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Abstract 

Current ideas on Adaptive Optics systems are reviewed 
in the opinion of the author and a tentative to sketch the 
current and next decades situation is carried out. Multiple 
stars sensing on 8m class telescope is the next frontiel; but 
still a lot of work is to be made on 4m class telescopes. 

1. Introduction 

Adaptive Optics is a relatively young technique, born 
from a combination of several technical areas. Maybe this 
interdisciplinarity is the reason for its relatively late devel- 
opment, because most of the fundamental ideas have been 
known from the late 50s. Light from the outer space (from 
galaxies at the edge of the known universe or from a low- 
orbit satellite) is distorted from the Earth atmosphere and 
prevents to recover diffraction-limited imaging from tele- 
scopes on the ground. The problem is more severe for larger 
telescopes and depends strongly from the very first hundred 
of meters of Earth atmosphere. So, there are good sites 
where to place a telescope and bad ones. However, even 
in the better place on the Earth (high peaks with around a 
region with an almost constant termal behaviour, like high 
islands in the Oceans or high mountains in the deserts) 
the lowest atmospheric turbulence, occourring maybe a few 
nights per year, are still one order of magnitude worst than 
the diffraction limited capabilities of a 4m call telescope. 
The basic idea od Adaptive Optics is to sense the wavefront 
perturbation occourring to light coming into a telescope 
and, by closed loop operation, to insert artificially in the 
optical path an equal but contrary perturbation in order to 
restore the potential capability of the telescope without any 
atmosphere degradation. In the past years a lot of groups de- 
veloped their own Adaptive Optics project with often small 
differences. Commercial products becomes available and 
astronomers can now buy some fundamental pieces of their 
Adaptive Optics system. Practically speaking, no company 
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really offers Adaptive Optics systems off-the-shelf and still 
a lot of technical development is required. On the other 
hand only from a few years some relevant astronomical re- 
sults are coming from these instrument. This is, of course, 
also due to technical difficulties to operate Adaptive Optics 
and to a sort of inertia in the astronomers behaviour. I’ll try 
here to outline the current status of the technical and funda- 
mental problems and to trace a possible road-map for the 
future development. Of course this is very risky and maybe 
in a few years all this could sounds very old. 

2. Key technical problems 

Sometimes it is believed that having enough develop- 
ment resources, technical problems can be solved out in 
some way. Maybe this is the military approach to the 
development of Adaptive Optics in the framework of the 
SDI (Strategic Defense Initiative). Practically speaking an 
Adaptive Optics instrument cannot cost more than a frac- 
tion of the telescope where it is to be mounted and no more 
than a small factor (say a factor two) of the more compli- 
cated astronomical instruments (spectrographs, for istance). 
Finally, there are some areas where development outside the 
Adaptive Optics framework can help a lot. This is the case 
for real-time computing and, partially, of low noise detec- 
tors. In the following I split the problem into three funda- 
mental technical areas. 

2.1. Wavefront measurement 

Shack-Hartmann and curvature wavefront sensor are 
among the most widely used by Adaptive Optics systems. 
A few system used (or still use) shearing interferometry but 
they are now rare. Apparently curvature is by far the most 
prodcutive ones. However it is interesting to note that re- 
cent, state of the art, Shack-Hartmann based systems are 
mounted to relatively poor sites where natural seeing con- 
ditions are not as excellent as in the others. Moreover, pro- 
ductivity counted in term of astronomical papers is also re- 
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lated to the agressivity and the percentage of astronorners- 
minded people in the Adaptive Optics group building and 
operating an instrument. This bias slighlty the results, and, 
while it is partially objective that curvature sensing system 
have their own advantages, it will be very interesting to 
see the results from the coming years coming from Shack- 
Hartmann based systems on Chilean deserts and on Canary 
Island. It is curious to point out that on Hawaii (proba- 
bly one of the better place on the world from the iitmo- 
spheric turbulence point of view, thanks also to the altitude 
of ~ 4 2 0 0 m )  the only Shack-Hartmann based Adaptive Op- 
tics system to be in operation within an year will be the 
Keck one: a very complicated system because of the seg- 
mentation of the primary mirror. I do not think that Shack- 
Hartmann and curvature told the last words about wave- 
front sensing. While photon efficiency is probably (within 
a factor smaller than two) to the maximum allowed, new 
approaches could made these sensors repentinely old. Mul- 
tiple wavefront sensing of artificial and natural stars per- 
formed by placing several curvature and Shack-Hartmann 
sensors is a straightforward ideas and [here is no warranty 
that this is the best approach. Sensors tuned to atmosphere 
layers or to constellations can ruled out all the others in a 
decade or two. 

