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1 Introduction

This report presents a description of the mirror controls to be performed in connection
with the installation of active optics in 1992 on NOT at La Palma. At the present
NOT is equipped with a wavefront sensor providing the lowest order Zernike
coefficients of the aberrated wavefront'”, and this report gives a quantitative
evaluation of the translations of the secondary mirror (M2) and the deformations of
the primary mirror (M1) necessary to control these aberrations. The estimates of the
M1 deformations are based upon an expansion of the Zernike polynomials in the
lowest order modal shapes of M1 (minimum energy modes). This ensures a smooth
pattern of the actuator forces and the corresponding deformations, but the aberrated
wavefront will not be corrected perfectly. The degree of correction which can be
obtained is estimated as the ratio of the wavefront aberration variance (WAV) after
correction to the WAV before correction for the individual Zernike aberration terms.
The modal shapes, the corresponding point force patterns and -the resulting M1
deformation patterns are derived by FE (finite element) calculations on M1. The
correct linear combinations of the excited deformation patterns to produce (or
compensate) given Zernike aberrations are determined by least squares fits.
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2) Aberration description and wavefront sensing

The wavefront aberrations W(p,p) corresponding to the axial image point, where p is
the normalized radius vector and ¢ is the polar angle in the pupil, can be described
as an expansion in quasi Zernike polynomials®:

W(p,9) = Y 3.Z2(p.9.0) | | )
where

zZ, - pcos(ne + 6) ' (2)
m even: n=024,...m
m uneven: n=135,..m

To fourth order in p, these polynomials are listed below:

Zy=1 Const. phaseshift

Z, = pcos(p + 6,) ' Tilt

Zy=p* Defocus

Zs = pPcos(p + 6 Decentering coma

Z, = p* Spherical aberration

Zs = p°cos(2 + 05) Astigmatism

Zs = pPcos(8p + 0;) Triangular coma

Zq = p*cos2o + 0,) ~ Fifth order astigmatism
Zg = p'cos(4g + 0y Quadratic astigmatism

The first three polynomials are related to zero point choices, whereas the remaining
polynomials represent wavefront distortions deteriorating the ultimate image quality.
Note that discarding Z, from the list, the remaining five distortion polynomials will
be mutually orthogonal due to the ¢ dependance. For this reason we do not attempt
to correct fifth order astigmatism.

At NOT the total wavefront aberration is measured by the Korhonen - Hartmann
interferometric wavefront sensor. By means of auxiliary software the output of the
sensor is the five coefficients:

as, ay, a5, a5, and ag

and the five angles (related to an arbitrary zero position):



05, 05, 05 and 6,

It is the intention to correct decentering coma by transverse M2 translation and the
remaining aberrations by M1 deformations. _

Also provided by the wavefront sensor are the tilt parameters a; and 0, and the
defocus parameter a,. Hence there will be a possibility to estimate both tilt and
defocus relative to fixed zeros defined by the wavefront sensor.
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3) - Aberration control by M2 translations

In order to estimate the effects of the M2 translations, the general layout of NOT
shown in Fig. 1 has to be considered.

X
M1
F2 Ve
- _ _ ~ — ) Fj\\:\\\lﬂ
L3 -
- L1 L2
Fig. 1

NOT is a Ritchey Chrétien telescope with two hyperbolic mirrors providing a design
free of spherical aberration and coma. The incoming starlight is focussed virtually by
M1 in F1 and brought to a final focus in F2 by reflection in M2. Relevant distances,
apertures and mirror curvatures taken from  are listed below:

L, = 4184.308 mm

L, = 935.692 mm

L, = 5146.297 mm

f = Lg(L, + Ly)/L, = 28160 mm Focal length

R, =20,;+Ly = 10240 mm M1 radius of curvature

R, =-2L,LJ05-Ly) =-2287.248 mm M2 radius of curvature

b, ' = -2.234127 Aspheric parameter of M2
D, = 2560 mm M1 diameter

F = f/D, =11 Exit focal ratio

D, =LJF = 467.85 mm On axis illum. M2 diameter
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Denoting by U™ the incident wavefront upon M2 and by U the reflected wavefront,b
we have:

U*(xy) = Txy) U(xy) = exp(ikW) Uyxy) (3a)

