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Abstract: A high-speed Mueller matrix ellipsometer (MME) based on photoelastic modulator
(PEM) polarization modulation and division-of-amplitude polarization demodulation has been
developed, with which a temporal resolution of 11 µs has been achieved for a Mueller matrix
measurement. To ensure the accuracy and stability, a novel approach combining a fast Fourier
transform algorithm and Bessel function expansion is proposed for the in-situ calibration of
PEM. With the proposed calibration method, the peak retardance and static retardance of the
PEM can be calibrated with high accuracy and sensitivity over an ultra large retardance variation
range. Both static and dynamic measurement experiments have been carried out to show the high
accuracy and stability of the developed MME, which can be expected to pave the way for in-situ
and real-time monitoring for rapid reaction processes.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Mueller matrix ellipsometry (MME) is a powerful optical metrology technique that can obtain
the Mueller matrix containing comprehensive optical information of both the layered and bulk
materials [1], which has been widely used in various areas, such as biomedical science [2,3],
material characterization [4,5] and nanostructure metrology [6,7]. It is superior to conventional
ellipsometers that can only enquire two ellipsometric angles in that MME is able to provide all
16 elements of the 4 × 4 Mueller matrix in each measurement, and thereby is capable of offering
much more useful sample information such as structure parameters, anisotropy and depolarization.
Meanwhile, compared with typical tools used for nanostructure metrology such as scanning
electron microscopy (SEM) and transmission electron microscopy (TEM), the MME can provide
physical properties as well as structural profiles simultaneously and non-destructively. Such
advantages provide MME with a great potential to capture rapid processes involving simultaneous
changes in both material distributions and properties, which exist during many nano fabrication
processes such as self-assembling, photopolymerization, etc. However, traditional MME based
on mechanical modulation and demodulation has a temporal resolution of a few seconds, which
limits the application of MME in rapidly changing processes, such as the molecular self-assembly
process, which usually happens in several milliseconds. To capture and elaborate the mechanism
of such complex rapid processes, the temporal resolution of the measurement needs to be at
least at the sub-millisecond level or even higher. Therefore, the development of MME with high
temporal resolution is of great importance in the real-time and in-situ monitoring of complex
rapid processes.
It is worth noticing that more and more efforts have recently been engaged in aimed at

enhancing the temporal resolution of ellipsometry. Petkovšek et al., have developed ellipsometers
based on a single photoelastic modulator (PEM), but have achieved a temporal resolution of
0.03ms on an ellipsometric parameter measurement [8], while the ellipsometer cannot measure
the complete 4 × 4 Mueller matrix. López-Téllez et al., have presented a complete MME using
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liquid crystal variable retarders (LCVRs) with continually varying voltage. Due to the low
modulation frequency of the LCVRs, the temporal resolution of the MME is only 2 s in the
Mueller matrix measurement [9]. Arteaga et al., constructed a complete spectroscopic MME by
employing four PEMs and improved the temporal resolution to 0.7 s for each Mueller matrix
measurement [10]. Dubreuil et al., proposed a snapshot complete MME based on wavelength
polarization coding; and a single acquisition takes about 1ms [11]. Although various optical
elements with high modulation frequency or techniques have been used to enhance the temporal
resolution of the MME, few systems can achieve a temporal resolution above the millisecond
level for the complete Mueller matrix measurement.
PEM has been shown to be effective as a dynamic retarder with electrically tunable phase

retardance based on the photoelastic effect [12,13]; it also has excellent modulation performance,
such as a large useful aperture, broad spectral range, high modulation frequency, high modulation
efficiency and purity [14,15]. These advantages suggest the PEM to be an ideal polarization
modulator in systems emphasizing high temporal resolution. In 1997, Jelllison proposed the
theory, calibration and experiment of two-modulator generalized ellipsometry employing PEMs
as modulators [16,17]. Since the performance of the polarimetric system based on the PEMs
depends heavily on the calibration of the PEM, it is of great importance to accurately calibrate
the PEMs in-situ.
In recent years, the calibration of the PEM has attracted a great deal of attention. Oakberg et