2.2. Wavefront correction 

Deformable mirrors with high preciision and quality (of 
the order of 10nm) with enough bandwidth (at least sev- 
eral hundred of Hz) are available off--the-shelf horn two 
or three companies around the world with an inter-actuator 
spacing in the range around 5 to 10mm. This translates into 
few meters long Adaptive Optics module, with all the con- 
sequences in terms of cost, weight, flexure and coniplex- 
ity (Fig.2). MEMS technolgy-based mirrors are an excep- 
tional innovation but they are still very poor from the op- 
tical quality point of view of roughly one order of magni- 
tude. Development in the next few years, however, could 
be impressive and the next Adaptive Optics system could 
be shoe-box sized. The possiblity to turn telescope mirrors 
to adaptive ones is a very exciting aplproach. Exceptional 
results obtained in the last two years on the development 
of secondary adaptive mirrors are extremely encouraging. 
Provided industrial support will continue as now, we could 
have adaptive mirrors in several places on telescopes. It 
is more probable, however, that secondary adaptive mirrors 
will be used in a few telescopes and, due to several techni- 
cal problems, a lot of time will be required for fine tuning 
and to produce as much astronomical results to convince 
the community to switch to these systems. Finally a few 
words about liquid crystal wavefront corrector. In principle 
these are ideal devices: one can place them in existing in- 
struments, are extremely low cost and can be produced mas- 

Figure 1. The optical path inside an Adaptive 
Optics module (here the one mounted on the 
Italian TNG telescope), aim to re-image the 
pupil of the telescope on the Deformable Mir- 
ror. The overall size of the instrument is dic- 
tated by the inter-spacing between its actua- 
tors. Hence, there is a lot of interest in having 
good quality deformable mirrors with reduced 
inter-actuator spacing. 

sively with extremely large size and number of cells. Their 
development is mantained by industry for mass produtions 
of displays for computer and, probably, for commercial TV 
sets in a near future. However the existing ones are chro- 
matic and slow, just to cite two of their current problems. 
Only ten years ago people could think that liquicl crystal 
taken a revolution in Adaptive Optics that didn’t happen. It 
is hard to say what will be the future, but it is for sure that 
in case the technicalities will be solved these will modifiy 
completely the current layout of any Adaptive Optics sys- 
tem. 

2.3. Real Time computing 

One millisecond computation of matrix multiplications 
of the order of 1K x 1K is a problem formidable for a 
few years ago, that is becoming approachable by desktop, 
SOOMHz clocked CPUs. This development has been steady 
in the last years and there is no expected limits in the near 
future. It is amazing how systems born three years ago are 
mounting systems in a sense obsolete. Real time co~mputing 
was a technical problem (and it is still one for the system 
under development now) but it is not, almost for sure, for 
a system to be developed from now. Scaling to multiple 
wavefront sensing and to largest telescope is within a factor 
of less than a few tens. Multi-processing with these num- 
bers is routinely achieved in real-time systems. Ccimputing 
in Adaptive Optics system will not be really a big technical- 
ity issue starting from a few years to now. 
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3. Key fundamental problems 

Ideal Adaptive Optics systems (living just on papers, not 
in the labs) allows to get the better, theoretical performances 
one would expect from diffraction laws? Usually no, be- 
cause of a rid of fundamental problems that are to be solved 
with intriguing, simple, smart or stupid tricks and ideas. 
Here I list some of the more interesting ones. 

