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1. Background to the Develop-
ment of Active Optics at ESO

At a press conference on 13 July at
Carl Zeiss, Oberkochen, jointly or-
ganized by ESO and Carl Zeiss, the final
results of the manufacture (figuring) of
the NTT optics were announced. This
included a functional test of the basic
Active Optics correction of the tele-
scope. The results were so good that
they exceeded even the expectations of
both Carl Zeiss and ESO in all respects.
We consider this to be a milestone not
only in the development of the NTT and
the history of ESO, but also in the evolu-
tion of the astronomical reflecting tele-
Scope in general.

To understand the significance of the
NTT optics and the quality achieved, we
must first review the background of the
development and the principles on
which it is based.

It is not the purpose of this article to
give a full scientific account of the ESO
Active Optics system. This is fully
documented in the publications “Active
Optics 1" and “Active Optics 11" [1] [2].
Here we wish to give the reader a ré-
sume of the essential features and ad-
vantages of the system, and the practi-
cal results with the NTT optics.

The first ideas on a general active
control system for the optical quality of
telescopes go back to the late sixties
When the first author was in charge of
Optical design for astronomical instru-
ments at Carl Zeiss. Here he became
Conscious of the extreme difficulty of

The finished NTT primary mirror at Carl Zeiss in July 1988. The mirror is mounted here on its
final NTT support in its cell for testing in the same set-up as was used for manufacture.



respecting centring tolerances with con-
ventional large telescopes, i.e. main-
taining the primary and secondary
mirror optical axes sufficiently colinear.
Very few telescopes maintain in practi-
cal use the centring tolerances required
for high image quality and this leads to
an ugly, asymmetrical image error
known technically as decentring coma.
Since this is the commonest and most
serious optical “illness" of Cassegrain
telescopes (the standard modern form
because it is effectively a powerful
mirror telephoto system giving a tube
length much shorter than its focal
length), the first author called it
“Cassegrainitis”. In the early seventies
he concluded that it was hopeless to
expect to maintain such absolute to-
lerances in a passive system, and some
sort of active correction was necessary.
While still at Carl Zeiss, he also learned
from a colleague, Gerhard Schwesinger,
the basic principles of the design of
mirror supports. These principles were
an essential prerequisite for the later
development of active optics at ESO.

We have introduced above two fun-
damental terms, passive and active,
which must now be defined. A normal,
conventional telescope is passive in the
sense that it is set up by some adjust-
ment procedure and can only be main-
tained or modified by a subsequent off-
line maintenance operation. Between
such operations, the adjustment will de-
grade and will anyway be influenced by
the telescope attitude. A further problem
is that off-line access to telescopes is
always difficult and in conflict with the
observing schedules. The consequence
is that telescopes are, in practice, virtu-
ally never in an optimum state of optical
performance: often they are shockingly
bad and nowhere near the quality
achieved by the optician.

During the set-up and alignment of
the ESO 3.6-m telescope in 1976 [3], the
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ESO Places Contract For World’s Largest Mirror Blanks

After a period of intense negotiation, the European Southern Observatory and Scholtt
Glaswerke, Mainz (F.R. Germany), reached agreement about the delivery of four giant
mirror blanks for the ESO Very Large Telescope (VLT). The blanks will be spin-cast of
Zerodur, a ceramic material. Each will have a diameter of 8.2 metres, an area of ~ 53
square metres and a thickness of only 17.5 centimetres.

The contract was signed on September 12 at the ESO Headquarters in Garching bei
Munchen, by Professor Harry van der Laan (right), Director General of ESO, and Mr. Erich
Schuster (left), Member of the Board of Directors of Schott Glaswerke.

basic scheme for an active telescope
became clear to the first author, al-
though it was quite impossible to realize
it with that telescope. Such an active
telescope would monitor its own image
quality on-line and correct any errors
(i.e. optimize itself) automatically. The
first and most important aspect of an
active telescope is therefore automatic
maintenance of optimum optical quality.
Later it became clear that there was a
second aspect of active optics which is
hardly less important than the first: the
relaxation of certain manufacturing tol-
erances which, with subsequent active
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Figure 1: Results of Hartmann tests of the passive ESO 3.6-m telescope in 1976 [3], showing
the theoretical improvement that would be attained by correcting low spatial frequency terms if
the telescope were active. The mean right-hand point of the functions gives the intrinsic quality

(1Q).
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correction, leads to an optimum level of
quality far surpassing anything achiev-
able with passive telescopes.

