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A bstract

This thesis describes the design, construction and testing of an experimental system 

for improving the imaging stability on the detectors of the Intermediate-dispersion 

Spectroscopic and Imaging System (ISIS), a Cassegrain spectrograph at the 4.2 

metre William Hershel Telescope. This system, called ISAAC (ISIS Spectrograph 

Automatic Active Collimator) is based on the new concept of active compensation, 

where spectrum shifts, due to the spectrograph flexing under the effect of gravity, 

are compensated by the movement of an active optical element. ISAAC is a fine 

steering tip-tilt collimator mirror.

The thesis provides an extensive introduction on astronomical spectrographs, active 

optics and actuator systems. The new concept of active compensation of flexure is 

also described. The problem of spectrograph flexure is analyzed, focusing in partic­

ular on the case of ISIS and on how an active compensation system can help to solve 

it. The development of ISAAC is explained, from the component specification and 

design, to the construction and laboratory testing. The performance and successful 

testing of the instrument at the William Herschel Telescope is then described in de­

tail. The implications for the future of ISIS and of new spectrograph designs are then 

discussed, with particular stress on the new High Resolution Optical Spectrograph 

(ERGS) for the 8-metre Gemini telescopes.
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C hapter 1 

Introduction: Telescopes and  

Spectrographs

1.1 P reface

When I started this thesis, the study of astronomy and astrophysics was undergoing 

major changes (and still is), mainly thanks to revolutionary technological develop­

ments in astronomical instrumentation. Of these technological advances, I want to 

mention just two, which I think are among the most important: one is the develop­

ment of space telescopes, the other is the new generation of ground-based telescopes. 

In April 1990 the Hubble Space Telescope was launched, the first optical telescope 

to operate from space. After the spherical aberration of its primary mirror was suc­

cessfully corrected during a Space Shuttle mission in December 1993 [1], the space 

telescope has delivered superb images of the universe. Taking full advantage of the 

absence of atmospheric turbulence, its imaging capability has been far superior to 

any ground based telescope. Since then space astronomy has expanded very quickly, 

and other telescopes covering the ultraviolet and infrared regions of the spectrum 

have been built. This has greatly extended the wavelength range available for as­

tronomical observations, previously limited to smaller windows in which the Earth’s 

atmosphere is transparent.

The development of space astronomy has not been in competition with ground-based 

observation for several reasons. Space telescopes are still limited in size: even the
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2.4 metre Hubble Space Telescope is quite small when compared with the largest 

telescopes on the ground. Their lifetime is also limited and the cost is far higher 

than ground based systems. Therefore, at the same time space astronomy was 

rapidly developing, ground-based astronomy has also seen dramatic changes. Since 

January 1994, the 10-metre Keck telescope has been operational on Mt. Mauna Kea 

in the Hawaii island. This is the largest telescope in the world and the first fully 

operational telescope to surpass in diameter the 5-metre Hale telescope on mount 

Palomar, which was completed almost 50 years ago. The russian 6m telescope and 

the Multi-Mirror Telescope, earlier attempts to surpass the Hale telescope, ran into 

trouble in trying to produce good imaging quality, so until the late 1980s 3 to 4 

metres was considered to be a safe technical limit for the size of a ground based 

telescope. Even more important is the fact that the Keck telescope is not one off, 

but just the first of a new generation of telescopes, in the 8 to 10 metre range, which 

are currently planned or being built. The reason for this giant leap in telescope 

size has been the consequence of a series of technological advances, of which the 

development of computers is the most important.

These fundamental changes in the construction of telescopes have been accompa­

nied by new challenges in the relative instrumentation. Most of modern astronomy 

and astrophysics originated from spectroscopic studies of the objects in the sky. At 

present time, spectroscopy is still the major tool for analysing the light coming from 

these objects. It is therefore safe to say that the astronomical spectrograph is still 

the most important instrument for our understanding of the universe. The new 

telescopes, both ground-based and in space, demand innovative design and better 

performance from spectrographs. The work in this thesis was aimed at solving an 

important problem affecting ground-based instruments: the stability of the spec­

trum  on the detectors of the spectrograph. This problem is particularly serious 

for instruments at the Cassegrain focus of the telescope, because the spectrograph 

follows the motion of the telescope when tracking a star, and bends under its own 

weight. This effect is commonly called flexure and, while always detrimental, its 

relevance has become more critical with the new generation of large telescopes.

My work was focussed on reducing flexure in the ISIS (Intermediate-dispersion Spec­

troscopic and Imaging System) spectrograph at the 4.2 metre William Herschel
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Objective

Eyepiece

Figure 1.1: Schematic optical layout of a refracting telescope. The foci of the 

objective and of the eyepiece coincide, and an object observed through the two 

lenses appears magnified by the ratio Fj f .