3.1. Sky coverage 

Correcting the atmosphere using a bright star as refer- 
ence is relatively easy. This prevents to use the system far 
from these objects. Depending upon telescope diameter, 
site characteristics, and other technicalitites, much less than 
0.1% of the sky can be covered in this way at visible wave- 
length. Percentage can raise up in the near Infrared and ac- 
cepting performances substantially degradated. There are, 
of course, a lot of astronomical objects in the sky and 0.1% 
of the sky can still be an interesting number (and in fact, 
often this is the case). Assuming Possonian behaviour for 
a class of objects, if one would like to statistically measure 
their properties with an 1% error needs lo4 objects to be 
observed. That means roughly lo7 objects in the whole sky. 
There are (roughly, and hoping no cosmologyst is looking 
at these figures) lo1 1 stars in our Galaxy and lo1 1 galaxies 
in the Universe. Catalogues does exist for a little percent- 
age of these and several interesting classes of objects are 
very poor in population numebrs. With 8m class telescopes 
some interesting classes of objects lead to the order of unity 
for observability with Adaptive Optics system. This is a 
severe limitation. 

3.2. Deep sky imaging 

Moreover, one can use Adaptive Optics using a bright 
star as a reference, just a few arcsecond away from such a 
stars. No correlation, of course, between these stars and ex- 
tragalactic object, other than observational ones: I wonder 
if one could never obtain extremely deep imagin in these 
regions, plagued by scattered light from the nearby bright 
stars. Astronomers want (sadly, for an Adaptive Opticians) 
to observe in regions as much free from bright stars as pos- 
sible, to get the deepest and far imaging. 

4. Laser Guide Stars: technicalities and funda- 
mentals 

In order to solve all these problems one can make artifi- 
cial references. At first sight Laser Guide Stars (LGSs) are 
an incredible solution: they can be generated everywhere 
in the sky by resonant excitation of mesospheric Sodium 

layer. They can be very bright (visible to the naked eye, for 
istance!), are monochromatic (allowing for different type of 
wavefront sensing and allowing for easy removal of their 
light in the science imaging channel) and uses laser tech- 
nologies developed for completely different purposes (ra- 
dioactive isotopes separation, industrial welding and oth- 
ers). However, a number of technical and fundamental 

Figure 2. A Laser Guide Star being fired 
from Calar Alto (South Spain) from the ALFA 
Adaptive Optics system aboard the Spanish- 
German 3.5m telescope. 

problems generated a realm of complications and, currently, 
no relevant astronomical results is coming out from these 
systems. What is the right direction is also a confused and 
dazzling issue. 

4.1. Power is not a problem? 

Mesospheric Sodium layer is known from the 30s, but a 
few is known about its nature and characteristics. Altitude 
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variation of this layer will prevent to use defocus term from 
LGSs. Saturation of Sodium atoms relquires to complicate 
the laser in order to fill out the Maxwellian distribution of 
the Sodium moleculaes. While costly (and somewhat clas- 
sifieds) weapon-class laser have been able to produce as 
much as kW of light power, currently people has trouble to 
fire as much as a few Watt on the sky. The only cornmer- 
cially available system deliver no more than 4 Walls and 
it is not intrinsecally scalable up. Other systems supposed 
to deliver several tens of Watt are currently producing less 
than 3Watt. The current feeling is that laser development 
requires much more efforts than people believed. Faman 
fiber lasers, apparently the solution in term of efficiency, 
cost, and reliability, are supported by fiber optics commu- 
nications industries but are still on the paper from years. 
A situation similar to the liquid crystal correctors. As in 
that case, it is absolutely hard to say what is the f'uture. 
If these lasers turn out to be real within a few years, their 
cost, maintenance, and operation problems, are expected to 
be negligible and LGSs will becomes very popular in most 
Observatories. 