To understand this, we must intro-
duce the term Intrinsic Quality (the 1Q of
a telescope!) which was defined in con-
nection with the set-up tests of the (pas-
sive) ESO 3.6-m telescope in 1976. Fig-
ure 1 shows the results of these (Hart-
mann) tests for the zenith position and
for zenith distances from 45” to 60° at
the four azimuths south, west, east,
north. In each case, the left-hand point
of the histograms gives the actual image
quality of the telescope as measured in
the conventional way (image diameter in
arcsec containing 80 % of the geometri-
cal energy of a star image). Note that
there is a significant variation of quality
with telescope attitude, the quality being
worst in the south and best in the north.
The principal reason for this is quite
simple: a residual of decentring coma is
increased in the south by tube flexure
(Serrurier) error, whereas it is compen-
sated in the north. The histograms show
the improvement that would be
achieved if the errors shown were re-
moved. Although the histograms must
all fall monotonically towards the last
point 5 on the right, their form varies
significantly. However, within the error
of measurement, the right-hand point is
a constant for this telescope, indepen-
dent not only of telescope attitudes but
also of time. This is what we call the



Figure 2: Active optics for low frequency bandpass correction: principle of the ESO closed-
loop control technique for optimizing image qualitiy.

intrinsic quality of the telescope, the val-
ue for the 3.6-m being 80 % geometrical
energy in 0.27 arcsec.

It is important to realize that the pro-
cess shown above for the 3.6-m tele-
scope was a purely mathematical ab-
straction. In practice, this telescope has
no physical means for systematically
carrying out the process shown. The
same is true of all conventional, passive
telescopes. The best one can do is from
time to time to try to correct one or more
of these errors in a laborious off-line
Operation. In practice, the left-hand
point of the histogram often has a far
worse quality than that shown above,
because of deterioration of the adjust-
ment.

The difference with the NTT, an active
telescope, is that the correction process
shown in the histograms can be per-
formed at will on-line so that the 1Q can
be realized all the time. The left-hand
point of the histograms is then of no
Importance, so that relaxed manufactur-
Ing tolerances for the terms shown are
possible. Hence we have the two ad-
vantages:
= Relaxation of low spatial frequency

(long-wave) manufacturing  tol-

erances.

— Automatic maintenance in respect of
all errors which can vary through
maladjustments, etc.

2. Practical Application
to the NTT

How, then, is this process realized in
the NTT? This is shown schematically in

Figure 2. The offset guide star image is

“horrowed” from time to time for the

image analyses whose measurements

are processed in the computer. Using
prestored information and a simple al-
gorithm, signals are sent to the secon-
dary mirror and to the primary mirror.
The secondary is then rotated slightly
about its centre of curvature (to correct
decentring coma) or shifted along its
axis (to correct defocus). The signals to
the primary mirror modify the axial
support forces and thereby correct all
the other errors which are to be con-
trolled. It should be noted that the form
of the primary mirror is not determined
by direct position control since this
would require an impossibly stiff
supporting cell. The mirror is located by
three fixed points and its form deter-
mined by the forces exerted by 75 asta-
tic (i. e. floating) supports. Apart from the
important difference that the forces can
be modified in a controlled way, the
support operates essentially in the same
way as the astatic lever invented by the

English engineer Lassell in 1842 and

used in innumerable telescopes since

then.

The algorithm for the correction pro-
cess is based on three laws of physics:
— The linearity law: This is simply

Hooke’s law in elasticity theory which

says that the strain (deformation) in a

system is linearly proportional to the

stress (force).

— The convergence law: This arises out
of the principle of St. Venant in elas-
ticity theory. The important conse-
quence for active optics is that only

relatively few low spatial frequency

(i.e. “long-wave") terms need to be

corrected to achieve the 1Q.

— The orthogonality law: This results
from the definition of the error terms
and states that they can be corrected
independently.