Tlxy) = expl[-2ike,(x)] (3b)

where U, is a perfect wavefront converging towards F2 and z,(x,y) is the position of
the M2 surface measured relative to the normal plane through the vertex.
In the case of perfect mirror alignment and separation, we have:

2 2
U (%y) = exp[-ik( "2? - WG] (4a)
2
- s x2+y2 4b
U,(x,y) = exp[-ik 2L, ] , (4b)
_xEey?
Z(xy) = + VoW, (x,y) : | _ (4c)
1+b '
Wey ()= —2 (P4 | (4d)
4R,

where Wg, is the spherical aberration associated with M2. Insertion of Egs. (4) in
Eqgs. (3) yields:

2 2
U*(xy) = exp[-ik>—>
2L,

1 . ' , (5)

ie. W=0.



Defocus

To lowest order a longitudinal translation 6, of M2 towards M1 results in
L, — Ly, + 6, in Eq. (4a) and Ly — L - §, in Eq. (4b). Use of Egs. (4) in Egs. (3) gives
to lowest order in §, the aberration W related to defocussing

W = a, p? | . . (6a)

P = (2P 6Py | (6b)
DZ

a, = 02 3, (6¢c)

Hence a longitudinal translation of 81 x 10® mm of M2 produces an aberration
coefficient a, of 10® mm.

Decentering tilt and coma

A transversal displacement 8, of M2 in the direction of the x axis (see Fig. 1) results
in

-5, )%4+y*  1sb -
2,6y = & 2IR)2 LA 8;5 [(x-8, Y+y?P2 )

which used together with Eqs. (4a,b) in Egs. (3) gives the deceﬁtering aberration W
to lowest order in d;:



W = a, p cos(p) + a; p° cos(p) ’ (8a)
p cos(p) = == (8b)
D,
L, 8, Le ,
a, = - [1-2] = = - 204 x 107 3, (Til) (8c)
L= 2F -
LS 3 6l -3 .
a, = - (1+b) [1-—"F —— = - 1.32x 107 §, (Decentering coma) (8d)
L, G4F3

Hence decentering coma is induced through the spherical aberration term, and will
always result in an additional tilt (image translation).
The angular displacement a in the image plane associated with a, is given by

2Fa1

R
i

= 0.161 arcsecs/pm a, e

R
il

24.9 arcsecs[pm a,

where Egs. (8c,d) have been used to obtain the last relation.

It is seen that a transversal displacement of 759 x 10® mm results in a coma
coefficient a; = 10° mm and is associated with an angular pointing change of 25
arcsecs. '



4) Modal deformations of M1

As mentioned previously, the intention is to control the remaining aberrations by
means of the lowest order modal deformations of M1. To this end the modal shapes
were estimated by means of FE calculations. Since the actuator support consists of
only three rings, it was decided to use only the six lowest order (excitable) modes in
order to ensure a not too pathological and noise sensitive force pattern of the
actuators. From the modal shapes, the corresponding force patterns in the 45
actuator points leading (as close as possible) to the modal deformations were derived,
and the deflections caused by these force patterns were calculated in 720 points in
a cylindrical coordinate frame. To ensure static equilibrium, the deflection patterns
came out relative to three fix points, and in order to match the Zernike polynomials,
tilt and translation had to be subtracted from some of the patterns ensuring
orthogonality with respect to the ¢ dependance. Neglecting a slightly uneven spacing
in p of the points, this was done minimizing

€2 = Tl points P(Ms1 - bpcos(g) - ¢)?

with respect to b and ¢ for the modes Msn in question. From this procedure, the
coefficients b and ¢ determining the tilt surface to be subtracted from the mode
should be calculated from

2
- D it oinss P~ M51(p,9) cos(@) (102)

You poiints p* cos’(g)

.- > ot pois P Mn(p,9) (10b)

Eallpointsp

Figs. 2 to 7 show the deflection patterns to be used for M1 control. In order to clarify
the symmetry properties, a projection of the contour curves is shown at the "bottom"
of some of the plots. Note that the patterns can be classified in four mutually
orthogonal groups:

Group 1 (axisymmetric): Ms2 and Ms7 (Figs. 3 and 7) to be used for control
of Z, (spherical aberration).

