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Liquid crystal variable retarders (LCVRs) have been extensively used as light polarization modula-
tors for ground-based polarimetric applications. Shortly, LCVRs will be used as polarization state
analyzers in two instruments onboard the Solar Orbiter mission of the European Space Agency.
Both ground- and space-based polarimeters require LCVR response time values that fulfill the
required image acquisition rate of the polarimetric measurements. Therefore, it is necessary to have
a reliable method to measure the LCVR optical retardance response times. Response times are
usually estimated via optical methods using crossed or parallel polarizers. Nevertheless, these
methods measure light intensity transitions to infer the response time instead of directly measuring
the changes in the optical retardance. In this work, an experimental setup that uses a Soleil-Babinet
variable compensator is proposed. On one hand, this allows one to study the effect of the nonlinear
dependence of the light intensity on the optical retardance in the response time determination,
which is neglected in most works. On the other hand, the use of the variable compensator allows
one to measure the LCVR response times in the highest sensitivity areas of the system that mini-
mizes the uncertainty of the measurement. The six transitions for the Polarimetric and Helioseismic
Imager instrument modulation scheme of a representative LCVR have been measured. Based on the
results, the optimized conditions to measure response times are found, which can be achieved by
using the variable compensator and an IR wavelength (λ = 987.7 nm) as proposed in the experimen-
tal setup. © 2019 Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1116/1.5122786

I. INTRODUCTION

Liquid crystal variable retarders (LCVRs) have been
extensively used as light polarization modulators for ground-
based polarimetric applications.1–6 The Solar Orbiter mission
of the European Space Agency will be the first space mission
that will use LCVRs onboard its payload. In this mission, they
will be used as polarization state analyzers (PSAs) in two sci-
entific instruments: PHI1,2 (the Polarimetric and Helioseismic
Imager for Solar Orbiter) and METIS1,3 (Multi Element
Telescope for Imaging and Spectroscopy). Both ground- and
space-based polarimeters require the accurate determination of
the LCVR response times at the specific LCVR transitions of
the instruments’ modulation schemes. For the specific case of
the Solar Orbiter mission, the LCVR response time shall be
lower than 100 ms for all the transitions, taking into account
all the environmental conditions of the mission. Therefore, it
is necessary to have a reliable method to measure the LCVR
optical retardance response times in order to fulfill the
required image acquisition rate during the mission. The
response time is usually estimated via transmitted light mea-
surement methods using crossed or parallel polarizer setups.7,8

Nevertheless, these methods measure light intensity as a func-
tion of time and show a sinusoidal dependence on the optical
retardance changes. This dependence is neglected in most
works. Additionally, the sensitivity to determine the response
times of the optical retardance extracted from the light inten-
sity measurement is different along the curve and must be
taken into account. For this reason, an experimental setup that
uses a Soleil-Babinet compensator is proposed in this work.
The Soleil-Babinet variable compensator allows tuning the
optical retardance starting point of the response time measure-
ments. In this way, we can study the effect of this dependence
on the optical retardance response times measured, as well as
the sensitivity to determine them. In addition, the experimen-
tal setup uses a longer wavelength (λ = 987 nm) than the PHI
operative wavelength (λ = 617.3 nm). In this way, we reduce
the optical retardance change of all the LCVR transitions
studied below π radians, avoiding overtaking a maximum in
the light intensity sinusoidal signal and then simplifying the
transitions measurement analysis.

This study and the experimental setup proposed allow us
to properly select the parameters to measure the optical
retardance response times maximizing the sensitivity to
determine them. Additionally, an accurate determination of
the variation of the LCVR optical retardance as a function of
time allows us to calculate accurately the temporal variation
of the liquid crystal (LC) molecules’ mean tilt. It will allow

Note: This paper is part of the Conference Collection: 8th International
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us to investigate the liquid crystal molecular dynamics under
the influence of the space environment conditions afterward.
In conclusion, a deeper understanding of the method sensi-
tivity and how this affects the response time measurements
allow defining experimental setups and optimal conditions
for the measurement and inferring realistic response values
of the complete instrument for the final application.

