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a b s t r a c t

The optimal cell gap of nematic liquid–crystal wavefront corrector (LCWFC) is proved theoretically by
numerical computation of the Ericksen–Leslie equation based on finite differences and confirmed
experimentally. The numerical results of optimizing cell gap overcome the constraints of many
approximations e.g. the small angle approximation and agree much better with the experimental data
than those of analytical solution. Therefore, this method supplies a useful tool to achieve the optimal cell
gap of a nematic LCWFC with high precision. Together with high birefringence and low rotational
viscosity liquid crystal (LC) material effect, a nematic LCWFC with response time of sub-millisecond can
be achieved in the visible spectral region.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, technological progress especially the develop-
ment of wavefront corrector has enabled liquid–crystal adaptive
optics systems (LCAOSs) to be widely applied to large-aperture
telescopes [1–3]. There are two major wavefront correctors:
deformable mirrors (DMs) and nematic liquid–crystal wavefront
correctors (LCWFCs). The response speed of DMs is enough fast,
but the finite number of actuators of DMs cannot meet the
demand of telescopes with apertures of tens of meters [3,4].
LCWFCs have the advantages of large number of correcting
elements, high reliability, low power consumption, compactness,
low cost and possibility of batch production [5–7]. However, the
main shortcoming of a slow response time makes it difficult to
meet the demand of telescopes with apertures of tens or even
hundreds of meters [3,8,9]. To improve the response speed of the
LCWFC, many materials have been considered [10–13], especially
dual frequency and ferroelectric LC materials [14,15]. However,
due to its high operating voltage requirement and the complexity
of the control method, the dual frequency LCWFC has difficulty in
handling millions of active elements. The binary phase modulation
of ferroelectric LCs limits their effectiveness in WFCs. Compared
with dual frequency and ferroelectric LC materials, nematic LC
ll rights reserved.
should be a nice choice. Gauza et al. have achieved some new
nematic LC materials with a high response speed [16–18]. So in
this paper, only nematic LC materials will be utilized to obtain fast
response LCWFC.

For nematic LCWFCs, kinoform technique is widely used in
order to expand the phase modulation to several, even tens of
microns [19]. This technique, however, requires at least 2π phase
modulation for transmissive LCWFCs (at least π for reflective
LCWFCs). Therefore, it is very important to enhance the response
speed of LCWFCs at a specific modulation quantity. For nematic LC
materials, in order to achieve a fast response time, high birefrin-
gence (Δn) and low rotational viscosity (γ1) LC mixtures, also called
high figure-of-merit (FoM¼K11Δn2/γ1) mixtures, are preferred
[20,21]. Another straightforward approach is to use a thin cell,
since normally both rise time and decay time are known to be
proportional to d2 [22,23]. Shin-Tson Wu et al. pointed out that in
the large signal regime the optical decay time is independent of
the cell gap [23,24]. Wang et al. discussed the physical picture of
the optical response time as a function of the cell gap in different
voltage regions [22]. They emphasized that the theoretical deriva-
tion of this d2 dependence is based on the small angle and K11≈K33

approximations, and the optical response time in the middle
voltage regime is linearly proportional to d. In addition, Peng
et al. have recently analyzed the response time as a function of the
cell gap at a specific phase retardation [9]. They indicated that the
response time of 2π first decreases and then increases with the LC
cell gap increasing, and there is an optimal cell gap to obtain the
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shortest response time. From then on, it is novel and significant to
improve the response time of LCWFC using optimal cell gap.
However, it is a pity that their analytical solution of the optimal
cell gap is based on many approximations, especially the small
angle approximation and the initial average rotation angle approx-
imation. We find that these approximations cannot hold well in
practical applications. Furthermore, the calculations on optimal
cell gaps of other optical modes e.g. OCB(Optically Compensated
Bend) should take other factors into account e.g. shear-flow [25],
so it is difficult to get the analytical solution and numerical
calculation on optimal cell gap is necessary. In this paper, we
derive the optimal cell gap of a nematic liquid–crystal wavefront
corrector by a finite difference iterative method, and the confirm-
ing experimental results agree better with the theoretical deriva-
tion compared with the analytical solution. Based on the
numerical method, the response time of some high FoM nematic
mixtures in Refs. [17,18] at respective optimal cell gaps are given,
which suggests that they have enormous fast response potentials
to be drawn utilizing the optimal cell gap.
Fig. 2. The schematic diagram of the iterative computation including the tilt angle
and voltage.
2. Theory

The main task for calculating optimal cell gap of a LCWFC is to
calculate the deformation profile of a liquid-crystal director inside
the cell under an applied voltage. Now several methods e.g.
Newton method and relaxation method have been developed to
calculate the director profile under a given applied voltage [26–
28]. In this paper, we use a numerical method proposed by Wang
et al. to calculate director deformation profile [29], which is based
on finite-difference approximation to the Ericksen–Leslie equation.
The configuration as a prototype of a LCWFC is shown in Fig. 1, d is
the cell gap, θ is the tilt angle measured from the surface toward
director and there is no consideration of the twist angle. Further-
more, in the strong anchoring case the pretilt angles θ1 and θN−1
are fixed on the cell surfaces. In our calculation, the cell is divided
into 100 layers, i.e. N¼101.