Group II (cos(29): Msl and Ms6 (Figs. 2 and 6) to be used for control
of Z5 (astigmatism).
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Group III (cos(39): Ms3 (Fig. 4) to be used for control of Zg (triangular
coma).
Group IV (cos(49): Msb (Fig. 5) to be used for control of Z; (quadratic
. astigmatism).

The missing modepattern Ms4 showing cos(p) dependance, could not be excited, but
as shown in the previous section the corresponding aberration (coma) is controlled by
M2 translation.
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Fig. 3
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Ms5

Fig. 5

Ms6

Fig. 6
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Fig. 7
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5) Aberration control by M1 deformations

Given a wavefront aberration pattern described by the expansion Eq. (1) in Zernike
polynomials, the part of the wavefront to be corrected here is given as

WAPsD) = X e g F2d(P9:8) (112)

Zq = p™ cos(np+0 q) . (11b)

The combination of modes best reproducing (or correcting) W, will now be given by:

Wp.0) = Y 2, Msn(p,@.¥,) + g + a; p? (12a)
Msn(p,@,¥,) = f,(p) cos(l (¢+1,)) (12b)
where o, ; and y,; specifies the strength and orientation of the modal deformation in

question. The last two terms represent the (not interesting) constant phaseshift and
the defocus needed to obtain the best fit. The a’s and the y’s providing the best fit of
W, to W, can be found minimizing the sum of squared errors (again neglecting the
slightly uneven p spacing)

&€ =Y i P [P, (P,@) = W, (p,0)F » L - a3)

As a result of the angular orthogonality of the functions involved this results in:

1) A given aberration term can only be reproduced by modes having the same
type of angular dependance:

L,=n
2) The phase ,; of the used modes must satisfy:
Bq = nwnj

i.e. the modes must have the same orientation as the aberration to be
reproduced.
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These results confirm the classification of the modes in the four groups associated
with the individual aberrations as stated in the end of the previous section. They also
outline the strategy for creating an aberration Z, with a given strength a, and
orientation 0 .

1 Rotate the force patterns for the relevant modes to the orientation (if any)
specified by 6.

2) Determine the characteristic combinatidn L, of modes reproducing Z, as good
as possible
Z(p,®) = L(p,9) = Y 2B, Msn(p,) (14a)

Z(p,9) = L(p.®) =Y., 2B, Msn(p,@) + By + By p*> (Rotational symmetry) (14b)

from the equations:

by, b, 231\ (e
x{ . y=4. r . (15a)

b, .. b,, 28, C,

J U7

(include B, By, ¢y, and c, for the case of rotational symmetry)

where
by = Y ot pois P MSHp,9) Msj(p,9) (15b)
€ = Dt poimes P M5,9) Z,(p,0) (15¢)

(include terms with Ms0O = 1 and Msd = p2 for the case of rotational symmetry)

The factor 2 associated with the modal combinations reflects the fact that a
given change of shape induces the double change in the optical path.
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Note that if the modal shapes could be perfectly excited by the point forces
(which was not the case), all elements b involving two different modal shapes
would be zero.

3) Multiply the characteristic combination with a_ to obtain the correct strength.

The relative goodness of the fit to a given aberration term can be estimated from

2 Eallpoints p [Zq_l‘q]2

ORel 2
Eau points P Zq

[}

- (16a)

Z -L P
o3, = Z"”W"’“ B (Rotational symmetry) (16b)

Zall poins P [Zq-Lolz

where L, represents the fit obtained using only a constant and defocus in the case of
rotational symmetry. 0%, represents the relative reduction of the wavefront variance
associated with a specific aberration term which can be obtained by the used modal
combination.

When the characteristic force patterns associated with the individual aberration
terms have been determined, a linear combination of the aberrations can be corrected
by subjecting M1 to the same linear combination of these force patterns each rotated
correctly.