II. THEORY

A. Liquid crystals’ response time

The response time of a nematic LCVR is the time
required for the director vector of the LC molecules to be ori-
ented from an initial to a final state induced by a driving
electric field. The tilt of the molecules is the result of the
equilibrium between the anchoring forces7,9 between the LC
molecules and the polyimide treatment deposited on the sub-
strates, the elastic forces, and the applied electric field.10–12

Therefore, the LC response time depends on several factors,
including the LC layer thickness, viscosity, temperature,
dielectric anisotropy, the surface treatment, the driving wave-
form frequency and amplitude, as well as the type and phase
of the LC in use.7,9,13–15

The time range in which the nematic liquid crystals
(NLCs) can operate is typically on the order of milliseconds.
Another type of LC device which are nowadays used in the
implementation of polarimeters are the ferroelectric liquid
crystals (FLCs).16–18 An important feature of FLCs is that
these devices present faster response than NLCs (i.e., response
times on the order of microseconds), and, therefore, they
become the best option in applications where the acquisition
velocity is a crucial factor. For the Solar Orbiter mission, the
NLCs were the selected option since they have a suitable
response time for the required image acquisition rate and also
provide greater robustness compared to the FLCs19 against the
mechanical vibration environment during launch.

B. Modulation scheme and LCVR transitions

The PSAs based on LCVRs of the Solar Orbiter mission
will carry out temporal polarization modulation by the appli-
cation of a sequence of driving voltages that introduce differ-
ent optical retardances. The PSA configuration, used in the
PHI instrument, consists of two anti-parallel nematic LCVRs
with their fast axes aligned at 45° with respect to each other,
followed by a linear polarizer at 0° with respect to the fast
axis of the first LCVR. The LCVRs will generate a modula-
tion scheme of four different retardance states needed to
solve the system of linear equations that will allow us to
measure the four parameters of the Stokes vector of the inci-
dent light. The PSA will use the modulation scheme speci-
fied in Table I, where δLCVR1 is the retardance of the first
LCVR and δLCVR2 is the retardance generated by the second
LCVR. This modulation scheme corresponds to the Fe I line
(λ = 617.3 nm) and was selected in order to obtain an invert-
ible modulation matrix that will give maximum and homoge-
neous polarimetric efficiencies20 to determine the four
Stokes parameters of the incoming light.

In order to meet the scientific requirements of the Solar
Orbiter mission, each LC must be able to make an optical
retardance change from the initial retardance state δo to the
final state δ, governed by applied voltages V1 and V2,
respectively, in less than 100 ms. Two different LCVRs
compose the PSA. Nevertheless, both cells are very similar,
and the response times studied and presented in this work
will be for one of the two LCVRs. Then, the response times
of six transitions will be studied for this LCVR, which are
specified in Table II, and are in accordance with the PHI
modulation scheme. Δδ corresponds to the total optical
retardance change between the initial and the final retard-
ance state.

C. Response time measurements

The standard method to measure the LC optical response
time widely found in the literature7,8 consists of a measure-
ment of the output light from a system comprising a mono-
chromatic light reaching crossed or parallel polarizers and the
LC sample with its fast axis oriented to 45°. This method
measures light intensity as a function of time, which is known
as the optical response time. The optical response time is
defined as the time period elapsed between 10% and 90% of
the detected output signal. The equation governing the inten-
sity response of this system is known and expressed as

I(t) ¼ (Imax � Imin)sin
2 δLCVR(V)

2

� �
þ Imin, (1)

where δLCVR(V) is the variable retardance as a function of the
applied voltage of the LC cell and Imax and Imin are the

TABLE II. Retardance transition scheme, where δ0(V1) is the initial LCVR
retardance state governed by the first voltage V1 and δ(V2), is the final
LCVR retardance state governed by the final voltage V2. Δδ is the total
retardance change defined by Δδ= δ(V2)−δ0(V1).

