
By Gordon D. Love, 

Janet S. Fender, 

and Sergio R. Restaino 

Snapshot: The authors 

are interested in 

high resolution imaging 

systems, and in particular 

new techniques for 

wavefront sensing 

and correction. 

Adaptive optics (AO) and liquid crystals are 
technologies that attract a great deal of 
interest. However, they are usually consid
ered to be disparate topics. Adaptive 
optics is primarily associated with 
large, expensive telescope sys

tems, whereas liquid crystals are 
generally used in small, low-
cost displays that many of 
us carry around on 
our wrists. With
in the last few 
years, however, re
searchers have shown 
that liquid crystals can be 
used as wavefront controllers 
for adaptive optics. The results 
are leading adaptive optics into a 
broader range of applications, and 
further demonstrate the versatility of 
liquid crystals. A brief background of both 
adaptive optics and liquid crystals is useful to 
review before their recent symbiosis is described. 

Adaptive optics 
Adaptive optics improves the image quality of large 
telescopes by compensating for phase aberrations 
induced by the atmosphere. It is sometimes known as 

"the technology that stops the stars from twinkling." 
Ironically, this description in a social situation once 
led to the immediate and horrified reply of, "that's 

terrible—it shouldn't be allowed!" 
Telescopes are built with large, high 

quality apertures for two reasons. 
Gigantic light collectors can detect 

and measure properties of very 
faint objects. In addition, 

telescopes with high 
resolving power 

are able to discern 
fine structure within 

the observed objects. 
Unfortunately small tem

perature fluctuations in the 
atmosphere induce fluctuations 

in the air's refractive index, and so 
various portions of an initially plane 

wavefront traverse different optical path 
lengths en route to the telescope focus. 

The net result is that telescope images are 
extemely blurred. An image produced by a large 

(4m) telescope is typically 40 times larger than the 
optimum value given by diffraction theory. The 

coherence diameter of the atmosphere, which is gener
ally 10-20 cm at a good observing site, determines the 
point spread function. Furthermore, the fact that the 
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precious photons are spread into an area typically 40 
times broader than the diffraction limit implies that the 
observed image intensity is reduced by a factor (typical
ly 402). Thus, although a larger telescope can collect 
more photons, once the telescope aperture is larger 
than the coherence diameter of the atmosphere, there 
are no gains in resolution. Critics could perhaps be 
excused for describing the world's largest telescopes as 
very expensive light buckets! 

Obviously some technology was required to rectify 
the atmospheric distortion effects that have been 
known to exist since Newton's time. Much pioneering 
work in AO was carried out by the U.S. defense com
munity during the 1970s and 1980s. The interests were 
in the propagation of lasers through the atmosphere, 
and the characterization of orbiting satellites. The 
world's first operational AO system, installed in 1982 
and still in use today, was the Compensated Imaging 
System (CIS) at the Air Force Maui Optical Station 
(AMOS) in Hawaii. A newer AO system that has 
attracted a lot of publicity in the popular press is the 
laser guide star system at the Phillips Laboratory 
Starfire Optical Range, in Albuquerque, N. M. 

The astronomy community began developing exper
imental AO systems in the early 1980s, when most of 
the defense community's work was classified. At first 
there was much skepticism as to whether the technique 
would work, and funding was very difficult to obtain. 
By 1991 the situation had changed. Astronomical tele
scopes were beginning to produce sharper images with 
AO systems and changing world events enabled much 
of the U.S. Air 
Force's (USAF) 
work to be de
classified. Since 
1991, military 
and academic 
c o m m u n i t i e s 
have been work
ing jointly on 
AO. Indeed, sev
eral university 
astronomers have 
now observed at 
the Starfire Opti
cal Range, and 
others will be ob
serving on the 
Air Force 3.67-m 
AO telescope 
when it is in
stalled on Mt. 
Haleakala, Hawaii 
in 1997. 

A generic dia
gram of a tele
scope which in
corporates AO is 
shown in Figure 
1. There are three 
primary compo

nents in an AO system. The wavefront sensor samples 
an incident wavefront to measure local tilts. The wave-
front processor translates this information into signals 
to be applied to the wavefront corrector. In convention
al AO systems, the correcting component is generally a 
deformable mirror. For atmospheric compensation, the 
control system operates in frequency ranges of tens to 
thousands of hertz. 

Homeostatic control, which underlies adaptive 
optics, is an extremely simple concept used in many 
naturally occurring and engineered systems. However, 
for atmospheric compensation challenges arise because 
there are many parallel channels that are rapidly chang
ing. To deal with these problems wavefront sensors and 
correcting elements must have high spatial resolution, 
operate at extremely high temporal bandwidths, and 
perform to the high accuracy required of optical sys
tems. 

