of the signal in SHG microscope is shown in Fig. 1. A femtosecond Ti:Sapphire 

(Coherent Mira Optima 900-F) laser oscillator was used as the excitation light source. The 

source had a center wavelength of 800 nm and a full width at half maximum (FWHM) 

spectral width of 15 nm pulses with duration of ~100 fs, average power ~550 mW and 

repetition rate~76 MHz. The samples were mounted in upside-down on XYZ stage and 

scanned with a laser scanning unit (Olympus, FV300).The polarized beam of diameter 5 mm 

and average power of ~15mW before objective was focused onto the sample using an oil 

immersion objective lens (UPlanFLN 40X/N.A. 1.3 oil, Olympus Corp., Japan). The average 

powers of the laser beam on the sample surface were ~3mW and ~12mW for KDP crystals 

and collagen type-I, respectively. The measured signals are analyzed by means of a 

polarization state analyzer (PSA), specifically, a four-channel Stokes-polarimeter. 

 

Fig. 1. Schematic diagram of polarization-resolved SHG microscope with four-channel Stokes 

-polarimeter module. The insert displays the polarization state analyzer (PSA);PSG: 
polarization state generator; P: Polarizer, λ/2: Half wave-plate, λ/4: Quarter wave-plate, M: 

Mirror, S: Sample, F: Filter, BS: Beam splitter, FR: Fresnel Rhomb,W1 and W2: Wollaston 

prisms, Ia, Ib, Ic, Id: photo-multiplier tubes (PMTs). 



2.2. Working principle of four-channel Stokes-polarimeter 

Figure 1 shows the four-channel Stokes-polarimeter imaging configuration. The SHG signals 

were collected in the forward direction by a long-working distance, 0.5 N.A. condenser. A 

band pass filter of 400 ± 40 nm (Edmund Optics Inc. Barrington, New Jersey) was inserted in 

the SHG emission path that is centrally peaked at 400 nm. An additional short pass filter 

(Brightline680 SP, Semrock) was used to discriminate the 800 nm excitation light. The 

resulting polarization state of SH signal is analyzed by a polarization state analyzer (PSA) is 

shown in Fig. 1. The PSA consists of a beam splitter (BS), Wollaston prisms (W1 and W2; 

WP 10, Thorlabs), Fresnel rhomb (FR; FR 600 QM, Thorlabs), and photon counting photo-

multiplier tubes (PMTs; PMA 185 model, PicoQuant GmbH, Berlin, Germany). The SH 

signal is divided into two by a beam splitter, and then split further by two Wollaston prisms 

oriented at 45° with respect to the plane of incidence. Before separation by W2, the signals 

are passed through a Fresnel rhomb which works as a quarter wave plate to analyze the 

circular polarization. Stokes images ‘Sout’ from the SH signals are determined from the four 

intensity images acquired with 256 × 256 pixels spatial resolution, with 50 μm to 50 μm 

scanning area, using a pixel dwell time of 8μs by  
1

out 4 4S A I


  ,which are collected by PMTs 

through standard multimode fibers(FT1500EMT, 1.5 mm core diameter,0.39 N.A., Thorlabs). 

Here A4x4is the instrument matrix of the PSA. The signals are coordinated by four-channel 

detector router (PHR 800,PicoQuant GmbH, Berlin, Germany).Data collection and primary 

analysis is achieved by a commercial software package (SymPhoTime, PicoQuant GmbH, 

Berlin, Germany). 

The initial steps of polarimetric experiments are to identify the principal axis of all the 

polarization components of the apparatus. After determining the principal axes, it is 

convenient to rotate the components to whatever angles specified. The basic scheme of our 

design is based on that of Azzam et al. [30], who introduced a four-detector based polarimeter 

that is capable of determining all four Stokes parameters of light. Our four-channel Stokes-

polarimeter is a variation in that we detect SHG signals and reconstruct the 2D Stokes images 

using a laser scanning microscope in pixel by pixel analysis. A schematic drawing of the 

Stokes-polarimeter is shown in Fig. 1. The four-channel Stokes-polarization microscope 

consists of three distinct modules: a polarization state generator (PSG), the sample, and the 

polarization state analyzer (PSA). The PSG is combination of a linear polarizer (LPUV 100-

MP, Thorlabs), a half wave-plate (AHWP05M-600, achromatic HWP, Thorlabs), and a 

quarter wave-plate (AQWP05M-600, achromatic QWP, Thorlabs) required to generate 

arbitrary polarization states. For comparison, the PSA consists of a beam splitter, Wollaston 

prisms, Fresnel rhomb, and photomultiplier tubes. 