Transition

λ= 617.3 nm

δ0(V1)
(deg)

V1

(V)
δ(V2)
(deg)

V2

(V)
Δδ

(deg)

1 234.74 2.065 125.26 3.007 −109.48
2 125.26 3.007 54.74 5.757 −70.52
3 54.74 5.757 305.26 1.741 250.52
4 305.26 1.741 234.74 2.065 −70.52
5 225 2.119 315 1.703 90
6 315 1.703 225 2.119 −90

TABLE I. Modulation scheme of PHI PSA.

Modulation
δLCVR1 (λ = 617.3 nm)

(deg)
δLCVR2 (λ = 617.3 nm)

(deg)

1 225 234.74
2 225 125.26
3 315 54.74
4 315 305.26
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maximum and minimum intensities of the system, respec-
tively. By normalizing21 I(t), we obtain

IN(t) ¼ I(t)� Imin

Imax � Imin
¼ sin2

δLCVR(V)
2

� �
, (2)

where IN(t) is the normalized intensity over time.
Nevertheless, the parameter required in polarimetric

instruments, such as PHI and METIS, is the optical retard-
ance temporal variation. This leads to different problems.

On one hand, the response time measured from the
transmission intensity variations is not directly the optical
retardance response time. Note that the light intensity is a
square sinusoidal function of the optical retardance as shown
in Eq. (2). The same response time should be obtained
applying the same values of V1 and V2 and, therefore, δo and
δ (see Table II) for LCVR. Nevertheless, different values of
the optical response time will be measured starting from dif-
ferent points in the curve of Eq. (2) due to this dependence.
It will be shown in Sec. IV.

On the other hand, the sensitivity of the system to the
retardance change of the LC cell will have a noticeable
dependence according to the area of the intensity curve. The
sensitivity depends on the slope of function in Eq. (2) and is
calculated by applying partial derivatives to this equation.
Therefore, the sensitivity of the system to retardance changes
is defined as

@I

@δ
¼ cos

δ

2

� �
� sin δ

2

� �
: (3)

Equation (3) and Fig. 1 show that the area with the
highest sensitivity to retardance changes is the central zone
of the output intensity curve where the retardance values of
the sample are close to nπ/2 (where n = 1, 3, 5,…) radians.
While the regions with the lowest sensitivity are near the null
and maximum intensity where the sample retardance values
are nπ radians. Additionally, we calculated the uncertainty in

the retardance value as a function of the measurements of
light intensity using the uncertainty propagation calculus of
Eq. (2) (Fig. 2). The calculation is shown in Eq. (4) and
plotted in Fig. 3,

σδ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
σI

1� I2

r
, (4)

where σδ and σI are the uncertainty of the optical retardance
and intensity, respectively.

It can be seen that the uncertainty is minimum in the
central zone of the output intensity curve. Nevertheless, the
uncertainty is maximized up to infinite values in areas close
to the null and maximum intensity.

The area with the highest sensitivity to retardance
changes and minimum uncertainty will be called the linear
regime of the output intensity. On the contrary, the area
with the lowest sensitivity and, therefore, the maximum
uncertainty will be called the parabolic regime of the output
intensity. Taking into account these calculations, the mea-
surements of the response times must be performed in the
linear regime since it minimizes the effect of the intensity
dependence on the optical retardance and the measurement
uncertainty propagation. Nevertheless, the starting point in
the intensity light curve depends on the LCVR initial
retardance of each specific transition. Therefore, we need to
tune this starting point in order to measure the LCVR
response times in the optimized conditions. The solution
proposed in our experimental setup is the insertion of a
Soleil-Babinet variable compensator, which is explained in
Sec. II C 1.