From fitting the modal shapes (not normalized) to the individual aberration terms
using the procedure outlined above, the following results were obtained:

Spherical aberration

A spherical aberration coefficient

a, =10° mm

can be obtained using the characteristic combination

L, =2B, Ms2 + 2B; Ms7 + By + B p°

where
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Bo  =-2.429 x 10° mm '

By = 3.573 x 10° mm = 9, = 111 x 10® mm (from Eq. (6¢))
2B, = -2.256 (Dimensionless)

2B, =-4.107 (Dimensionless)

Minimizing the fitting error only by means of defocussing and adding a constant
results in

Lo = Bo + Pa P2

where
Bo = -1.853 x 10* mm
Bs = 1.051x10° mm

The relative variance reduction obtained using Eq. (16b) is given by
Fig. 8 shows a plot of Z, - L, and Z, - L, (for 10® mm amplitude of Z,) as a function

of the radius vector in M1 visualizing the aberration reduction which can be obtained
using Ms2 and Ms7 (see Figs. 3 and 7) for correction of spherical aberration.

Astigmatism

An astigmatic coefficient

a; =10°mm |

can be obtained by the characteristic combination
L = 2B, Msl + 28, Ms6

where:

28, = 7.057 x 10" (Dimensionless)
28 = -3.715 x 10" (Dimensionless)

Use of the results from extracting tilt and translation (see Egs. (10)) and of Eq. (9)
shows that this modal correction will result in a change of pointing

a = 0.147 arcsecs
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which is considered to be negligible.
The relative variance reduction obtained using Eq. (16a) is given by

OZRel = 5.48 X 10.4
Fig. 9 shows a plot of Z; (10® mm amplitude) and Z; - L, visualizing the aberration
reduction which can be obtained using Msl and Ms6 (se Figs. 2 and 6) for correction
of astigmatism.
Triangular coma
A triangular coma coefficient
a; =10"mm
can be obtained by
where
28, = 4.302 (Dimensionless)
Since no tilt (and only translation) has to be extracted from the deformation pattern,
use of this modal correction will result in no change of pointing.
The relative variance reduction obtained using Egs. (16a) is given by
OzRel = 1-93 X 10.2
Fig. 10 shows a plot of Z; (10® mm amplitude) and Z; - L visualizing the aberration
reduction which can be obtained using Ms3 (see Fig. 4) for correction of triangular
coma. :
Quadratic astigmatism
A quadratic astigmatism coefficient
az =10°mm
can be obtained by

L, =2B;Ms5
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where
28s = 1.370 x 10' (Dimensionless)

Use of the results from extracting tilt and translation (see Egs. (10)) and of Eq. (9)
shows that this modal correction will result in a change of pointing

a = 0.124 arcsecs

which is considered to be negligible.
The relative variance reduction obtained using Eq. (16a) is given by

OZREI = 3-96 X 10-3

Fig. 11 shows a plot of Z; (10® mm amplitude) and Z, - L, visualizing the aberration
reduction which can be obtained using Msb (see Fig. 5) for correction of quadratic
astigmatism.

Spherical ab. —Residual ab.
0.0002 [
[ N
0.00015 F——
g | \ /
£ 0.0001 | \
6 1
S 5E005 | /
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g [
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% ol AN L i
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-5E-005 | N
_0.0m1 -1111 L2t 4 1.0 2 1.0 1.1 4.1 2 1.1t 11 3.1
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Fig. 8
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— Residual ab.

Astigmatism

Fig. 9

— Residual ab.

Triang. coma

Fig. 10
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Quadr. astigmatism —Residual ab.
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Fig. 11
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6) Conclusion

A quantitative evaluation of the mirror control algorithms to be used for aberration
reduction in NOT and the resulting expected improvements of the wavefront have
. been estimated. Preliminary tests with the Korhonen Hartmann wavefront sensor at
NOT show that control of the aberrations treated in this report should result in a
reduction of the wavefront error down to a fully satisfactory level. The approach used
here is based on FE estimates of the modal shapes as also proposed in ¥}, followed by
a calculation of the deflections arising from "modal" loading of M1 in the 45 actuator
points. We believe this to be a realistic model of the actual behavior of M1 and to
produce smooth deflection patterns.

It is the intention to implement the mirror control system in an open loop
configuration in the beginning of 1992, and to verify that the prescribed actions result
in the expected aberrations. Also the calibration of the so called "0.6 mm mechanism"
for active control of decentering coma will be verified (and possibly readjusted). Later
it will be investigated whether the spherical aberration showing a strong temperature
dependance might also be controlled actively based on temperature measurements.
The remaining aberrations will be corrected occasionally based directly on wavefront
measurements.
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