When the backflow and inertial effects are ignored, the
dynamics of the LC director reorientation is described by the
following Ericksen–Leslie equation [30–32]:

γ1
∂θ
∂t

¼ ðK11 cos 2θ þ K33 sin
2θÞ ∂

2θ

∂z2

þ ðK33−K11Þ sin θ cos θ
∂θ
∂z

� �2

þε0Δε
∂U
∂z

� �2

sin θ cos θ ð1Þ

where γ1 is the rotational viscosity, K11 and K33 are the elastic
constants associated with splay and bend deformation, respec-
tively, Δε is the LC dielectric anisotropy, ∂U=∂z is the electric field
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Fig. 1. Schematics of the parallel-aligned LC cell structure.
strength, which is governed by

ðε∥ sin 2θ þ ε⊥ cos 2θÞ ∂
2U
∂z2

þ 2
∂U
∂z

Δε sin θ cos θ
∂θ
∂z

¼ 0 ð2Þ

To obtain a numerical algorithm, we discretize ∂2θ/∂z2, ∂θ/∂z, ∂U/
∂z, ∂2U/∂z2 and ∂θ/∂t by central and forward finite differences,
respectively.
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Substituting these equations into Eqs. (1) and (2)
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where θi,j and Ui,j denote the tilt angle and voltage of the ith layer
and the jth moment, respectively. θi,j+1 denotes the tilt angle of the
next moment. In order to get the director profile at any time, we
must calculate the director profile and voltage profile simulta-
neously. If the tilt angle θ and voltage U at the initial moment are
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given, the director profile and voltage profile at any time can be
known according to Eqs. (8) and (9).

Since the rise time is much shorter than the decay time which
is primarily governed by the free relaxation of the elastic distor-
tion torque, we only focus on the decay time. For the turn-off
process, the LC cell is initially biased at a high voltage and we can
get the whole director profile by Eqs. (8) and (9) which is taken as
the initial state. Then the voltage is removed instantaneously at
t¼0, the time-dependent phase change associated with this angle
change is described as follows:

δ¼ 2π
λ

Z d

0

neno

ðne
2 sin 2θ þ no

2 cos 2θÞ
−no

" #
dz ð10Þ

Using finite differences, the integral should be replaced by a
sum of discrete phase changes. Thus, Eq. (10) is rewritten as:

δðjÞ ¼ 2π
λ

∑
100

i ¼ 1

neno

ðne
2 sin 2θi;j þ no

2 cos 2θi;jÞ
−no

" #
Δz ð11Þ

where ne and no are the refractive indices for the extraordinary and
ordinary rays, respectively, λ is the wavelength. The whole sche-
matic diagram of the iterative computation can be expressed as
follows:
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Fig. 4. Measured and calculated response time of 2π as a function of the cell gap,
where the empty squares show the experimental results, the blue line and the red
dot line correspond to the results derived from analytical solution and numerical
solution. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
3. Experiment and results

To validate Ericksen–Leslie equation and numerical calculation
results, the electro-optic measurement of a homogeneous cell with
cell gap d¼7.98 μm at T¼25 1C is carried out. The cell is coated
with indium–tin–oxide (ITO) electrodes, and on the top of ITO, the
substrate is covered with a thin polyimide alignment film. The
buffing induced pretilt angle is about 41 which is measured by LCD
device parameters comprehensive test instrument (LCT-5016 ser-
ies). A laser (λ¼730 nm) is used as the light source. The linear
polarizer is orientated at 451 with respect to the LC rubbing
direction and the analyzer is crossed. The light transmittance is
measured by a photodiode detector (New Focus Model 2031) and
displayed by a digital oscilloscope (Tektronix MSO 3032). A
common commercial nematic LC 5CB (pentylcyanobiphenol) is
used in our experiments and numerical calculations. The material
parameters of 5CB [33–36] are, refractive indices ne¼1.698 and
no¼1.526, the elastic constants K11¼6.0�10−12 N and K33¼
8.4�10−12 N, the dielectric anisotropy Δε¼11.5, the rotational
viscosity γ1¼64 mPa s. An ac (alternating current) 9.09 V voltage
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Fig. 3. The experimental and calculated transient phase changes of a 7.98 μm
homogeneous 5CB cell with 41 pretilt angle at T¼25 1C and λ¼730 nm released
from Vi¼9.09 Vrms. The red line shows the calculated transient phase change, while
the filled squares are the experimental data. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
with 1 kHz square waves was used to drive the LC cell and it was
removed at t¼0.The experimental and simulated transient phase
changes are depicted in Fig. 3. Here we consider the case of
transmissive LCWFC first, i.e. the response time is obtained at the
phase retardation of 2π.