1. Addition of a variable compensator

The insertion of a Soleil-Babinet variable compensa-
tor allows us to tune the optical retardance starting
point of the response time measurements. Now, the
equation governing the intensity response of this system
is expressed as

FIG. 1. Normalized intensity output of the system with crossed polarizers
configuration and normalized sensitivity to retardance changes within a
range from 0 to π radians.

FIG. 2. Normalized intensity output of the system with crossed polarizers
configuration and the uncertainty propagated in δ(t) inversion within a range
from 0 to π radians.
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IN(t) ¼ sin2
δT (V)
2

� �
, (5)

where δT is the sum of the LCVR optical retardance
(δLCVR) and the retardance of the compensator (δC). In the
starting point of the transition, the Soleil-Babinet compensa-
tor retardance can be tuned. This allows us to locate the
response signal of each LCVR specific transition in the
desired regime of the output intensity and study the same
transition under different conditions. As an example, the
same transition studied in the parabolic regime and the
linear regime is depicted in Figs. 3(a) and 3(b), respec-
tively. The differences between the measurements in these
two regimes are shown in Sec. IV.

2. Wavelength selection

Another problem in the determination of the response
times is when the transitions studied overcome 180° of
the retardance change. For example, this is the case of

the third transition of the PHI modulation scheme
(Table II) that shows a retardance change of 250.52° at
λ = 617.3 nm. This produces a maximum in the output
detected intensity signal followed by a decrease as shown
in Fig. 4(a). The analysis of the response time in this
transition is complicated and less accurate. Additionally,
we cannot study this transition in the linear regime or in
the parabolic regime separately. Taking into account the
Cauchy dispersion of the LC mixture birefringence, a
longer wavelength of λ = 987.7 nm was selected for the
experimental setup in order to have a monotonically
increasing output signal as shown in Fig. 4(b). Note that,
applying the same driving voltages, the dynamic behavior
of the device is maintained.

D. Inversion to retardance δ and molecular mean tilt θ

We can calculate the optical retardance temporal
variation using the experimental values of the obtained
light intensity as a function of time and from inversion

FIG. 3. Output intensity and I(δ) sensitivity for the same retardance shift transition studied in parabolic and linear regimes: (a) parabolic regime and (b)
linear regime.

FIG. 4. (a) Output intensity of transition 3 of the PHI retardance scheme using λ= 617.3 nm. (b) Output intensity of transition 3 of the PHI retardance scheme
using λ= 987.7 nm.
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of Eq. (2),

δLCVR(t) ¼ 2 asin
ffiffiffiffiffiffiffiffiffi
IN(t)

p� �
: (6)

The study of δ(t) will allow analyzing how the LCVR
retardance variations over time influence the modulation effi-
ciencies of polarimetric instruments. From δ(t), we also cal-
culate the temporal variation of the LC molecules mean tilt
using the well-known following equations:22

δLCVR(t) ¼ 2πd
λ

(neff (t)� no), (7)

neff ¼ nenoffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2e sin

2(θ)þ n2o cos
2(θ)

p , (8)

where d is the thickness of the LCVR cell, λ is the wave-
length, ne and no are the extraordinary and ordinary LC
refractive indices, neff is the extraordinary LC effective refrac-
tive index, and θ is the molecular mean tilt. Using Eqs. (5)
and (6), we calculate the LC mean tilt as

θ(t) ¼ asin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2on

2
e

n2eff (t) (n
2
e � n2o)

� n2o
(n2e � n2o)

vuut
0
@

1
A: (9)

The temporal variation of the LC molecules mean tilt will
provide the experimental data needed to fit Ericksen–Leslie
partial derivatives equation solutions that describe the liquid
crystal molecular dynamics.10–12 Thus, we will be able to
determine the physical constants such as Frank elastic constants
and Leslie–Ericksen viscosity coefficients and, therefore, study
the LC dynamic properties. Additionally, in the context of a
space instrument, it will allow evaluating these LC properties
under the environmental space conditions such as ultraviolet
and gamma irradiation or vacuum and temperature tests.