Telescope. However, the main drive behind this was to find a solution for the new 

generation of large Cassegrain instruments for 8 to 10 metre telescopes, and in 

particular for the High Resolution Optical Spectrograph (HROS) for the 8-metre 

Gemini telescope. In the case of HROS, it was concluded that unless some new way 

of solving the problem of flexure could be found, it probably could not be built as a 

Cassegrain instrument. The work in this thesis was therefore essential to the future 

design of HROS, and had the potential of tackling a long-standing issue in ISIS. 

In my last year of this thesis I was employed by the Gemini project as a part-time 

consultant for the issue of flexure compensation. As a consequence of this work I 

produced some Technical Notes, which are included in appendix C, and I presented 

a paper at a conference on the next generation of optical telescopes (appendix B).

1.2 O ptical T elescopes

Since Galileo started using the telescope for astronomical observations at the be­

ginning of the 17th century, the optical telescope has become the most important 

instrument in astronomy. Originally telescopes were refractors, focusing the light 

entirely by lenses. The refractor essentially consists of two lenses, an objective and 

an eyepiece (fig. 1.1). The objective lens has a larger diameter D and a longer
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focal length F  than the eyepiece (focal length / ) .  The ratio of the focal lengths 

determines the magnification M  of the refractor, that is:

M  = F / f  (1.1)

The diameter of the objective lens, larger than the pupil of the eye (diameter d), 

increases the brightness of the observed object, due to its larger collecting area. If 

a star seen by the naked eye has a brightness (total energy collected per unit 

time), then if viewed through a telescope it will appear to have brightness Bt given

by [2]:

Bt = ~^Be ( 1.2)

The telescope therefore increases the (angular) size and the brightness of the ob­

served object, with respect to the human eye. The use of refracting telescopes 

revolutionized observational astronomy and several large refractors are still in use 

today.

Most modern telescopes are, however, reflectors: they focus light trough reflections 

from mirrors with a conic surface. A conic curve (paraboloid or hyperboloid) has 

a pair of conjugated points along its axis, which represent the foci of the mirror, 

so that a point source placed at one of these points is re-imaged at the other by 

reflection in the mirror. In a paraboloid one of the two foci is at infinity (where 

stars are), so a parabolic mirror transforms an incoming plane-parallel wavefront 

into a spherical wavefront converging to a point. This explains why primary mirrors 

of reflecting telescopes are mostly paraboloids. Reflectors are usually preferred to 

refractors for several reasons. Mirrors are easier to build than lenses in large sizes 

and less expensive. Lenses suffer from light losses, due to the air-glass interfaces, 

and from chromatic aberrations, that is light of different wavelengths is focused in 

a slightly different position. Refractors have also mechanical drawbacks which limit 

their size. Because the objective can be supported only around its edge, large lenses 

tend to bend in the centre, distorting the image. Refractors also tend to be very 

long, which complicates the support system and increases the dome size.
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1.2.1 Angular R esolution  and Seeing

The plane-parallel wavefront from a distant point source is diffracted by the circular 

aperture of the telescope. As a result, the image at the telescope focus is not a 

point, but a circular diffraction pattern with a central bright spot containing 84% 

of the light (the Airy disc) and the rest in concentric rings. The first minimum of 

the diffraction pattern corresponds to an angle of incidence ag given by [3]:

^  (1.3)

In the equation A is the wavelength of the incident radiation, while the factor 1.22 

arises because the aperture is circular. The size of the Airy disc puts a limit on 

the theoretical angular resolution of the telescope: two point sources can only be 

resolved if their Airy discs are sufficiently separated to be seen as distinct. On the 

basis of Rayleigh’s criterion this happens when the central maximum of one lies on 

the first minimum of the other. When the angular resolution of a telescope, at a 

given wavelength, is determined by the radius of the Airy disc, it is said “diffraction- 

limited” .