The basic configuration of AO systems has been suc
cessfully implemented without major modifications for 
almost 20 years. For example, the wavefront corrector 
of choice is still a mechanically actuated deformable 
mirror. However, high expense and power consumption 

Table 1. A compar ison of p h a s e switching with nemat ic and ferroelectric L C s . 

F i g u r e 1. A generic adaptive optics 
s y s t e m . Light from the t e l e s c o p e is 
first corrected by the fast steer ing 
mirror to remove the wavefront tilt. 
Higher order aberrat ions are then 
corrected by the deformable mirror 
before the light is recorded by the 
sc ience c a m e r a . S o m e of the light is 
re-directed to the tilt and wavefront 
s e n s o r s in order to determine the 
required correct ion s ignals . 

Glossary 
Adaptive optics (AO): An optical technique for correcting telescope images 

in real time that are distorted by the atmosphere. 

Binary AO: A proposed technique for partial wavefront correction that just 

ensures that no destructive interference occurs at the telescope focus. 

Ferroelectric: A liquid crystal state that can be used to produce devices 

with an electrically controllable optical axis. 

Liquid crystals (LC): A state of matter in between the solid and liquid 

phases that displays physical properties of both. 

Nematic: A liquid crystal state that can be used to produce devices with 

an electrically controllable refractive index. 

Seeing: The distorting effect of the atmosphere on telescope images. 

commonly observable as twinkling. 
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Figure 2. Beam deflec
tion using a liquid crys
tal electrically control
lable prism. The photo
graph is a double expo
sure showing both the 
deflected and unde
flected beams. The size 
of the deflection is 25 
arcsecs. The white-light 
Airy rings around the 
images can be clearly 
seen. The scale is from 
a graticule used to 
measure the deflection. 

Figure 3a. A liquid 
crystal wavefront con
troller viewed between 
crossed polarizers in 
white light. The concen
tric rings show the 
active area. There are 
69 individual hexagonal 
pixels in total. 

Figure 3b. Similar to 
3a. but showing a lin
ear phase wedge. 

Figure 4. An example of static wavefront correction with a liquid crystal wavefront 
controller. The top two plots show experimentally measured phase maps before 
and after correction. The bottom two plots are the corresponding point spread 
functions. 

coupled with some reliability problems have motivated 
several groups to start investigating the possibility of 
using different technologies. Of the many technologies 
under investigation,1 liquid crystal spatial light modu
lators and micro-machined mirrors are showing a par
ticularly high probability of becoming an alternative to 
conventional deformable mirrors. Of the two, liquid 
crystals have a slightly longer history and more maturi
ty-

Phase modulation with liquid crystals 
As their name suggests, a liquid crystal (LC) is a materi
al in a "meta-state" in between a solid and liquid. This is 
generally achieved by producing highly geometrically 
anisotropic molecules (e.g., long thin ones) such that 
the inter-molecular bonds are direction dependent. The 
result is a medium that displays crystalline characteris
tics, such as anisotropy of many of its physical con
stants (e.g., refractive index). However, the molecules 
are not solidly bonded together, as in a solid, so they 
can be easily influenced by external effects, such as elec
tric fields. 

The LC phase had been known to exist since late last 
century, however it was not until their interesting 
effects were explicitly understood that people realized 
that such materials would have a large number of com
mercial applications. The race was then on to chemical
ly engineer molecules that exhibit suitable electro-opti
cal properties. It was won by a team from Hull 
University in the UK in the early 1970s. Soon after that 
the first commercial LC displays were seen on the mar
ket. They had the advantages of low cost, reliability, and 
low power consumption. 

Virtually all commercial LC displays are twisted 
nematic devices. From an optical point of view, this is a 
polarization modulator, whose twisted molecular struc
ture can selectively rotate the polarization state of lin
early polarized light between crossed polarizers, and 
thereby produce intensity modulation. Most AO appli
cations require phase, not intensity, modulation. This is 
achieved by constructing nematic LC cells without a 
twisted molecular structure. If the refractive index 
across a LC spatial light modulator (SLM) can be made 
to be the inverse profile of that induced by the atmos
phere, then the distorted wavefronts will be flattened 
and the image quality will be restored. 