III. EXPERIMENTAL DETAILS

A. Experimental setup

A scheme of the experimental setup is shown in Fig. 5.
The light source used is a Thorlabs L980P030 laser diode

with the wavelength stabilized at λ = 987.7 nm. The linear
polarizers, arranged in crossed configuration, are Thorlabs
LPVIS100-MP2 with a high extinction ratio in the
selected wavelength of λ = 987.7 nm. The variable com-
pensator is a Thorlabs SBC-IR Soleil-Babinet type,
remotely controlled from a Newport SMC100CC single
axis motion controller. The LCVR under test is an LC
cell composed of Merck ZLI-3700-000 nematic mixture
with antiparallel alignment and a thickness of 10 μm. This
LCVR cell belongs to the same manufacturing batch of
the LCVR used in PHI and METIS instruments. In the
setup, the fast axis of the LCVR under test and the vari-
able compensator are parallel to each other and oriented to
45° with respect to the polarizers.

A set of aspheric lenses are used to collimate the light
beam in order to assure normal incidence to the LCVRs.
After the second polarizer, the beam is focused by a conver-
gent lens on the photoreceiver. The high speed New Focus
1621 photodetector that assures a response speed of 50 ns is
used. The LCVR voltage driving is carried out with a
Tektronix AFG3011C function generator, modulating the
amplitude of a 2 kHz square carrier signal between the initial
and the final voltage of each retardance transition. The
LCVR cell is thermal stabilized at 40.0 ± 0.1 °C.

B. Measurements

The six LCVR transitions of the PHI instrument have
been measured in the parabolic and linear regimes using the
setup described in Sec. III A. The parabolic regime is
achieved by starting from an intensity null, where the vari-
able compensator retardance is δC ¼ 2nπ � δ0(V1). The
linear regime is achieved by locating the transition output
intensity signal centered in the linear regime, where the
variable compensator retardance is δC ¼ 0:5[(2nþ 1)π
�Δδ]� δ0(V1). In both cases, n is an integer whose value is
n = 0, 1, 2,….

In addition, we invert the light intensity measurement to
calculate the optical retardance and the LC molecular mean
tilt response times using Eqs. (6) and (9). To calculate
the LC molecular mean tilt, we use ne = 1.563 ± 0.002 and
no = 1.473 ± 0.002 of the LC mixture ZLI-3700-000 at a

FIG. 5. Experimental setup.
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wavelength of λ = 987.7 nm obtained using the Cauchy23,24

dispersion and LCVR thickness, which is 10 μm.

IV. RESULTS AND DISCUSSION

A. Comparison between parabolic and linear regimes

The results obtained in the response time measure-
ments of the LCVR cell and subsequent inversions to the
optical retardance and the LC mean tilt for the parabolic
and linear regimes are shown in Tables III and IV,
respectively. The results shown are the mean and standard
deviation calculated from 20 consecutive measurements
for each transition.

In the case of the measurements in the parabolic regime
(Table III), it can be observed that the response times directly
obtained from the intensity experimental data, i.e., the
optical response time, are slower than the inverted retardance
and molecular mean tilt data. The only exception is the case
of transition 3. For this case, the nonlinear intensity depen-
dence on the optical retardance has provided a lower value.
In particular, this specific transition has the highest change in

the optical retardance. In addition, the retardance response
time and the mean tilt response times are very similar to each
other for each transition.

In the case of the measurements in the linear regime
shown in Table IV, the results directly obtained from the
experimental intensity data, i.e., the optical response time,
show values very similar to those obtained after the inversion
to retardance and tilt. Again, the only exception is transition
3, where the response time obtained from the intensity mea-
surements yields faster and higher differences than those cal-
culated after inversion to retardance and tilt. This behavior is
due to the same reason explained previously, Sec. IV B will
show a discussion explaining these experimental results.