4.2. Conical and Tilt 

LGSs are formed at 92km of altitude and the conical 
shape of the beam downward to the telescope samples the 
atmosphere in a manner too much different from the one 
experienced by the starlight beam. Moreover, the beam, 
being fired from the ground will pass twice to the Earth 
atmopshere and as a result the only coherently transmit- 
ted signal, the tilt, is almost useless. 'Working LGS--based 
Adaptive Optics system exhibits the Frustrating feature to 
produce diffraction limited imaging that dunces on the fo- 
cal plane spanning a region of the same order of the initial 
seeing conditions! Multiple LGSs to sample a largel, Earth 
atmosphere volume is still in its infancy and tip-tilt correc- 
tion techniques are also in a state of confusing large: num- 
ber of possible solutions. Practically, the (only three, up to 
now) experiments for conical and tip-tilt measurement pro- 
duces encouraging but positively not definitive results. No 
true plans to implement these systems in a working Adap- 
tive Optics system is current under development and one 
can counts only preliminary studies and predispositions for 
LGS in builting systems. 

5. Scaling from 4m-class to 8m-class and be- 
yond 

Current systems operates on 4m class telescopes (a few 
on 2m class telescopes) and no one on 8m class telescopes. 
Complexity should scales roughly with the square of the 
diameter, resulting in a factor 4, that is not too much. How- 
ever, there are problems that are not encountered (or are 

very small) in 4m class telescopes that becomes dominant 
for 8m telescopes. Conical anisoplanatism for LGS systems 
and sensitivity to atmosphere outer scale, just to cite two. 
What about next generation of 25m to lOOm telescopes? In 
these cases situations could be very different and, maybe, 
LGS could not be longer needed. In fact characteristic am- 
gles given by the ratio of telescope diameters with respect 
to perturbing layer altitude, becomes so large that enough 
natural stars can be found for multiple wavefront sensing 
purposes. This could also suggest some topological jump 
in the development of 8m class Adaptive Optics projects. 
Conjunction with interferometry, an approach used by at 
least three 8m class telescopes, can also leads to new and 
completely different concepts. 

6. Complexity and industrial support 

Small groups developing Adaptive Optics prqjects are 
faced with large complexity problems with very few support 
from industrial-based application. This is, in the opinion of 
the writer, the reason for the succes or not of some sys- 
tems. What could be the scenario if the industrial situation 
change substantially? For istance, ground to space optics 
communication, in our era of rapidly evolving request of 
large bandwidth communication channels, could receive ,an 
incredible boost from Adaptive Optics. The involved corn- 
mercial and strategic interests could made Adaptive Optics 
the focus of several investment for large industries. High 
quality CCDs, that produces probaly more than 99% of the 
astronomical science, at least in the optical wavelengths, axe 
possible because of the videocameras most peopk uses to 
catch up their family during week-ends. Mass production of 
Adaptive Optics based systems will produces similar boost 
on this field and could redirect its future in a now unpre- 
dictable way. 

7. Conclusions 

In the next few years we should assists to the establish- 
ment of classical Adaptive Optics system. Their ability to 
routinely moderately high resolution imaging and the estab- 
lishment of some practical rules, currently hidden, on each 
laboratory and not well coded in books or paper, could free 
people to think hardly to the next frontier: multiple sens- 
ing of LGSs constellations or random groups of faint stars. 
In the next decades, 4m class telescopes could also play a 
key role as bench for new technologies otherwise impossi- 
ble to implement on much more busy and over-scheduled 
8m class telescope. This should be accomplished having 
also in mind a few, very relevant, astronomical target, in 
order to support new approaches for both the Opticists and 
Astronomical communities. 
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