2.3. Stokes-parameters 

Light of all polarization states can be characterized by four quantities known as the “Stokes-

parameters” [34]. A Stokes vector, S describes a polarization state using four components, 

which are labeled as S0, S1, S2, and S3, where S0 is the total intensity, S1 is the intensity 

difference between linear polarization states at 0° and 90°, S2 is the intensity difference 

between linear polarization states at 45° and 45°, and S3 is the intensity difference between 

left-handed (LCP) and right-handed circular (RCP) polarization states, respectively. Thus, any 

change of polarization state of a beam would be represented by the 4-Stokes vector: 

 

0 0 90

1 0 90

2 45 45

3 RCP LCP

S I I

S I I
S

S I I

S I I



   
   


    
   
   

      (1) 



where subscripts on I are the intensities at 0°, 90°, 45°, 45°, RCP and LCP states, 

respectively. The light input to the Stokes-polarimeter is represented by the Stokes vector 

Sout = [S0S1S2S3] t, where t stands for the transpose. The response of the Stokes-polarimeter 

to the incoming light is given by four intensities I = [IaIbIcId]t as shown in Fig. 1. The 4 × 1 

intensity column vector ‘I’ (counts per msec) detected by time-correlates single photon 

counting (TCSPC) electronics, is given by the product of the4 × 4 instrument matrix A4x4 of 

the Stokes-polarimeter and the4 × 1 Stokes vector Sout of the SH signal: 

 4 4 outI A S 
  (2) 

Since I is the detected intensity vector, and A4x4 is a fixed matrix for a fixed 

configuration, Sout can be calculated as  
1

out 4 4S A I


  . The degree of polarization (DOP), 

the degree of linear polarization (DOLP), the degree of circular polarization (DOCP) and the 

anisotropy ratio of the SH light at each pixel of the scanning area are defined by the following 

equations: 
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For linear horizontal excitation, ‘r’ can be written as: 
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S S
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DOP indicates the polarization property of the light. This value ranges from 0 to 1. If light 

is perfectly polarized, then DOP = 1. For an unpolarized light Stokes vectors are S0 = 1, S1 = 

S2 = S3 = 0, with DOP = 0. For partially polarized light, DOP is between 0 and 1, depending 

on the degree of polarization [34]. The DOLP indicates the crystalline alignment of molecules 

parallel to the linear polarization states; DOLP is between 0 and 1. The DOCP is a measure of 

how effectively the molecules flip the circularly scattered light within the focal volume; 

DPCP is between 0 and 1. The ‘r’ represents the anisotropy of the signals; ‘r’ is between 0.5 

to 1.We have developed a series of specialized routines with MATLAB (MathWorks, 

R2009b) to reconstruct the two-dimensional intensity images as well as the corresponding 

Stokes vector and different polarization parameter images. 

2.4. Sample preparation 

The capability of the Stokes-polarimeter for measuring polarization properties is carried out 

by obtaining SHG signals from KDP micro-crystals and collagen type-I fibers. SHG imaging 

has been widely applied to collagen type-I fibers [10,11]. Collagen type-I forms cylindrical 

arrays of polypeptide coils comprising glycine-proline helices; it is strongly positively 

birefringent in respect to the length of the individual fibers [35].By varying the polarization 

states of the incident beam and detecting the change of polarization components after the 

samples, we reconstruct 2D Stokes SHG images of KDP micro-crystals (SIGMA, Germany) 



and collagen type-I (Bovine Achilles Tendon, SIGMA, Germany). The KDP crystals and 

collagen type-I fibers were sandwiched between two cover glass slips. The samples were 

mounted upside-down in the microscope stage. From these reconstructed 2D Stokes vector 

images we can measure the DOP, DOLP, DOCP and the anisotropy ratio of the SH signal for 

every pixel in the image. 