al., used the oscilloscope waveform method [18,19] and Zeng et al., used zeroth order Bessel
functions [20] to calibrate the PEM. However, these calibration methods can only calibrate the
PEM at several special retardance, and the accuracy is difficult to guarantee as well. Cline et
al., proposed a calibration method for PEM based on a single-photon technique [21], which is
only applicable under weak light intensity conditions. Wang et al., calibrated the PEM with
the multiple harmonic intensity ratio method [22] in a relatively large retardance variation
range. Quan et al., presented a calibration method based on normalized fundamental frequency
component for PEM, which can measure the peak retardation and static retardation simultaneously
[23]. However, since only several specific frequency components have been selected, these
calibration methods cannot be used to calibrated the PEM with high sensitivity and accuracy in
the full working range. Moreover, these calibration methods usually require one or more lock-in
amplifiers, which will make the instrument costly and complicated.
In this work, we have presented a high-speed MME that utilizes the principle of duel-PEMs

polarization modulation and division-of-amplitude polarization demodulation, and can acquire
the full Mueller matrix with a temporal resolution of about 11 µs. Accordingly, to ensure the
accuracy and stability of the MME, we propose an in-situ calibration method for PEMs based on
the combination of the fast Fourier transform algorithm and Bessel function expansion, with which
the PEM can be accurately calibrated in the full working range. With the proposed calibration
method, the peak retardance δpeak and static retardance δstatic can be obtained simultaneously.
Moreover, the linear relationship between the driving voltage and δpeak has been established.
Additionally, the high stability and accuracy of the self-developed MME has been verified in the
static measurements of a waveplate with the Mueller element error of about 0.003 and standard
deviation less than 0.005. Finally, the excellent performance of the MME has been demonstrated
by a dynamic characterization experiment of the nematic LCVRs.

2. Experimental setup

The high-speedMME is constructed based on the principle of dual-PEMs polarization modulation
and division-of-amplitude polarization demodulation, which has combined the advantages of the
high modulation frequency of PEM and the real-time demodulation of the division-of-amplitude
method. In addition, it had achieved a temporal resolution of about 11 µs for each Mueller
matrix measurement. As schematically shown in Fig. 1, the MME is consists of three parts: a
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polarization state generator (PSG), a sample stage and a fast polarization measurement system
(FPMS). In the PSG part, the light source is a 5mW Red (632.8 nm) He-Ne Laser (HNL050LB,
THORLABS). The polarizer (LPVIS100-MP2, THORLABS) is a nanoparticle linear film
polarizer with an extinction ratio up to 100000:1. The nominal frequency of the PEM1 and
PEM2 (II/FS47, II/FS50LR, Hinds) are 47.112 KHz and 50.006 KHz, respectively. With the
configuration shown, the PSG can output the polarized light of any polarization state. Meanwhile,
to achieve a microsecond temporal resolution with high accuracy, six photomultiplier tubes (PMT,
HAMAMATSU, H10721-20) with a response time of 0.5 ns have been used in the FPMS. Thus,
the FPMS with six parallel detection channels can detect all the Stokes parameters of the probing
light simultaneously in several nanoseconds. The MME is mounted on a rotatable base so that it
can be used in both transmissive mode, and reflective mode with the incident angle varied in the
range of 40 °∼90 ° [24,25].

Fig. 1. A high-speed complete MME: (a) Light path diagram: P - polarizer; PEM1 and
PEM2 - photoelastic modulators; C1 - half-wave plate; C2 - quart-wave plate; S –Sample;
PBS - polarization beam splitter (PBS); NPBS1 - 70:30 (R:T) non-polarization beam splitter
(NPBS); NPBS2 - 50:50 (R:T) NPBS; DAQ - oscilloscope; PC - personal computer; SC –
signal controller; PMT - photomultiplier tubes; (b) self-developed MME prototype.