It is clear that the calculation data match the experimental
results quite well except the first few milliseconds, which means
that Ericksen–Leslie equation regardless of backflow and inertial
effects is feasible to calculate the director deformation profile,
what is more, the method of numerical calculation is reliable to
calculate the transient phase change and optimal cell gap of a
LCWFC. The response time from the beginning to the instant of 2π
phase is plotted in Fig. 3.

The complete physical picture of response time of 2π as a
function of cell gap is shown in Fig. 4. The numerical results are
obtained according to those equations above, while the concrete
analytical method of the response time is detailed in Ref.[9]. On
the one hand, as shown in Fig. 4, the trends of all of phase changes
as a function of cell gap are consistent, which means that the
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Fig. 5. The response time of four different high figure-of-merit (FOM) nematic
mixtures as a function of cell gap: UCF-A (blue dash line), UCF-B (red line), SG-1
(magenta line) and SG-2 (green dot line). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)



Table 1
The physical properties and response performances of four different high FoM nematic mixtures. dopt represents the optimal cell gap, Topt is the response time of π at the
optimal cell gap, T2.5 is the response time of π at the cell gap of 2.5 μm.

Mixture K11 (pN) K33 (pN) ε|| ε⊥ Δn γ1 (mPa∙s) FoM (μm2s−1) dopt (μm) Topt (ms) T2.5 (ms) (T2.5−Topt)/T2.5 (%)

UCF-A 15.6 54.9 13.5 3.0 0.254 99.84 10.1 1.95 1.1684 1.2530 6.75
UCF-B 20.9 40.2 19.9 4.2 0.354 140 18.7 1.27 0.89 1.2475 28.66
SG-1 15.8 9.8 21.2 4.6 0.38 189.6 12.0 1.16 1.3782 2.02 31.77
SG-2 20.7 31.8 19.8 4.2 0.38 207 14.4 1.14 1.2915 1.9437 33.55
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response time of 2π first decreases and then increases with the LC
cell gap increasing and the optimal cell gap really does exist. On
the other hand, it is obvious that the data of numerical calculation
agree with the experiment quite well in the whole regime,
however, the analytical solution is unsatisfactory by reason of
the assumed average rotation angle θto and so forth. In other
words, the numerical method is more accurate to get the optimal
cell gap of a LCWFC.

Fig. 5 depicts the response time of four different high FoM
nematic mixtures proposed by Gauza et al. [17,18], their physical
properties and response performances are listed in Table 1. Here,
the reflective LCWFC is considered which is widely used in
practical applications, so the response time is obtained at the
phase retardation of π. Firstly, from Table 1, only with optimal cell
gap effect and LC material effect, reflective LCWFC with response
time of sub-millisecond can be achieved, especially the response
time of UCF-B at dopt¼1.27 μm and λ¼633 nm can be 0.89 ms.
What is more, together with over-driven technique and optimal
temperature effect, the response time of LCWFC can be further
improved. Subsequently, Table 1 lists the response time of π at the
cell gap of 2.5 μm as a specific example, i.e. T2.5. Compared with
T2.5, Topt increases by around 30%, which means that the optimal
cell gap effect can increase the response speed of up to 30% in this
situation. Finally, from Table 1, in general, the FoM is consistent
with Topt, but there are some exceptions. It appears that Topt can
give us a more intuitive understanding of response performance of
LC material.
4. Conclusion

To summarize, we have further analyzed theoretically and
confirmed experimentally the optimal cell gap of a LCWFC. This
paper gives the complete process for obtaining the optimal cell
gap. The numerical method based on finite differences has been
proved to be more accurate and reliable to get the optimal cell gap.
This approach will be helpful to achieve the shortest response time
at specific phase retardation in wavefront correctors and we have
proved to get the reflective LCWFC with response time of 0.89 ms
only utilizing the optimal cell gap effect and LC material effect.
These results indicate that with the development of new techni-
ques and new LC materials, a nematic LCWFC with response time
on a par with deformable mirrors can be achievable.
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