The comparison between results in Tables III and IV is
shown in Fig. 6. It can be observed that the optical response
times when the transition starts from an intensity null in the
parabolic regime are slower than the results in the linear
regime of the same transition. Additionally, the rest of the
values, optical retardance, and mean tilt are more similar to
those values of the optical response time in the linear
regime. This is due to the intensity transmission dependence
on the LCVR optical retardance as described in Eq. (2) and

TABLE III. Response times (RT) and standard deviation (STD) of the six
PHI retardance transitions performed in the LCVR at 40 °C in the parabolic
regime.

Transition

Intensity Retardance Tilt

RT
(ms)

STD
(ms)

RT
(ms)

STD
(ms)

RT
(ms)

STD
(ms)

1 20.42 0.06 18.7 0.09 19.45 0.07
2 4.02 0.03 3.56 0.04 3.79 0.04
3 54.9 0.1 59.4 0.2 52.7 0.3
4 57.2 0.2 53.0 0.1 53.6 0.1
5 86.5 0.2 78.1 0.2 76.9 0.2
6 53.63 0.06 49.58 0.08 50.36 0.09

TABLE IV. Response times (RT) and standard deviation (STD) of the six PHI
retardance transitions performed in the LCVR at 40 °C in the linear regime.

Transition

Intensity Retardance Tilt

RT
(ms)

STD
(ms)

RT
(ms)

STD
(ms)

RT
(ms)

STD
(ms)

1 17.27 0.04 18.13 0.02 19.05 0.05
2 3.163 0.008 3.206 0.007 3.50 0.02
3 49.2 0.2 55.3 0.2 48.4 0.3
4 50.1 0.08 50.82 0.05 51.73 0.07
5 71.8 0.1 73.2 0.1 71.36 0.1
6 47.53 0.01 48.51 0.03 49.66 0.02

FIG. 6. Bar plot comparing response time measurements of the LCVR in parabolic and linear regimes.
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explained in Sec. II B. This contribution in the optical retard-
ance response is higher in the parabolic regime than in the
linear regime. This means that the optical response measure-
ments carried out in the parabolic regime near an intensity
null are overestimated.

Based on these conclusions and the calculation of the sen-
sitivity and uncertainty propagation of Sec. II B, the opti-
mized conditions to measure response times are in the linear
regime. These conditions for all the LCVR transitions can
only be achieved using a variable compensator and the suit-
able wavelength as in the experimental setup proposed in our
work, which allows tuning the starting point in the light
intensity measurements.

B. Transition 3 results and discussion

The system response for transition 3 has been numerically
simulated using Eq. (5). δC is an offset that allows the transi-
tion to be placed in the appropriate regime, simulating the
Soleil-Babinet compensator. δLCVR are the optical retardance
values resulting from inverting experimental values of I(t) to
δ(t), with I(t) being the intensity values of transition 3 in the
linear regime at λ = 987.7 nm. The transition has been simu-
lated for three different cases: starting with null intensity,
centered in the linear regime, and ending with the maximum
intensity. The response times of these three cases along with
δLCVR(t) have been calculated and are shown in the first row
of Table V.

Later, we have simulated the use of a longer wavelength
that leads to retardance values for which the difference in

retardance Δδ is half the one obtained with λ = 987.7 nm.
Then, the same simulations and response time calculations as
in the previous case have been performed. These results are
shown in the second row of Table V.

It can be seen that the results of the simulation for Δδ
match perfectly with the experimental results shown in
Tables III and IV. Additionally, the results for Δδ/2 show the
same trend as the rest of transitions presented in this study,
where the response time of the I(t) data starting from the par-
abolic regime is slower than those measured in the linear
regime and, in turn, this last value is close to the one calcu-
lated on the δ(t) data.