3. Method of calibration and measurement

In order to ensure measurement accuracy, the PEM needs to be calibrated in situ before each
measurement. The PEM can be considered as a dynamic retarder with electrically tunable phase
retardance. The piezoelectric actuator in the PEM induces rapid birefringence modulation in
the photoelastic crystal based on photoelastic effect [13,26]. The incident light experiences a
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temporal phase retardance change δ(t) when traveling through the crystal:

δ(t) = δpeaksin(2πft + ϕ) + δstatic, (1)

where δpeak is the peak retardance under a certarin driving voltage, δstatic is the static retardance
which is only related to the nature of the crystal in the PEM, f is the nominal frequency of the
PEM, and ϕ is the phase.
To calibrate the PEM with ellipsometry, we characterize the PEM based on Mueller matrix

formalism [27], as shown in Eq. (2):

MPEM =

©«

1 0 0 0

0 cos(4θPEM)sin(δPEM/2)2 + cos(δPEM/2)2 sin(4θPEM)sin(δPEM/2)2 - sin(2θPEM)sin(δPEM)

0 - sin(4θPEM)sin(δPEM/2)2 - cos(4θPEM)sin(δPEM/2)2 + cos(δPEM/2)2 cos(2θPEM)sin(δPEM)

0 sin(2θPEM)sin(δPEM) cos(2θPEM)sin(δPEM) cos(δPEM)

ª®®®®®®®¬
,

(2)

where θPEM is the fast axis azimuth of PEM, and δPEM is the retardance of the PEM.
Generally speaking, the light intensity matrix B measured by six photomultiplier tubes can be

obtained by multiplying the modulation matrix W of PSG, the Mueller matrix of sample M and
the demodulation matrix A of the FPMS [28], as shown in Eq. (3). The demodulation matrix
A is obtained by the in-situ calibration process of the FPMS [24]. The modulation matrix W
is composed of the Stokes vector of the incident polarized light, as shown in Eq. (4). If the
azimuthal angles of the polarizer and PEM are θp and θPEM respectively, the Stokes vector of the
incident light emerging from the PSG can be expressed as Eq. (5).

B =
[

I1 I2 I3 I4 I5 I6
]T
= AMW, (3)

W =
[

SPSG(t1) SPSG(t2) . . . SPSG(tN)
]
, (4)

SPSG(t) = R(−θPEM)Mre(δPEM(t))R(θPEM)R(−θp)MPR(θp)
[
1 0 0 0

]T
= 0.5 ·

[
1 S1 S2 sin2(θp − θPEM)sinδPEM

]T
.

(5)

To simplify the data analysis, the row vector S3 of the SPSG can be expanded in an infinite series
including integer Besses functions and the Jacobi-Anger expansion [10]:

S3 = sin 2(θp − θPEM)sinδPEM = sin 2(θp − θPEM)sin[δpeaksin(2πft + ϕ) + δstatic]

= Asin[δpeaksin(2πft + ϕ)] + Bcos[δpeaksin(2πft + ϕ)]

= 2A
∞∑

k=1
J2k−1(δpeak)sin[(2k − 1)(2πft + ϕ)]+BJ0(δpeak) + 2B

∞∑
k=1

J2k(δpeak)sin[2k(2πft + ϕ)],

(6)
where A = sin2(θp − θPEM)cosδstatic, B = sin2(θp − θPEM)sinδstatic.

Then, with the expansion of S3, we can get an amplitude matrix Bsj which is composed of the
absolute value of the relevant Bessel coefficients, as shown in Eq. (7).

Bsj =
[
|BJ0(δpeak) | |2AJ1(δpeak) | |2BJ2(δpeak) | . . . |2AJ2k−1(δpeak) | |2BJ2k(δpeak) |

]
, (k = N∗). (7)

Meanwhile, in the actual calibration process, there is no sample on the MME. Then, the row
vector wmi of measured modulation matrix Wm, which is calculated from the measured light
intensity B by Eq. (8), can be regarded as a discrete time sequence xti of length N and duration τ
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[29], then the multimode signal can be expressed as Eq. (9).

Wm =
[

wm0 wm1 wm2 wm3

]T
= A−1B, (8)

wmi = xti =

H∑
h=1

ρhcos(ωht + ϕh), (i = 0, 1, 2, 3), (9)

where, in the mode h, ωh=2πkh/N is the angular frequency, kh=f hτ is the Fourier frequency, f h
is the physical frequency, ρh and ϕh is the amplitude and phase. By doing a discrete Fourier
transform of the discrete time sequence xt3, a set of complex Fourier coefficients can be obtained,
as shown in Eq. (10).

