tra. On the other hand, slowly relaxing
processes (several nanoseconds) are easily
observed in the time-domain experiments,
whereas the corresponding bandwidths in
the optical spectra are well below the ac-
cessible frequency resolution. The picture
of molecular liquids, for instance, that
emerges from the investigation by means of
time-resolved techniques is in many cases
more complex than expected. In this re-
spect, the OKE and related time-domain
experimental methods are of special interest
to the study of critical phenomena, often
characterized by very different time scales.
The use of the time-resolved OKE tech-
nique will lead to substantial gains in the
understanding of certain aspects of liquids
and solids, such as the structure and dynam-
ics of liquids, mostly in the proximity of
phase transitions, where a high degree of
molecular organization is likely to appear;
the processes involved in the formation of

glasses; and the intra- and intermolecular
dynamics of liquid crystals.

One of the main problems encountered in
this kind of investigation is the generally weak
intensity of the nuclear signal (the one con-
taining the dynamical information) with re-
spect to the electronic contribution. The new
solid-state laser systems that are now becom-
ing available, providing short, intense pulses
at a high repetition rate (typically 100 fs, 500
uJ per pulse at a repetition rate of several
kilohertz), are expected to enlarge substantial-
ly the field of application of the technique.
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Active Optics, Adaptive Optics,
and Laser Guide Stars
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Optical astronomy is crucial to our understanding of the universe, but the capabilities of
ground-based telescopes are severely limited by the effects of telescope errors and of
the atmosphere on the passage of light. Recently, it has become possible to construct
inbuilt corrective devices that can compensate for both types of degradations as ob-
servations are conducted. For full use of the newly emerged class of 8-meter telescopes,
such active corrective capabilities, known as active and adaptive optics, are essential.
Some physical limitations in the adaptive optics field can be overcome by artificially
created reference stars, called laser guide stars. These new technologies have lately
been applied with success to some medium and very large telescopes.

Since its invention 300 years ago, the
astronomical telescope has evolved from a
small, manually pointed device for visual
observations to a large and sophisticated
computer-controlled instrument by which
information is collected electronically.
Throughout this development, two param-
eters have been particularly important: the
light-collecting power or diameter of the
telescope (allowing the detection of fainter
and more distant objects) and the angular
resolution (that is, the sharpness of the
image). For a perfect telescope used in a
vacuum, resolution can be improved by
increasing the telescope diameter. A plane
wavefront from distant star (effectively at
infinity) would be converted by the tele-
scope into a perfectly spherical wavefront,

European Southern Observatory, Karl-Schwarzschild-
Strasse 2, 85748 Garching, Federal Republic of Ger-
many.
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forming the image, and the ultimate angu-
lar resolution achievable is called the dif-
fraction limit.

In practice, however, both atmospheric
and telescope errors (Fig. 1) distort the
spherical wavefront, creating phase errors
in the image-forming ray paths. Even if
they were optically perfect, ground-based
telescopes observing at visible wavelengths
could not, because of atmospheric turbu-
lence alone, achieve an angular resolution
better than telescopes of 10- to 20-cm
diameter. For a 4-m telescope, atmospheric
distortion degrades the spatial resolution by
more than one order of magnitude com-
pared with the diffraction limit, and the
intensity at the center of the star image is
degraded by a factor of 100. The causes of
this degradation are random spatial and
temporal wavefront perturbations induced
by turbulence in various layers of the atmo-
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sphere; one of the principal reasons for
sending the Hubble Space Telescope into
space was to avoid these degradations. In
addition, the image quality is affected by
permanent manufacturing errors and by
long time scale-wavefront aberrations in-
troduced by mechanical, thermal, and op-
tical effects in the telescope, such as defo-
cusing, decentering, or mirror deformations
generated by support errors.

Until recently, the astronomical tele-
scope has remained a “passive” instru-
ment. Without any inbuilt corrective de-
vices to improve the quality of star images
during observation, the only possible ad-
justments are those performed off-line or
during the daytime while the telescope is
not in operation.