From this simulation, we can conclude that the effect of
the transmitted intensity nonlinear dependence on the optical
retardance overestimates the response time by starting the
transition in the parabolic regime and underestimates it when
the transition ends in the parabolic regime. Hence, the differ-
ent behavior found in transition 3 is due to the fact that its
retardance difference Δδ for λ = 987.7 nm is wider than the
other transitions. Therefore, it cannot be only measured in
the linear regime, and the two effects contribute to the total
measured response time. This behavior can be avoided by
reducing the optical path with the use of a longer wavelength
and measuring in the linear regime.

C. Exponential fitting of the LCVR transitions

Once the LCVR transitions have been measured in the
optimized conditions that allow the accurate determination of
the optical retardance and the mean tilt temporal variation,
the LC dynamics can be studied. This will provide informa-
tion to parameterize solutions of the differential equation of
Ericksen–Leslie and obtain the physical parameters of the
liquid crystal molecules. As an example, a decay transition
of the LCVR studied in the linear regime has been exponen-
tial fitted (Fig. 7). Under certain conditions, the retardance
change of a liquid crystal cell can be approximated to an
exponential equation9,25 as follows:

δ(t) ¼ Δδ � exp � 2t
τ

� �
, (10)

where δ(t) is the optical retardance as a function of time, Δδ
is the total retardance change of the transition, t is the time,

TABLE V. Response times of the simulations of transition 3. δLCVR(t) column
shows the response time of retardance over time, I(t) parab. (null) are the
values calculated from I(t) with transition intensity starting from a null, I(t)
linear are the values calculated from I(t) centering the transition on linear
regime, and I(t) parab. (max.) are the values calculated from I(t) with
transition intensity ending at a maximum.

Response time (ms)

δLCVR(t) I(t) parab. (null) I(t) linear I(t) parab. (max.)

Case Δδ 59.519 54.905 49.230 33.235
Case Δδ/2 59.519 70.813 58.223 28.223

FIG. 7. Response time measurements in the linear regime of LCVR transition 5 at 40 °C fitted to exponential equation. (a) Light intensity measurements.
(b) Optical retardance response times by inversion using Eq. (6). (c) Molecular mean tilt response times by inversion using Eq. (9). The three plots show an
error interval calculated by uncertainty propagation.
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and τ is the LC director reorientation time. The latter is
related to the physical parameters of the LC dynamics that
will be studied in future works under the different environ-
mental conditions of a space mission.

V. CONCLUSIONS

In this work, we present an experimental setup that
improves the standard method to measure LCVR response
times. Thanks to the proper selection of the wavelength and
the use of a Soleil-Babinet variable compensator in this exper-
imental setup, we increase the accuracy of the measurements.
The use of a variable compensator allows for tuning the start-
ing point in the light intensity measurements. This allows
selecting the optimized conditions that increase the accuracy
of the measurements and reducing the effect of the transmitted
intensity nonlinear dependence on the optical retardance.

The measurements of the six transitions in the PHI modu-
lation scheme of an LCVR cell show that there is a notice-
able difference between the measurements made in parabolic
and linear regimes. The comparison of the values obtained
for both regimes with those obtained via inversion to δ(t)
and θ(t) indicates that the measurements performed in inten-
sity in the parabolic regime are overestimated or underesti-
mated. In addition, based on the calculation of partial
derivatives and uncertainty propagation, the highest sensitiv-
ity and minimum uncertainty area to measure optical retard-
ance values is the linear regime. Based on these results, the
optimized conditions to measure response times is in the
linear regime, which only can be achieved for all LCVR
transitions using a variable compensator as in our experimen-
tal setup proposed in our work. In the case of the setup that
does not allow the use of a variable compensator, we recom-
mend inverting to δ(t) or θ(t) to obtain a more accurate
response time measurement.

Finally, an accurate determination of the variation of the
LCVR optical retardance as a function of time allows us to
calculate accurately the temporal variation of the liquid crystal
molecules mean tilt. In future works, this will provide the
physical parameters of the LC dynamics and how they are
affected in the environmental conditions of a space instrument.
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