3. Results and discussion 

3.1. Calibration 

To accurately measure the Stokes vector of SH signals from the sample, the instrument matrix 

‘A4x4’ for the polarimeter needs to be well known. The instrument matrix is determined with 

a set of known polarization states. These polarization states are generated after the sample 

position for calibration. SHG at 400 nm is created by focusing the 800 nm laser beam into 

KDP micro-crystals. The SH light is collimated by the condenser lens then passes through the 

PSG as described in the Materials and methods to generate the 0°, 90°, 45°and RCP states. 

The Stokes-polarimeter is calibrated using an eigen value calibration method [24,36], with 

these known polarization states. The performance of the Stokes-polarimeter is parameterized 

by the condition number of the instrument matrix ‘A4x4’, which is defined 

by  
1

4 4 4 4C A A


   where denotes the L2-norm. In order to maintain high 

measurement accuracy, the condition number should be as low as possible [36].We have 

optimized our four-channel Stokes-polarimeter at 400 nm wavelength by minimizing the 

propagation of relative errors on the intensities after the multiplication with instrument matrix 

(A4x4)1. 

The instrument matrix ‘A4x4’ at 400 nm is given by- 

 

4 4

292.88 209.49 216.62 0.75

213.26 60.71 166.99 19.41

267.48 84.15 78.93 209.49

250.91 72.30 32.95 247.98
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    (8) 

The 16 numerical values in the matrix were determined by creating light of four known 

polarization states and counting photons on each of the four detectors for a fixed interval of 

time for each of these input states. We typically tuned the PSA to achieve a condition number 

of the instrument matrix of 3.0.The performance and accuracy of the four-channel Stokes-

polarimeter are discussed in details in [37]. The PSG is removed once the instrument is 

calibrated. 

3.2. SHG polarization-resolved imaging in KDP micro-crystals 

Figure 2 show the Stokes vector SHG images of KDP micro-crystals from the microscope 

system combined with four-channel Stokes-polarimeter, when the laser with horizontal 

polarization is used. The Stokes parameter (S0) shows the SHG intensity image, and from this 

we are not able to distinguish the polarization properties of SHG signals. SHG polarization-

resolved experiments are traditionally carried out by rotating an analyzer before the detector 

[31] and the SHG anisotropy patterns are obtained by analyzing the selected number of pixels 

of the images [32,38,39]. Here we are using256 × 256 pixel analysis of 2D reconstructed 

Stokes images without relying on any sample alignment or analyzer rotation. Figures 2(a) and 

2(b) show the 2D Stokes images of output polarizations states and different polarization 

properties of SHG signals from KDP micro-crystals, for an incident horizontally polarized 

beam. In such geometry, the excitation field propagates through the whole thickness of the 

sample. The two KDP micro-crystals show significant differences in polarization 

characteristics, which is due to the birefringent behavior of the micro-crystals [32]. 



 

Fig. 2. Experimental polarization-resolved SHG response from KDP micro-crystals,(a) shows 

the reconstructed 2D Stokes vector images; (b) represents the DOP, DOLP, DOCP and 

polarization anisotropy images of SHG light from the KDP micro-crystals, when the input 
polarization is horizontal polarized. The color scale shows the values of each parameter. 