Although it was thought that atmo-
spheric distortions could not be avoided,
mechanical improvements have been made
to minimize the negative effects of the
telescope errors. Mirror figuring and polish-
ing were improved, and stiffer structures
and thicker mirrors are now used to avoid
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Fig. 1. Frequency domain of wavefront aberra-
tions generated by various sources. The spatial
frequency is measured in terms of D, the diam-
eter of the telescope.




gravitationally induced deformations. Low-
expansion glass was introduced to keep the
mirror independent of any environmental
temperature variation. To reduce local tem-
perature effects, heat dissipation from mo-
tors and electronic equipment was mini-
mized during the night, and the dome,
which in addition shielded the telescope
from the effects of wind buffeting, was
cooled during the day. In properly designed
and well-manufactured telescopes of mid-
dling size, image quality is limited mainly
by atmospheric distortions, although tele-
scope adjustment remains a major problem
with conventional telescopes. But as plans
were developed to enhance light-collecting
power by building telescopes with primary
mirrors well above 4 m in diameter, it
became clear that conventional methods of
maintaining image quality were ruled out by
cost and structure weight limitations. As a
result, a new technique known as active
optics was proposed for telescopes with
mirror diameters of about 3 m or more
(1-3) by which image quality could be
optimized automatically by means of con-
stant adjustments by inbuilt corrective op-
tical elements operating at fairly low tem-
poral frequency.

At about the same time, the idea of
real-time compensation of star images de-
graded by the atmosphere came into be-
ing. Initially proposed by Babcock in 1953
(4), the idea was to use fast active optics
operated at higher temporal frequencies to
continuously compensate for the wave-
front deformations created by the atmo-
sphere. The use of adjustable optical ele-
ments to compensate for atmospheric
rather than telescope errors became
known as adaptive optics, and the tech-
nique became a reality 20 years later owing
to progress in computer technology cou-
pled with a better understanding of atmo-
spheric behavior (5-9). Research in adap-
tive optics was initially done in the mili-
tary environment, where most of the in-
formation has been kept secret. In the
middle of the last decade, adaptive optics
started to be applied to astronomy, and
nowadays, it is a challenging and vigorous

Perturbed
wavefront

= effects and i~
optical system
aberrations ;%

Stellar object
Active element

field with exciting prospects for astronom-
ical science (10-12).

The elementary definition of adaptive
optics is that the technique corrects pri-
marily wavefront aberrations generated by
the atmosphere and thereby attempts to
restore the image, in real-time, to a qual-
ity that is close to the diffraction limit of
the telescope. In practice, it is a complex
multivariable optimization process linked
to atmospheric characteristics during ob-
servation, the performance of the adaptive
optics system, the observation wave-
length, and also the characteristics of the
astronomical object observed at a certain
angle in the sky.

Both active and adaptive optics are
closed-loop systems, based on the same
principle (Fig. 2). Both systems consist of
three main elements: a wavefront sensor to
measure the distortion of the wavefront
coming from a star; a wavefront correction
device, which is, in both active and adap-
tive optics, a mirror, though sizes and types
may be very different; and a control com-
puter, which can be relatively slow for
active optics but must be extremely fast for
adaptive optics.

Active Optics

Active optics deals with wavefront errors of
rather low temporal (less than 0.01 Hz) and
spatial frequencies (up to about three wave-
lengths across the surface for a 8-m meniscus
mirror with a thickness of 20 cm; a meniscus
mirror has about the same thickness every-
where). Measurement of the wavefront is
usually performed by means of a so-called
Shack-Hartmann wavefront sensor located
at an image of the pupil of the telescope,
which often coincides with the primary mir-
ror. The sensor splits the wavefront from a
suitable, bright guide star into a number of
elementary subapertures by means of a lens-
let array, the spatial sampling corresponding
roughly to the number of adjustable active
supports under the primary mirror. Each
lenslet creates at its focus a spot on a detec-
tor, and analysis of the positions of these
spots compared with the positions of the

Light beam splitter
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Wavefront
-
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Fig. 2. The principle of active and adaptive optics.

SCIENCE ¢ VOL. 262 ¢ 26 NOVEMBER 1993

ARTICLES

corresponding reference spots recorded be-
forehand yields the values of the local slopes
of the wavefront. Finally, a computation
extracts the information that is needed to
drive the correcting elements.

The key to active optics lies in having a
large primary mirror that is flexible enough
for mechanical devices to provide constant
adjustment of its figure in accordance with
the wavefront measurement. Focusing and
alignment is maintained by means of a rigid
but movable secondary mirror. Two types of
adjustable primary mirrors are now in use:
There are continuous mirrors, which may be
either moderately thin menisci or somewhat
thicker structured honeycomb mirrors, and
there are segmented mirrors, typified by the
36 hexagonal elements that make up the
10-m Keck telescope (13, 14). The shapes of
the continuous mirrors are controlled by
forces applied to them, whereas for segment-
ed mirrors, the positions of the individual
segments are adjusted.