The image analyzer requires a
minimum of 30 seconds, preferably 60
seconds, to obtain the basic data. This
integration time is necessary in order to
eliminate the effects of the atmosphere
which would otherwise falsify the re-
sults. (Correction of disturbances due to
the atmosphere requires a system with
response to higher time frequencies.
This is the field of adaptive optics which
is enormously more difficult and still
represents an unsolved problem at visi-
ble wavelengths.) A further 60 seconds
is sufficient for the computer analysis
and actual correction process. This
whole process of detection, analysis
and correction does not disturb the ob-
servation in any way: indeed, the as-
tronomer will be unaware that it is taking
place! The rhythm with which it is desir-
able to perform corrections will have to
be decided by practical experiments but
it is unlikely to be more than once per
hour or once per change of object. The
NTT is designed to track within 0.1 arc-
sec without guiding for at least 15
minutes, far longer than the 1-minute
integration time.

3. Experimental Confirmation
from the 1-m Experiment

Our active optics concept is an
essentially simple and natural develop-
ment out of normal passive support sys-
tems. Nevertheless, as with all new de-
velopments, it was desirable to test it in

Figure 3: The 1-m test mirror (the thin rim
shows the high aspect ratio of 56).



Figure 4: Photo of the complete 1-m support. There are 78 individual supports of which 75 are
active levers and 3 fixed points. The geometry of the support in the 4 rings is identical with that
of the NTT primary mirror. Each support has a load cell to measure the force.

practice before applying it to the NTT
itself. This was the purpose of the 1-m
test mirror, which had a diameter of
1,060 mm and a thickness of only
18.9 mm. These dimensions were ob-
tained by scaling the NTT primary
(diameter 3,580 mm, thickness 240 mm)
according to the gravity flexure law. The
geometry of the support can then be
taken over and all forces scaled in the
ratio of the weights of the two mirrors.

Figure 3 shows the 1-m mirror and
Figure 4 its support. The four support
rings are easily recognizable, but the
supports themselves are simpler than in
the NTT since the 1-m mirror is a fixed
installation. Although the 1-m looks very
thin — and is thin compared with a con-
ventional mirror — it is not particularly so
compared with more modern develop-
ments. The proposed VLT mirror would
have a 1-m equivalent of only about
2 mm, roughly like window glass! In
fact, the thickness of the NTT primary
was quite cautiously chosen to be about
40% of that of a conventional blank
since an imposed requirement was that
it should also work with normal quality in
the purely passive mode.

The 1-m experiment had many pur-
poses which are described in detail in
ref. [2]. Here we will give only two results
which illustrate clearly the power of ac-
tive optics control.

As was indicated above, an essential
feature of the method is modal control,
i.e. the independent correction of cer-
tain errors or aberrations. The mode
most easily generated in telescope
mirrors is the astigmatism mode. To
correct such a mode, we start with a
theoretical calibration of a force varia-
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tion pattern intended to generate such a
mode in quite pure form. Figure 5 shows
the generation of such a mode on the 1-
m mirror using the ESO MIDAS image
processing system. These colour
patterns were produced off-line from
data given on-line by the image analyz-
er. Starting with an arbitrary state of the

mirror, a large amount of astigmatism
was introduced. Then the same was
done with reversed sign. Subtraction of
the second result from the first should
leave a large amount of pure astigma-
tism, about 7 wavelengths of wavefront
aberration. This result is shown at the
top left of Figure 5. The astigmatic effect
is very obvious: one axis is more curved,
the other less curved. The pattern at the
top right of Figure 5 is a mathematical
construction of the pure effect intended.
At the bottom left, the difference of
these is shown on the same colour scale
and represents the error, or cross-talk,
in the procedure. On this scale, hardly
any error is detectable. At the bottom
right, the colour scale has been mag-
nified 24 times to show the residual error
in detail. Clearly it is only random noise.

Our second example (Fig. 6) shows a
MIDAS representation of the actual ac-
tive correction of the 1-m mirror, as it
was first performed. The top left-hand
pattern shows a state of the mirror in
which major aberrations left by the man-
ufacturer were still to be corrected
(since active correction was intended,
quite generous tolerances were given to
the manufacturer for the terms con-
cerned). Clearly there is a major amount
of astigmatism, as well as other errors.
At the top right, a manual correction of
the support has been performed to get
the mirror into the dynamic range of

Figure 5: Off-line demonstration (MIDAS) of third-order astigmatism (Ast3) variation (calibra-
tion) with the 1-m test mirror [2]. Colour scale 3650 nm except lower right which is 150 nm.



Figure 6: Off-line demonstration (MIDAS) of the active correction process of the 1-m mirror (2]:
Upper left: Initial state. Colour scale 2340 nm.