The actual field of liquid crystalline phases is very 
large and includes areas of condensed matter physics, 
chemistry, and biology. However, in terms of electro-
optical phase modulation, there are two different types 
of interest. The first is called the nematic phase and the 
second is referred to as the ferroelectric phase. Both 
types share the basic physical and chemical characteris
tics but with some very important differences. A sum
mary of these characteristics and differences in terms of 
the resulting phase modulators can be found in Table 1. 

Nematic LC devices have been the usual choice in 
the past for phase modulation. Their effective extraor
dinary refractive index can be tuned by around 0.2, by 
the application of a few volts. Ferroelectric LCs cannot 
be used for phase modulation in such a simple manner. 
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Their mode of opera
tion is a rotation of the 
optical axis—the most 
c o m m o n be ing a 
bistable switch of 45° . 
In this case, auxil iary 
opt ica l c o m p o n e n t s 
must be used to p r o 
duce a phase-only mod
ulator, e.g., a ferroelec
tr ic L C , whose retar
dance is ha l f a wave, 
which is placed between 
c o n v e n t i o n a l f ixed 
quarter wave plates. 
T h i s device exhibi ts 
some interesting optical 
effects, such as induced phase shifts 
that can be made to be approxi 
mately achromatic. 2 , 3 

Liquid crystals wavefront 
controllers 
LCs have been used as phase modu
lators for adaptive optics for more 
than 10 years. A number of groups 
in Italy,4 Russia, 5 the U K , 6 and the 
U . S . , 7 , 8 have investigated the idea 
and have all demonstrated prelimi
nary results. 

T h e simplest s ingle-aper ture 
aberration that can be corrected 
with a l iquid crystal is wavefront 
tilt. This can be achieved by using a 
single L C cell (i.e. one with only a 
single pixel), and by applying a l in
ear voltage ramp across the cell 
which induces an electrically con
trollable phase wedge. 9 A n example 
of beam deflection using such a 
phase wedge is shown in Figure 2, 
where a white light beam was adap
tively deflected through 25 arcsecs, 
which is a typical angle required in 
A O . T h e photograph is a double 
exposure showing the deflected and 
undeflected beams, and the scale is 
from a graticule used to measure 
the deflection. 

C o r r e c t i o n o f h igher o rder 
aberrations require some k ind of 
pixelated L C structure because so 
m u c h of the work on L C image 
correction has involved modif ied 
L C t e l e v i s i o n s . 6 , 1 0 , 1 1 Researchers 
demonstrated that the specif ica
tions of LCs overlapped with the 
requirements for A O , however the 
drawback was that T V displays 
were not designed to be precision 
o p t i c a l e lements . Recent w o r k 

involving the Phillips Laboratory, 
the A d a p t i v e O p t i c s G r o u p at 
D u r h a m U n i v e r s i t y , U K , and 
M e a d o w l a r k O p t i c s , B o u l d e r 
Colo . , has demonstrated that it is 
possible to construct high quality 
nematic devices that can be accu
rately controlled to provide wave-
front shaping and c o r r e c t i o n . 1 2 

T h e specif icat ions o f the device 
tested are shown in Table 2. Figure 
3 shows two photographs of the 
dev ice p l a c e d between crossed 
p o l a r i z e r s w i th a whi te l ight 
source. Since the L C acts l ike a 
var iab le retarder, t r a n s m i s s i o n 
through the system is wavelength 
dependent, and is a convenient way 
of visualizing the phase across the 
device. There are 69 hexagonal pix
els that can each be indiv idual ly 
control led. The transparent elec
trodes that lead to the pixels can be 
seen as green strips a r o u n d the 
active area. The uniformity of the 
colors indicates that the opt ical 
quality is good—the actual peak-
valley wavefront error of the active 
area is better than 1/25 of a visible 
wave. A n example o f wavefront 
correct ion is shown in Figure 4. 
Static aberrations produced by a 
non-optical quality glass slide were 
measured using a phase-shif t ing 
Zygo interferometer. T h e results 
were then fed back to the L C to 
p r o d u c e flat wavefronts , w h i c h 
correspond to diffraction l imited 
images. Further experiments have 
demonstrated wavefront shaping 
by the p r o d u c t i o n o f Z e r n i k e 
wavefront aberrations. 

O f course , there are p r o b 
lems associated w i th L C s . 

Table 2. Specifications of the nematic LC wavefront corrector 
used to provide the image correction shown in Figure 4. 



What'snext? By Tom Baur and Rob Morrison 

T he performance of presently available liquid crystal wave
front correctors is limited by the corrector element count, 

the response time, and the requirement that the wavefront he 
linearly polarized. All of these performance limitations will be 
addressed by new correctors in the coming year. 