For the two mirror types, the formulation
of shape adjustment is different. Any contin-
uous mirror can, with a given available range
of applied force, be deformed only in specific
modes, similar to the free vibrations of this
mirror. The best approach for active optics is
then a modal one, in which only a limited
number of effectively independent deforma-
tion modes are corrected (15, 16). Knowledge
of these modes for any given mirror is essential
to the derivation of the force distributions to
be applied for the optimization of the active
correction, and image analysis must supply
the coefficients of the selected modes con-
tained in the distorted wavefront (17) (other
sets of functions, such as Zernike polynomials,
can also be used, but with somewhat lower
efficiency over the dynamic range).

For segmented mirrors, on the other
hand, a zonal correction method is appro-
priate. The individual segments are rigid
elements that do not deform during the
operation of the telescope, and therefore,
the shape of the primary mirror is fully
defined by the relative positions (in depth
and tilt) of the individual segments. The
wavefront measurement, in which every
subaperture corresponds to one of the
segments, along with the constant moni-
toring of the relative positions of the
segments at their interfaces, supplies the
appropriate adjustment, in tilt and depth,
for all subapertures.

For all large telescopes, the use of active
optics is essential if an image quality limited
only by the atmosphere is to be achieved.
The active optics system must therefore
work continuously and independently of
the direction of the observation in the sky.
A sufficiently bright guide star must then be
available within the field of view of the
telescope around the astronomical object
being observed; the field of view is usually
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about 30 arc min in diameter. To average
out the effects of the atmosphere on the
wavefront and to detect only the telescope
errors, active optics needs long integration
times of at least 30 s. This has two favorable
side effects, which ensure that, at least for
large telescopes, there is generally no prob-
lem in finding a guide star. First, one can
use fairly faint stars as guide stars. Second,
one can use the telescope’s entire field of
view because all wavefront errors are con-
stant over the field, except for the ones
generated by the atmosphere, which have
been averaged out.

At present, there are only two function-
ing active telescopes: the European South-
ermn Observatory (ESO) 3.5-m New Tech-
nology Telescope (NTT) at La Silla in the
Chilean Andes, which went into operation
in 1989 (18), and the 10-m Keck telescope,
which went into operation when its primary
mirror was completed in 1992 (19), on
Mauna Kea, Hawaii. The NTT has 75 ac-
tive supports under its monolithic primary
mirror, and the axial and lateral position of
the secondary mirror is controlled. The Keck
telescope has a primary consisting of 36
1.8-m segments. Currently, two telescopes
are being converted into active telescopes:
the 2.5-m Nordic Optical Telescope on La
Palma in the Canary Islands and, despite the
limitations imposed by its conventionally
thick and therefore rigid primary mirror, the
4-m telescope at Cerro Tololo Inter-Ameri-
can Observatory in the Chilean Andes.
Other proposed projects with monolithic
active primaries are the 3.5-m “Galileo”
telescope, an Italian project on La Palma;
the four 8-m units of the ESO Very Large
Telescope (VLT), destined for Paranal,
Chile (150 active supports); the 8.3-m Jap-
anese National Large Telescope “Subaru”,
to be built on Mauna Kea, Hawaii; and the
two 8-m “Gemini” telescopes—the product
of a collaboration of the United States,
Canada, the United Kingdom, Argentina,
Brazil, and Chile—one of which will be
located on Mauna Kea and the other on
Cerro Pachon, Chile.

The impact of active optics on the design
of telescopes is demonstrated by the fact
that, for mirrors of the 4-m class, the weight
of the primary mirror can be reduced from
typically 12 tons to 6 tons or less. Further-
more, the optical manufacturer does not
need to worry about the complete removal of
the correctable errors of low spatial frequen-
cy and can concentrate on the removal of
the uncorrectable errors of high spatial fre-
quency, which leads to an enormous reduc-
tion in the cost of polishing.