Upper right: After hand correction. Colour scale 2340 nm.

Lower left: After automatic correction (1 iteration only). Colour scale 2340 nm.

Lower right: After automatic correction (1 iteration only). Colour scale 370 nm. The small
residue of Ast5 was subsequently removed in a second iteration.

automatic correction. At the lower left,
the automatic correction has been
carried out giving a hardly detectable
error on this colour scale. At the bottom
right, the colour scale has been in-
creased by 6.3 times. We had expected
a purely statistical result, as with Fig-
ure 5. But this pattern shows in fact a
systematic residual error known techni-
cally as fifth-order astigmatism. We had
considered controlling this term but ex-
pected it to be negligible. It appeared, in
fact, as a small but readily detectable
harmonic of the astigmatism we had
permitted in the tolerance. A theoretical
calibration was then performed and the
term subsequently removed leaving
purely statistical noise. This shows the
flexibility of our active optics correction
system. One estimates the terms
Necessary for correction to the quality
desired. More terms can always be ad-
ded if necessary, provided the dynamic
range of the system is sufficient.

4. Tests of the
Finished Optics of the NTT

We referred at the beginning of this
Paper to the press conference on 13
July announcing the results of the opti-
cal figuring at Carl Zeiss, Oberkochen.

The background of these tests was giv-
en in the Messenger No. 52, which we
reproduce here:

“To understand the manufacture of
the NTT optics, we must look at its
specification for the final Nasmyth
image:

(a) 80 % geometrical energy within 0.40
arcsec.

(b) 80% geometrical energy within 0.15
arcsec if 5 terms, to be controlled
actively, are mathematically re-
moved from the combined image
forming wavefront (Intrinsic Quality).

The active control gives a relaxation
of certain errors (such as astigmatism)
which enables the manufacturer to con-
centrate above all on specification (b)
which ensures very smooth surfaces
without high frequency errors such as
“ripple”, zones or local bumps. In func-
tion, specification (b) should then oper-
ate all the time and will be the working
specification of the telescope. This is
quite near the “diffraction limit” for such
a telescope.

The blank with aspect ratio 1:15
(2 2% thinner than the blank of the ESO
3.6-m telescope) was delivered from
Schott to Carl Zeiss in June 1986. The
blank itself represents a great technical
achievement by Schott in zero-expan-

sion glass ceramic, Zerodur. Two years
of intensive work at Carl Zeiss followed.
The NTT specification (b) has required,
and resulted in, a remarkable technolog-
ical development at Carl Zeiss both in
figuring technigues and in test technolo-
gy. With the practical development of
‘stabilized phase interferometry’, Carl
Zeiss is now in possession of an excel-
lent and time-saving technology in the
manufacture of large optics.

The results of the Carl Zeiss inter-
ferometric tests, established in a most
rigorous way, are as follows for the
whole optical train M1, M2, M3:

(a) 80% geometrical energy within ca.
0.30 arcsec.

(b) 80% geometrical energy within ca.
0.125 arcsec for the Intrinsic Quality.

Both values are thus well within the
specification.”

The above results were obtained on
the original manufacturing support. The
mirror cell, with the actual supports to
be used in the telescope, was then
mounted on the manufacturing table
and the primary mirror (M1) lowered on
to its support system and tested under
the same conditions (see photograph on
page 1). There was no detectable differ-
ence in the image quality according to
specification (a) above between the Carl
Zeiss and ESO supports: for M1 alone
the value was 80% in 0.25 arcsec, al-
ready a remarkable technical achieve-
ment. However, specification (a) does
not take account of the improvement
achievable by active optics: specifica-
tion (b) is what should be achieved in the
telescope. Carl Zeiss had calculated the
result according to the (b) specification
for M1 alone as 80% in 0.096 arcsec!
But this was a mathematical calculation
and this quality had not been physically
realized. So the last stage of the tests
was to perform physically the active
correction. This was achieved under
calm air conditions at night, the con-
trolled error being reduced to the de-
tection level. In this state the mirror
showed physically no difference from
the mathematically produced form. Fig-
ure 7° (basic material kindly supplied
by Mr. Knohl of Carl Zeiss) demon-
strates these results. Figure 7 (i) shows
the initial passive state, corresponding
to 80% in 0.25 arcsec, as an on-line,
stabilized interferogram. It is clear that
the principal low frequency error is as-