X(k) =
N/2+1∑

t=0
xte−i2πtk/N , k = 0, 1, . . . , N − 1. (10)

With the calculated complex Fourier coefficients, a magnitude spectrum |X(k)| can be
established. Then, another amplitude matrix Apeak can be obtained by the peaks of each frequency
in the magnitude spectrum. Additionally, in order to reduce the error in establishing the magnitude
spectrum with the discrete Fourier transform, weighting coefficients µi are introduced to each
peak, where µi can be calculated by Eq. (11). Thus, the matrix composed of the weighting
coefficients is µ.

µi =
Apeak(i)
∞∑

i=1
Apeak(i)

. (11)

By matching the two amplitude matrices Bsj and Apeak, the δstatic and δpeak can be extracted
simultaneously with the Levenberg-Marquardt algorithm. Moreover, to evaluate the fitting results,
a χ2 function is introduced to estimate the fitting error between the amplitude matrices Bsj and
Apeak, which can be determined by Eq. (12).

χ2 =

∞∑
i=1

[
µi[Apeak(i) − Bsj(i, δpeak, δstatic,∆θ)]

σ(µiApeak(i))

]2
, (12)

where ∆θ=θp-θPEM, σ(µiApeak(i)) is the standard deviation of the measured i-th peak.
In the measurement of the Muller matrix of the sample Ms, the two PEMs are running

simultaneously. We have thereby obtained the retardance variation law of PEM under different
driving voltages through the in-situ calibration process, and the azimuth of the optical elements
have been determined in the calibration of the FPMS and PEMs. Once the driving voltages of
the PEMs are determined, only the phases ϕPEM1 and ϕPEM2 of the PEMs are as unknown as
the Ms due to the randomness of the measurement start time. According to the configuration of
the PSG in the MME, the Stokes vector of the incident polarized light at any moment can be
expressed as Eq. (13). Then, the light intensity measured at any moment can be expressed as
Eq. (14). Meanwhile, we rewrite the demodulation matrix A as a formalism of row vectors, as
shown in Eq. (15).

SPEM(t, ϕPEM1, ϕPEM2) = R(−θPEM2)MPEM(δPEM2(t))R(θPEM2)R(−θPEM1)

×MPEM(δPEM1(t))R(θPEM1)R(−θp)MPR(θp)
[
1 0 0 1

]T
=

[
S0(t) S1(t) S2(t) S3(t)

]T
,

(13)

b(t) =
[

i0(t) i1(t) i2(t) i3(t) i4(t) i5(t)
]T
= AMsSPEM, (14)
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A =
[

a0 a1 a2 a3 a4 a5
]T
. (15)

If a transition matrix D(t, ϕPEM1, ϕPEM2) is introduced, whose elements are dij=Sj(t)ai (i=0∼5,
j=0∼3), Eq. (14) can be rewritten as Eq. (16).

b(t) = D(t, ϕFEM1, ϕFEM2)M′s, (16)

where M′s =
[

m11 m21 m31 m41 m12 m22 . . . m44

]T
.

Finally, we can get a 1×6N matrix Bc, which can be expressed with Eq. (17) and consists of
light intensity measured at each time point.

Bc =
[

bT(t0) bT(t1) . . . bT(tN−1)
]

=M′Ts
[

DT(t0, ϕFEM1, ϕFEM2) DT(t1, ϕFEM1, ϕFEM2) . . . DT(tN−1, ϕFEM1, ϕFEM2)
]

=M′T
s Z(ϕFEM1, ϕFEM2),

(17)
Using the Levenberg-Marquardt algorithm to fit the Bm consisting of the measured light

intensity with the Bc, Ms, ϕPEM1 and ϕPEM2 can be extracted at the same time.
In order to ensure that the measurement of the Ms has the same high accuracy and stability in

each measurement cycle, the Stokes vectors used to calculate the Ms in a single measurement
must be sufficient and undergo a whole cycle of change. It is well known that the repeated signal
period generated by the two PEMs with different oscillation frequencies f 1 and f 2 would be
T=1/|f 1-f 2 |. However, when two PEMs with similar nominal frequencies are used, such as in our
MME, the temporal resolution of the MME is only hundreds of microseconds. Therefore, under
the above premise, we have introduced a method of period division to improve the temporal
resolution of the Mueller matrix measurement to tens of microseconds, as shown in Eq. (18).
Specifically, the peak retardances of the PEMs are set at 6π and 2π respectively, which makes
the temporal resolution of the MME increase from about 300 µs to about 11 µs. Meanwhile, it
should be emphasized that the period division method works best when the peak retardance is an
integer multiple of 2π.