Active optics, at least for the basic
correction rate of 0.03 Hz, is well under-
stood. The major problem is to meet the
very stringent requirements for the control
of the forces or positions when this tech-
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nique is applied to mirrors of the 8- to 10-m
class. Further development needs to be
done to investigate whether the bandpass
can be extended to the order of 1 Hz, which
would permit, at least in the range of low
spatial frequencies, the correction of some
of the effects of wind buffeting and temper-
ature inhomogeneities.

Adaptive Optics

To appreciate the formidable task faced by
designers of adaptive optics systems, one
should understand that an initially plane
wavefront traveling 20 km through the
turbulent atmosphere accumulates, across
the diameter of a large telescope, phase
errors of a few micrometers. These have to
be sensed with a minimum number of pho-
tons and corrected to about 1/50 of a
micrometer every millisecond or so. Adap-
tive optics therefore deals with rapidly vary-
ing atmospheric wavefront distortions (up
to 1000 Hz) (20). Another complication is
that, for short integration times, the field of
view over which the atmospheric wavefront
distortions and hence the images are corre-
lated, the isoplanatic angle, is quite small
(only a few arc seconds for visible wave-
lengths) (21, 22).

Because of the high bandwidth and the
small field to which corrections can gener-
ally be applied, adaptive optics uses a small
deformable mirror with a diameter of 10 to
20 cm located within the optical train of
the telescope or in a separate box behind
the focus of the telescope at an image of the
pupil. In some current projects, the possi-
bility of using a large deformable secondary
mirror is being studied. The small mirror is
either a continuous thin-plate mirror, a few
millimeters thick, or is formed by small,
individually driven segments. In both cases,
the positions are controlled by discrete pi-
ezoelectric actuators. The choice of the
number of actuators is a complex compro-
mise that depends on the general scientific
goals pursued and on the available budget.

No compensation

For instance, a perfect correction for an
observation done in visible light (0.6-pm
wavelength) with an 8-m telescope would
need 6400 actuators, whereas a perfect cor-
rection in the near infrared (2-pm wave-
length) would require 250 actuators.

A larger number of actuators necessi-
tates a larger number of subapertures in the
wavefront sensor, which means that for
correction in the visible, the reference star
must be at least 25 times brighter than that
for correction in the infrared. The current
astronomical choice seems to be that the
system should provide diffraction-limited
images in the near infrared (1- to 2-um
wavelength) with the capability for partial
correction in the visible (23, 24). Howev-
er, military systems for satellite observa-
tions in the United States have been built
to provide corrections in the visible on
telescopes in the 1-m class (25, 26).

Three methods can be used to measure
the degraded wavefront in an adaptive op-
tics system, although the Shack-Hartmann
method described above is most often used
for large telescopes (27, 28). The two other
methods are known as shearing interferom-
etry (29), which measures, as in the Shack-
Hartmann device, the slope of the wave-
front, and curvature sensing (30-32),
where the intensities measured in strongly
defocused images provided by the telescope
are a direct measure of the local curvature
of the wavefront. Correction in a curvature
sensing system is often accomplished with a
bimorph adaptive mirror, which consists of
two bonded piezoelectric plates; the oppo-
site curvatures can be directly generated in
the bimorph mirror by the application of
voltages proportional to the measured cur-
vatures. With all three methods, the wave-
front sensing may be done on a reference
star or on the observed object itself if it is
sufficiently bright. The measurement can be
performed in the visible for observations in
the infrared or in the infrared itself (1 to 2
pum) if the visible image of the reference
star is too faint (33).

With compensation

Fig. 3. Uncorrected and corrected image obtained with the Come-On-Plus system on the European
Southern Observatory (ESO) 3.6-m telescope (ESO and France collaboration). These are images of a
double star with a separation of 0.59 arc sec taken at a wavelength of 2.2 um; exposure time, 10 s. The

color scale is linear.
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The control system is often a specialized
computer that calculates from the wave-
front-sensor measurements the commands
sent to the actuators of the deformable
mirror. The calculation must be done
quickly (within 0.5 to 1 ms), otherwise the
state of the atmosphere may have changed,
rendering the wavefront measurement inac-
curate. The required computing power
needed can exceed several hundred million
operations for each set of commands sent to
a 250-actuator deformable mirror. As in
active optics systems, zonal or modal con-
trol methods are used. In zonal control,
each zone or segment of the mirror is
controlled independently by wavefront sig-
nals that are independently measured for
the subaperture corresponding to that zone
(34). In modal control, the wavefront is
expressed as the linear combination of
modes or functions (Karhuenen-Loeve
functions, for instance) that best fit the
atmospheric perturbation (35, 36).