Transmissive device resolution (corrector element count) 
will increase from the current value of 69 to 127 as shown in the 
figure. A 512 X 704 element reflective spatial light modulator 
that can be used for wavefront correction is now available. This 
spatial light modulator was doveloped for use in optical correla
t o r s and optical data storage devices, but it can also be used as a 
high quality, very high resolution wavefront corrector. The key-
element in this modulator is a silicon integrated circuit chip 
which is the backplane, mirror substrate, and electrical driver for 
the liquid crystal. It offers more than 360,000 corrector elements 

but is currently limited to a 50 Hz frame rate by the electronic 
driver. 

Recently synthesized nematic liquid crystal materials will 
decrease current system corrector response times, by a factor of 
3-5 allowing for a change of 1 full wave of phase delay in less than 
3 msec. These new materials provide greater speed and correction 
amplitude because they have a lower viscosity at room tempera
ture and a higher birefringence. Characterization of these materi
als should be complete this fall and the material incorporated 
into wavefront correctors soon thereafter. 

Polarization insensitive transmissive correctors will be 
built and tested this year. Polarization insensitivity is critically 
important for low light applications in astronomy where adding 
a polarizer carries a factor of two penalty in system transmission. 

Tom Baur is president and Rob Morrison is a senior product development engineer at 
Mendowlark Optics in Longmont, Colo. Both authors are interested in precision optical 
applications of liquid crystals. 

Figure: Pixel configuration for a new polarization insensitive transmis
sive liquid crystal wavefront corrector. 

Nematic LCs present two main difficulties: slow 
response times and polarization sensitivity. In astrono
my it is unacceptable to discard half of the available 
photons by using a polarizer. This problem can be 
avoided by using either a mirror and a quarter wave 
plate, as described by Love,1 3 or by using a device with 
two active LC layers that are orthogonal to each other. 
Work using the transient nematic effect14 has shown 
that response times fast enough to achieve good correc
tion are achievable, however a closed-loop system has 
yet to be demonstrated. 

Ferroelectric LCs have response times in excess of 
what is required, but their use as wavefront controllers 
has not been considered until recently because they are 
bistable: AO requires continuous phase control. It may 
be desirable to implement AO in a bistable manner, 
called binary adaptive opt ics, 1 5 , 1 6 which is a simple 
technique for producing partial wavefront correction. 
In an aberration-free imaging system, light rays arriving 
at the focal point from different parts of the aperture 
are all in phase (that is the purpose of an imaging lens 
or mirror). Aberrations corrupt this phase relationship, 
leading to a loss of image quality. The idea behind AO is 
to restore the constant phase across the atmosphere. A 
simple first step to achieving this is just to ensure that 
no beams add destructively. Thus, the algorithm is "if 
the phase error is greater than half a wave, then a cor
rection of half a wave is applied." This simple algorithm 
produces dramatic improvements in image quality, and 
is ideally suited for implementation using ferroelectric 
LCs. To summarize: binary AO involves applying the 
theory of phase-only zone plate lenses to image correc
tion. 

Research on LC wavefront correctors is also generat
ing interest in new wavefront sensing techniques. 
Conventional techniques (Shack-Hartmann lenslet 
arrays, or shearing interferometry) measure the wave-
front gradient, whereas LCs correct for local piston 
error could provide substantial cost savings. A wave-
front sensing technique that can directly sense the local 
piston would be more suitable. One such technique is 
phase-diversity, 1 7 - 1 9 which involves extracting wave-
front phase data from two distorted images, one in 
focus and one out of focus. 

Future directions 
Liquid crystal wavefront controllers are still in their 
infancy, and while they show great promise, they have 
yet to show that they can replace current deformable 
mirrors in a state-of-the-art AO system. However, if the 
cost and simplicity of an adaptive optics system can be 
dramatically reduced then AO's range of applications 
will be broadened. For example, another area where 
there is interest in using AO is in medical imaging, 
specifically retinal imaging. 2 0 Currently high quality 
images of the retina are difficult to obtain because aber
rations within the eye degrade these images. Spectacle 
lenses only correct for the lowest order aberrations. In 
addition, the exact aberrations change over time. The 
specifications of an AO system required to correct for 
this kind of application are not as stringent as those for 
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astronomy, and could be an ideal application for LCs. 
Recent results show that LCs certainly have a poten

tial for replacing conventional deformable mirrors in an 
adaptive optics system. Along with new techniques for 
wavefront sensing, this may open the door for new 
applications in fields where such considerations as cost, 
compactness, and power consumption play a larger role 
than in top-flight observatories. 
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