As shown in Fig. 2(b), the DOP from two KDP micro-crystals is approximately 1, 

indicating that most of the excited SH signal is polarized. The DOLP and the DOCP images 

demonstrate that there exist both linear and circular polarization states in the SHG light from 

the KDP micro-crystals. Linear and circular polarization is generated from the KDP micro-

crystals due to the birefringence property of the crystals. For the smaller KDP micro-crystal in 

the upper right hand corner (Fig. 2(b)), there are larger components of linear horizontal and 

right circular polarization. For comparison, there are larger components of linear vertical and 

left circular polarization for the KDP micro-crystal in the lower left hand corner. Since 

birefringence gives rise to a variation of relative phase between field components with 

propagation depth, hence changing an incoming linear light to an oscillatory function between 

circular and linear. A variation of polarization is seen dependent on propagation length in the 

crystal. In general the field is elliptically polarized i.e. one circular polarization will dominate 

the other [40]. The SH anisotropy image also shows the orientation differences of the KDP 

micro-crystals. The smaller crystal gives rise to greater anisotropy than the other. 

3.3. SHG polarization resolved imaging in collagen 

SHG imaging has been widely applied to collagen type-I fibers [10,11]. The structural 

information from collagen type-I fibers can be understood more precisely by polarization-

resolved SHG imaging [1,2,17]. Previous studies reported that SHG sources lie within the 

amide bonds of polypeptide chains in collagen type-I [15,17]. Figures 3(a) and 3(b) displays 

the linear polarization effects the affect of polarization properties of SHG signals of thick 

type-I collagen. The normalized Stokes vector images (Fig. 3(a)) of the SHG signals are 

obtained from collagen type-1 fibers, with an incident beam is horizontal polarized. 



 

Fig. 3. Experimental polarization-resolved SHG response from collagen type-I, (a) shows the 
reconstructed 2D Stokes vector images; (b) represents the DOP, DOLP, DOCP and 

polarization anisotropy images of SHG light from the collagen type-I, when the input 
polarization is horizontal polarized. The color scale shows the values of each parameter. 

The Stokes images (Fig. 3(a)) shows that the relative phase shift via the light propagation 

through the whole collagen fiber, again changes an incoming linear polarization state to an 

oscillatory function between linear (S1, S2) and circular (S3) polarization state dependent on 

propagation depth. Due to the structural property of collagen, it is possible to produce 

partially polarized states of polarization [35]. This is clear evidence of a progressive rotation 

of the collagen fiber or the orientation of the optical axis of molecules. The DOLP indicates 

the crystalline alignment of fiber and molecules parallel to the linear polarization states. The 

optical activity of collagen can also be observed with SH light. The DOCP is a measure of 

how effectively the collagen flips the helicity of the scattered light within the focal volume. 

The chirality in collagen affects the SH polarization, resulting in a polarization shift away 

from both fundamental and SH signal produced by the sample. This shift is clearly visible in 

the DOCP image and the SH signal is a mixture of both right and left circularly polarized 

light. The effect of birefringence on the SHG polarimetric data is explored via anisotropy 

measurement, which confirms the strong deformation for different areas of collagen [41]. 

Observation of the polarization parameters reveals that collagen fibrils are highly anisotropic, 

coinciding with the known pitches of distinct helices within the coil structure of collagen. 

Polarization-resolved SHG Stokes vector imaging can hence be used to visualize the 

structural distribution in highly ordered biological samples through inspection of different 

polarization properties. This technique may be very powerful tool in investigating the 

structural dynamics in skeletal muscle fiber under the physiological conditions [42] for 

example. 

4. Conclusion 

In conclusion, we have constructed a four-channel Stokes vector based imaging polarimeter 

for second harmonic generation microscopy. By analyzing the Stokes images, obtained from 

the SHG signal, we are able to quantify the polarization state of arbitrarily polarized light, the 

DOP, the DOLP, the DOCP and polarization anisotropy of SH signal to visualize the 

birefringence and crystal orientation from KDP and collagen type-I. This newly developed 

instrument which measures different polarization properties and information contained in SH 

light has valuable applications in biology. The method still has room for improvement, both to 

reduce experimental errors as well as improving the interpretation of results. Current work is 

under progress to further increase the amount of information that can be derived from 

polarization parameters. The polarization study or characterization can be easily extended to 

polarization maintaining optical processes and signals, which include harmonics generation 

(second and third), CARS, stimulated emission [43] microscopy. Additionally, time-resolved 



and polarization-resolved investigation on fluorescence may yield unprecedented information 

on the dynamics of molecules. 
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