Some examples of adaptive optics sys-
tems currently working for astronomy are
the ESO-France Come-On-Plus system at
La Silla Observatory, Chile (52 actuators
on a 3.6-m telescope) (Fig. 3), which is an
improved version of an early prototype
called Come-On (19 actuators on the ESO
3.6-m telescope) (37—40), the University of
Hawaii system at the Canada-France-Ha-
waii Telescope on Mauna Kea (12 actuators
on a 3.6-m telescope) (41), a system on
Sacramento Peak, New Mexico, built by
Lockheed for solar observations (19 tip-tilt
piston segments, that is, 38 degrees of
freedom, on a 0.7-m telescope) (42), and

Stellar object %
observed !

Isoplanatic angle

the six-subaperture Martini project on the
4.2-m William Herschel Telescope, La
Palma. A number of military systems are
being used on astronomical targets such as
the U.S. Lincoln Laboratory Short-Wave-
length Adaptive Technique (SWAT) sys-
tem at the Firepond Facility in Westford,
Massachusetts (241 actuators on a 1.2-m
telescope) (25), the 69-actuator Atmo-
spheric Compensation Experiment (ACE)
system installed on a 1.52-m telescope at
Mount Wilson (25), and the U.S. Air
Force Phillips Laboratory Starfire Optical
Range system at Albuquerque, New Mexico
(241 actuators on a 1.5-m telescope) (26).
Come-On and Come-On-Plus are two pro-
totypes that were developed to prepare the
adaptive optics system for the ESO VLT
project (250 actuators on the four 8-m
telescopes) (43).

Because of the short integration times
and the task of detecting and correcting
atmospheric influences on the wavefront,
implementation of adaptive optics is
strongly affected by the size of the isopla-
natic angle. It is not always possible to find
a sufficiently bright reference star around
an arbitrary astronomical object. Condi-
tions are much more favorable for infrared
than for visible astronomical observations
because the atmospheric turbulence (espe-
cially its high spatial frequencies) has, for
a given image quality, a weaker effect on
longer wavelengths. The spatial and tem-
poral sampling of the disturbed wavefront
can therefore be reduced, and this in turn
permits the use of fainter reference stars if
the number of photons in each subaper-
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ture of the wavefront measurement is kept
constant. Furthermore, the isoplanatic an-
gle increases almost linearly with the
wavelength.

Nevertheless, even for observations at
2.2 pm, the sky coverage achievable by this
technique (equal to the probability of find-
ing a suitable reference star in the isopla-
natic patch around the chosen target) is
only of the order of 0.5 to 1%. Although
the use of adaptive optics with natural
reference stars is therefore not always pos-
sible, the enormous gain in image sharpness
has already been exploited in various spe-
cific astronomical programs.

Laser Guide Stars

The most promising way to overcome the
isoplanatic angle limitation is the use of
artificial reference stars, also referred to as
laser guide stars, laser probes, and laser
beacons (44) (Fig. 4). These are patches of
light created by the back scattering of
pulsed laser light by sodium atoms in the
high mesosphere (45) or by molecules and
particles located in the low stratosphere.
The laser beam is focused at an altitude of
about 90 km in the first case and 10 to 20
km in the second case, and a gated wave-
front sensor is used to select only the
back-scattered light from altitudes within a
few kilometers of the focus. Such an artifi-
cial reference star can be created as close to
the astronomical target as desired, and a
wavefront sensor measuring the scattered
laser light can be used to correct the wave-
front aberrations of the target object.