* The wavefronts of Figure 7 show a quile sharp
“ring” at aboul halfl radius. This ring has nothing to
do with the real form of the mirror: it is an artifact
introduced by reflexions in the so-called “Null” or
“Compensation” system used by Carl Zeiss 1o re-
move the huge amount of aberration which would
appear in the image due to the correct aspheric
form when the primary is tested at its centre of
curvature. For technical reasons, Carl Zeiss used
the “Offner type” of Null system in which such
reflexions cannot be avoided.
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M1 on Zeiss support intrinsic quality

tigmatism. The averaged rms error of
such frames is 175 nm. The elliptical
pupil form arose from transfer to a video-
recording from which these on-line
frames were photographed. Figure 7 (ii)
shows the final state, corrected by ac-
tive optics. This is also an on-line,
stabilized interferogram produced under
exactly the same conditions. Clearly, the
low frequency errors have been
corrected, and all that remains is some
high frequency azimuthal error at the
edge. Figure 7 (iii) shows an artificial
representation after theoretically perfect
correction of the low frequency terms:
these terms were mathematically re-
moved from the passive state (equiva-
lent of Fig. 7 (i) above) and the residual
errors are represented here as a varia-
tion of grey intensity (originally in a col-
our scale). This grey scale somewhat
confuses the direction of the error com-
pared with the colour original, but the
high frequency residual errors at the
edge are clearly identifiable with those
of Figure 7 (i), taking account of a slight
azimuthal rotation. Figure 7 (iii) is aver-
aged for a number of frames and has an
rms error of 28 nm, equivalent to the 1Q
of 80 % in 0.096 arcsec. Comparison of
Figure 7 (i) and (iii) demonstrates clearly
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for three cases:

correction in reality.

16:19:18
(i)

that this 1Q has been physically realized.

With the possible exception of the
primary of the Space Telescope (2.4 m),
this quality for the NTT primary is easily
the highest ever achieved in large tele-
scope optics. With active optics the
step from Figure 7 (i) to (ii) is a rapid and
quite trivial operation. By contrast, it is
the considered professional opinion of
Carl Zeiss that this quality could not be
achieved by conventional passive
means, not even at ten times the price
or more!

5. Final Installation of the NTT

In the autumn of this year, the optics
of the NTT will be aligned following our
standard procedures — essentially with
reference to the altitude axis. After com-
pletion of the electronics and optimiza-
tion of tracking and pointing, the active
optics system will be fully tested and its
fixed (dc) component installed — the
equivalent of the correction just per-
formed at Carl Zeiss. It is expected that
this will be completed by March 1989.

We are confident that the NTT will
then be working constantly at its Intrin-
sic Quality, i.e. 80 % geometrical energy
within 0.125 arcsec. As the first active

(ii)

Figure 7: Final tests of the NTT primary mirror in its own cell at Carl
Zeiss in July, 1988. The figures show the “wavefront” errors (that is,
the phase errors of the image forming beam) as variations of intensity

(i) Passive support state without active optics correction.

(ii) The theoretical “Intrinsic Quality” generated mathematically (simu-
lation of perfect active optics correction).

(iii) The physical “Intrinsic Quality" achieved by the final active optics

telescope, it will have easily the best
optical quality of all ground-based tele-
scopes. We believe the NTT building
and site are well chosen to exploit this
inherent quality. But the NTT will still be
limited by the seeing. With advances in
adaptive optics (atmospheric correc-
tion), it will be possible in the future to
exploit even more fully the quality of the
NTT.

6. The Future of Active Optics

We hope we have convinced the
reader that the ESO NTT will be a mile-
stone in telescope development. The
VLT is based on the same principles but
is defined from the start as only func-
tioning in the active mode, since its
primaries will be some 40 times more
flexible than the NTT primary. The future
of active optics with thin monoliths has
been discussed in a paper [4] at the ESO
conference in March 1988. Perhaps the
most exciting possibility is the combina-
tion of stress polishing and active optics
to avoid completely the aspherizing pro-
cess for primary mirrors. The VLT blanks
are already most of the way towards the
necessary flexibility. However, a difficult
overlap area, because of time frequen-



cies entering the adaptive optics band-
pass, is that of deformations of very thin
primaries due to wind buffets. The
possibilities and limitations of active op-
tics in this area are still under investiga-
tion.
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