T =
1���f1 δpeak12π − f2

δpeak2
2π

��� . (18)

Since the temporal resolution is determined by both the modulation frequency of the PSG
and the demodulation frequency of the FPMS, the way to improve the temporal resolution
of the instrument is by improving the modulation frequency of the phase modulators, when
the detector response is sufficiently fast. In the prototype we built, the FPMS based on the
division-of-amplitude method has a demodulation frequency of about 200MHz. Therefore, an
effective method to further improve the temporal resolution of the instrument is to increase the
frequency of the phase modulators. For example, if we replace the modulators with faster PEMs
(II/IS84, II/FS20A, Hinds), with the same measurement principle and instrument configurations
proposed in this work, the temporal resolution of the MME can be enhanced to about 5 µs.

4. Experimental results and discussion

4.1. Calibration of the PEMs

To achieve the in-situ calibration of the PEM and obtain the δpeak and δstatic at the same time,
we calibrate the two PEMs separately, i.e. only run one of the PEMs in each calibration. We
make the PEMs work under different driving voltage to achieve the full range calibration. It is
worth noting that the polarization effect has been proved to be negligible when the PEMs are
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not running. In order to calibrate the PEM with high efficiency, the PEMs are calibrated in 170
µs with the maximum sampling rate of 2GHz. Meanwhile, θp and θPEM are set at π/2 and π/4
respectivly. To show the efficacy of the proposed calibration method, the calibration results of the
PEM with a nonimal frequency of 47 KHz at a driving voltage of 4.8V are taken as an example,
and the results are shown in Fig. 2. By doing a discrete Fourier transform of the row vector S3 of
the SPSG with Eq. (10), we can get the amplitude matrix Apeak, However, in practical experiments,
it is impossible to extracte the amplitude of the infinite orders. Therefore, to simplify data analysis
with the assurance of extraction accuracy, only the amplitudes of the peaks greater than 0.001 are
extracted. By matching the two amplitude matries Bsj and Apeak with the Levenberg-Marquardt
algorithm, the relevant parameters δpeak and δstatic extracted simultaneously are 18.867 rad and
0.005370 rad. In the comparison of the Bsj and Apeak, it can be easily observed that the Bsj and
Apeak are highly consistent, and the differences between amplitudes of the peaks are less than
0.001. Additionally, the χ2 calculated by Eq. (12) is 68.3946, which shows the high stability and
accuracy of the proposed calibration methods.

Fig. 2. The calibration results of the PEMs at a driving voltage of 4.8V: (a) the row vector
S3 of the SPSG; (b) the amplitude spectrum of the calculated Bsj and measured Apeak; (c)
the difference between the Bsj and Apeak.

In order to attain the in-situ measurement of the PEM in the full working range, we calibrate
the PEM by varying the driving voltage in the range 0V∼4.8V with a step size of 0.2V, and
the results are shown in Fig. 3. It can be observed that there is a linear relationship between
δpeak and the driving voltage with an R-square of 0.99998. Meanwhile, δpeak is not 0 when the
driving voltage is 0V. Since the crystal in the PEM needs a certain stabilization time from static
to vibration, maintaining the crystal with a small vibration when the driving voltage is 0V can
make the PEM reach a stable state faster. Besides, the δstatic fluctuates around 0.0049 rad. The
maximum deviation of δstatic is about 0.0010 rad, and the standard deviation is about 0.0004 rad.
It can be considered that δstatic does not change with the driving voltage, which confirms that
δstatic is only related to the nature of the crystal in the PEM. It should be emphasized that, although
δstatic is small, it cannot be ignored when δpeak is less than 1 rad. The fundamental frequency
component deviation can be reduced if the is δstatic is taken into consideration in the calibration
of the PEMs [23].