Several laboratories in the United
States (26, 46—48), operating under mili-
tary contracts, have reported the success-
ful operation of adaptive optics devices at
visible wavelengths with a laser guide star
on a 60-cm telescope [Defense Advanced
Research Projects Agency (DARPA)
Maui Optical Station (AMOS) situated
on top of Mount Haleakala in Maui,
Hawaii] and on a 1.5-m telescope (U.S.
Air Force Starfire Optical Range). Both
collected images with 0.15-arc sec resolu-
tion and proved the feasibility of laser
probes. A joint program of the Strategic
Defense Initiative Organization (SDIO)
and the U.S. Navy reported an improved
resolution by almost a factor of 10 on a
1-m telescope in San Diego, California
(49). Some systems for astronomical ap-
plications (50, 51) are being tested in
Europe at Observatoire de la Cote d’Azur,
Nice, France, (52) and in the United
States at the 10-m Keck telescope (53,
54), the 6.9-m Multiple Mirror Telescope
(MMT) (55), and the Chicago Adaptive
Optics System (ChAOS) on the 3.5-m
ARC telescope at Apache Point, New
Mexico (56).
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Nevertheless, there are physical limita-
tions that can only be overcome by the use
of more sophisticated and complex laser
guide star techniques. A first problem, focus
anisoplanatism, also called the cone effect,
became evident very early on. Because the
artificial star is created at a relatively low
altitude, the back-scattered light collected
by the telescope forms a conical beam,
which does not cross exactly the same
turbulence-layer areas as the light coming
from a distant astronomical source (57).
This leads to a phase estimation error, but
the problem may be solved by the simulta-
neous use of several laser guide stars around
the observed object (58).

More severe is the image motion or tilt
determination problem. Because the paths
of the light rays are the same on the way up
as on the way down, the centroid of the
artificial light spot appears to be stationary
in the sky, whereas the apparent position of
an astronomical source suffers lateral mo-
tions. A solution to this problem is to use
two adaptive optics systems with two laser
beacons, one for the astronomical object
and one for a stellar reference star, which
should be located as close as possible to the
target (59). The purpose of the second
beacon is to improve the signal-to-noise
ratio of a reference star such that it can be
used for the correction of the image motion
of the target. This improvement is done by
the correction, with the help of the laser
beacon, of all its aberrations except the
uncorrectable tilt. As with the adaptive
optics systems with one beacon, the first
beacon near the target is then used to
correct the other aberrations.

With this method, fainter natural refer-
ence stars can be used to measure the image
motion, so the probability of finding such a
reference star close to the astronomical
object is higher. This concept of dual adap-
tive optics therefore provides a better sky
coverage (up to 90% for a 6-m telescope at
1-wm observation wavelengths). An obvi-
ous implication of this system is that the
larger the telescope, the greater the sky
coverage because the gain in resolution
brought about by the increase of the diam-
eter of the optics is fully exploited. On the
other hand, it has severe technological
implications, as it requires the duplication
of all components (deformable mirror,
wavefront sensor, and laser guide star).

Adaptive optics with a multicolor laser
probe is another concept being investigated
to solve the tilt determination problem of
laser beacon adaptive optics (60, 61). Only
applicable to resonant scattering processes
at 90 km, it excites different states of the
sodium atoms and makes use of the slight
variation in the refraction index of air with
wavelength. Its main drawback is the lim-
ited returned flux, owing to the saturation
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of the mesospheric sodium layer and conse-
quently the low brightness of the created
artificial star. The multicolor laser guide
star may provide corrections without any
natural reference star, resulting in a 100%
sky coverage, but this idea is in a very early
stage of development.

Apart from the physical limitations and
the new laser guide star concepts men-
tioned above, there are still several techno-
logical challenges. Among them are the
development of fast, low-noise charge-cou-
pled devices (CCDs) for visible wavefront
sensors, which would permit the use of
fainter reference stars; new high-power so-
dium lasers; very fast processors that can
exceed 10° to 10'° operations per second;
deformable mirrors with bandwidths of sev-
eral kilohertz and with a few thousand
actuators; and secondary adaptive mirrors.
The latter will limit the number of addi-
tional mirrors usually needed by an adaptive
optics system, which is a critical parameter
for infrared astronomical observations be-
cause it increases the background emission.

In some areas—for example, in infrared
observations with telescopes in the 4-m
class or visible light observations with tele-
scopes up to 1 m in diameter—adaptive
optics has proven its feasibility. But in
other areas, such as corrections in the
visible for large telescopes or the use of laser
guide stars or multiple laser guide stars,
much remains to be done. Many recent
astronomical discoveries, important to our
understanding of the universe, can be di-
rectly attributed to new optical observation
techniques such as active and adaptive op-
tics. With the construction of large tele-
scopes in the 8- to 10-m class, the imple-
mentation of these systems at the early
stage of the design phase becomes indis-
pensable. With this equipment, the light-
gathering properties of these new, large
telescopes along with their remarkable ca-
pability to resolve small details of the uni-
verse will revolutionize ground-based as-
tronomy in the next decade.
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