Research Article Vol. 28, No. 8 / 13 April 2020 / Optics Express 10880

Fig. 3. The calibration results of the PEMs within the driving voltage of 0V∼4.8V.

4.2. Static measurement of a waveplate

In order to demonstrate the stability and accuracy of the self-developed MME in the measurement
of the complete Mueller matrix, we performed a series of static measurements on a quarter-wave

Fig. 4. Stokes vector SPSG of the incident light emerging from the PSG
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Fig. 5. MeanMueller matrix of the 15 times repeated measurements under different azimuth
of a quarter-wave plate.

plate with different azimuths. The measurements are carried out 15 times with the azimuth
varying between 0 and π/2 every π/18. Meanwhile, since the accuracy of the measured Muller
matrix increases with the number of the sets of the detected light intensity used, the sampling
rate in the detection of the light intensity is set at the maximum sampling rate 2GHz to ensure
high measurement accuracy and match the high temporal resolution in the Mueller matrix
measurement. The θp, θPEM1 and θPEM2 are set at π/4, 3π/4 and π/4 respectively. The δpeak1
and δpeak2 are set at 6π and 2π respectively. According to Eq. (18), the sampling rate in the
measurement of the Mueller matrix is about 91.330 KHz, which has been verified by the Stokes
vector SPSG of the incident light emerging from the PSG shown in Fig. 4.

The Mmean shown in Fig. 5 represents the mean Mueller matrices of the 15 times repeated
measurements under different azimuths of a quarter-wave plate. The waveplate with linear
birefringence (LB) and circular birefringence (CB) can be characterized with Eq. (19) in the
Mueller matrix formalism.

Mwp(Are, γre, θre, δre) = Are ·MCB(γre) ·MLB(θre, δre), (19)

where Are is the relative transmittance, γre is the optical rotation angle, θre is the azimuth of the
waveplate, δre is the retardance of the waveplate. MLB is the Mueller matrix of a device with LB
properties such as a wave plate or a retarder with a fast axis azimuth of θre and a retardance δre
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[27]. MCB is Mueller matrix for a device with CB properties such as optically active material
with an optical rotation angle γre [30]. We can extract the optical parameters of the waveplate by
matching the measured Mmean with the calculated Mwp with the Levenberg-Marquardt algorithm,
and the extracted results are shown in Fig. 6. The γre change with the azimuth can be ignored
during the experiments, and δre remains at 1.542 rad, which means that the incident light is
almost perpendicularly incident on the waveplate. A good linear relationship with R-square of
1.0000 is maintained between the measured azimuth and the preset azimuth. Are that is extracted
from the Mueller matrix before normalization fluctuates around 0.997, which shows the stability
of the light intensity.

Fig. 6. Optical parameters of the waveplate extracted from Mmean: (a) the optical rotation
angle γre under different azimuth θre of the waveplate; (b) the measured azimuth θrem under
different azimuth θre of the waveplate; (c) the retardance δre under different azimuth θre of
the waveplate; (d) the relative transmittance Are under different azimuth θre of the waveplate.

With the extracted optical parameters, we can reconstruct the Mueller matrix Mfit and make
a comparison between Mmean and Mfit, as shown in Fig. 5. It can be observed that Mmean and
Mfit are highly consistent. Additionally, the standard deviation for each Mueller element in the
Mσ shown in Fig. 7 is about 0.003. These all demonstrate the high accuracy and stability of the
MME in the measurement of the Mueller matrix. The small deviation of the Mueller elements
may be caused by the fluctuation of the δpeak of the PEM, where a fluctuation of about 0.5% has
been observed in the δpeak during the experiments. The deviation can be reduced by increasing
the time per measurement or by performing multiple repeated calibrations of the PEM before the
measurements.



Research Article Vol. 28, No. 8 / 13 April 2020 / Optics Express 10883

Fig. 7. The matrix of standard deviation for each Mueller element under different azimuth
of the quarter-wave plate

4.3. Dynamic measurement of the LCVRs

Now that the high stability and accuracy of the MME has been verified through a series of static
experiments, the excellent performance of the MME for the Mueller matrix measurement during
the rapid dynamic processes will be demonstrated through a dynamic experiment. As an example,
the dynamic modulation process of the LCVRs (D5220, Meadowlark) under a sawtooth driving
signal with a modulation frequency of 50Hz and an amplitude of 10 Vpp will be measured
by the self-developed MME. It should be noted that although the time span of the dynamic
experiment is 20ms, the temporal resolution of the instrument used needs to be at least hundreds
of microseconds in order to capture the changes in the optical property of the LCVRs in detail.
Therefore, the dynamic measurement of the LCVRs can be used to show the performance of
MME in rapid dynamic processes. The measurement configurations of the dynamic experiment
are the same as for the static experiment, except that due to the limitation of the oscilloscope
acquisition depth, the sampling rate of the light detection is reduced to 500MHz, which has
almost no impact on the accuracy of the measurement. The blue solid line in Fig. 8 shows the
real-time Mueller matrix measurement results of the LCVRs at a sampling rate of 91.330 KHz in
20ms.
The LCVR can be considered as a dynamic retarder with both linear birefringence (LB) and

circular birefringence (CB) properties. LCVRs can be also characterized with Eq. (19) in the
Mueller matrix formalism. The optical parameters of LCVRs over time are extracted by matching
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Fig. 8. Mueller matrix of the LCVRs under the modulation of a sawtooth driving signal
with a modulation frequency of 50Hz and an amplitude of 10 Vpp.

the measured matrix with the calculated matrix with the Levenberg-Marquardt algorithm, and
the results are shown in Fig. 9. It can be observed that γLC and θLC change drastically when the
driving voltage is of 1.5V to 4.5V, which indicates the existence of CB in the modulation process
of LCVRs. Meanwhile, the ALC is observed changing with driving voltage instead of being
constant, and the variation of the δLC under the high modulation frequency is quite different from
that under the low modulation frequency, which has verified that the modulation characteristics
of LCVRs vary with the modulation frequency. With the extracted optical parameters measured
by the MME, we can reconstruct the Mueller matrix of the LCVRs at different time point and
make a comparison between measured matrix and the reconstructed matrix, as shown in Fig. 8.
It can be observed that the two matrices are highly consistent, which demonstrates that the MME
has the same high stability and accuracy in the Mueller matrix measurement of rapid dynamic
processes as in the static experiments. Although the developed MME has captured the changes
in the optical properties of LCVRs in detail, the full temporal resolution of the MME has not
been demonstrated. It can be expected that the proposed MME can be used in the mechanism
investigation of faster changing processes, such as in molecular self-assembly processes, the
particle migration process, and the phase transition process in materials under high temperature
and pressure.
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Fig. 9. The optical parameters measured by the MME: (a) the optical rotation angle γLC
over time; (b) the azimuth θLC over time; (c) the retardance δLC over time; (d) the relative
transmittance ALC over time; (e) the driving signal over time.

5. Conclusion

Based on the principle of dual-PEMs polarization modulation and division-of-amplitude polariza-
tion demodulation, a high-speed MME with a 11 µs temporal resolution in a single measurement
of the complete Mueller matrix has been developed. To achieve the in-situ calibration of the
PEMs with high accuracy and sensitivity over an ultra large retardance variation range, a new
method based on the combination of the fast Fourier transform algorithm and Bessel function
expansion has been presented in this work. With the proposed calibration method, a linear
relationship between the driving voltage and δpeak has been established. And the δstatic with
a standard deviation of about 0.0004 rad can be considered as constant at 0.0049 rad during
the experiment. Moreover, in the static measurement of the waveplate, the high stability and
accuracy of the MME has been demonstrated with consistence in the preset and measured
azimuths; the corresponding error of the Mueller matrix element measurements are about 0.003
and standard deviations are less than 0.005. Finally, in the dynamic characterization experiment
of the LCVRs under a sawtooth driving signal with a modulation frequency of 50Hz, the dynamic
Muller matrix of LCVRs has been captured with a sampling rate of 91.330 KHz. Moreover, the
excellent performance of the MME in rapid process characterization has been verified by the
high consistence in the measured and reconstructed Mueller matrices. It can be expected that
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the proposed MME will be used in the investigation of the mechanism of various rapid change
processes in the near future.
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