For modern large telescopes, however, angular resolution is almost always limited 

by seeing. Seeing is the term used to describe the broadening of stellar images by 

atmospheric turbulence. As the light from an extraterrestrial source passes through 

different layers in the atmosphere, a small fraction of it is refracted, thus broadening 

the apparent angular size of the source. It is possible to define a seeing disc as 

the angular size of this broadened stellar image. For a point source, the angular 

distribution of light intensity is called seeing profile. To a first approximation, the 

seeing profile S(^) is a Gaussian curve of the form:

E(<9) =  To exp (1.4)

The diameter of the seeing disc ols can then be defined as the full width at half 

maximum (FWHM) of the Gaussian distribution, obtaining:

CKg =  2 \/ln2a (1.5)

For 4m and 8m class telescopes the seeing disc is much larger than the Airy disc 

at all but the longest wavelengths (several fim). As an example, for an 8-metre
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a) Prime Focus b) Cassegrain Focus

c) Nasmyth Focus d) Gregorian Focus

Figure 1.2: Different types of reflecting telescopes and their focal points: a) Prime 

focus - used mainly for imaging over wide fields, b) Cassegrain focus - the secondary 

mirror is an hyperboloid, the focus is below the primary mirror, c) Nasmyth focus - 

practically a “bent” Cassegrain. d) Gregorian focus - the secondary is an ellipsoid.

telescope and a seeing disc =  larc^ec, we have as = 2ad for A =  16/zm. The 

typical size of the seeing disc at a telescope site is very important, particularly for 

spectroscopic observations, because it is linked to the slit width of a spectrograph 

and ultimately to the instrument resolution. Typical values for a good seeing are 

ag = larcsec, although some of the best sites in the world experience seeing of 

O.barcsec or less. On Mauna Kea, Hawaii island, a seeing of 0.25arcsec is observed 

10% of the time [4].

1.2.2 R eflecting Telescopes

I mentioned earlier that the main component for a modern reflecting telescope is a 

parabolic or hyperbolic primary mirror. Telescopes usually differ from each other 

in how the focussed light reflected by the primary is collected. The focal point 

of the primary mirror is called prime focus and it is the one with the least light 

losses (see fig 1.2). It is commonly used for imaging of very faint objects. In smaller 

telescopes the prime focus is sometimes bent at 90° with a flat mirror and it is called
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Newtonian focus. This arrangement is however impractical for large telescopes, due 

to mechanical unbalance in this asymmetric configuration. The commonest focus 

on large telescopes is the Cassegrain, because in this case the focal plane, right 

below the primary mirror, is in a convenient place for attaching instruments. In this 

configuration, the converging beam from the primary is reflected by a hyperbolic 

secondary mirror. The secondary folds the beam back and focuses it, through a hole 

in the primary, behind the mirror itself. The secondary is also used to change the 

focal length of the telescope: if h is the separation between primary and secondary 

and Fpri and Fsec the focal lengths, then the combined focal length is given by [5]:

' '  (1.6)f p  TP • JP  . Pcas prt sec sec

In some telescopes the beam reflected by the secondary is bent at 90° with a flat 

mirror to converge to a point on the side of the primary, called the Nasmyth focus. 

Usually two platforms, at each side of the primary mirror are used for telescope 

instrumentation at the Nasmyth foci. The Nasmyth focus has the disadvantage, 

with respect to Cassegrain, of one extra folding flat, which reduces throughput and 

disrupts polarization. Nonetheless, Nasmyth foci are frequently used, often together 

with a Cassegrain focus. Finally, the Gregorian telescope is a setup similar to the 

Cassegrain, where the secondary hyperboloid is substituted by an ellipsoid. This 

configuration implies a longer telescope length than in the Cassegrain, which is 

therefore usually preferred.

The telescope mounting is also an important element in the characteristics of refrac­

tors. The telescope mounting can be equatorial or altazimuthal; figure 1.3 shows the 

difference between the two. Until recently most large telescopes had an equatorial 

mounting. In this configuration one of the two axes about which the telescope is 

driven is set parallel to the axis of the Earth’s rotation and is called the polar axis. 

The second axis, the declination axis, is set at 90° to the first. This mounting is 

ideally suited to follow the motion of stars on the sky because, once the object’s 

declination is chosen, a single rotation is used to track the star. This was the main 

reason for preferring equatorial mounting in the past. A single rotation at constant 

speed is enough to follow the star in the sky, greatly simplifying the telescope con­

trol system. The main drawback is that for a large telescope the mount structure 

becomes huge, with most of the telescope mass hanging from the base at an angle
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Earth’s Axis

Alt-Azimuth Equatorial

Figure 1.3: Equatorial and altazim uthal mounting for telescopes. In the equatorial 

mounting one axis is parallel to the rotation axis of the Earth and the other at a 

right angle with respect to it. In the altazim uth mounting the axes of rotation are 

vertical and horizontal (with respect to the ground).

(see fig 1.3); this in turn  requires a large dome to contain it.

The altazim uthal mounting is much more compact and is recently becoming the 

preferred choice of mounting for large telescopes. In an altazim uthal telescope the 

two axes of rotation are simply vertical and horizontal. As a consequence, tracking 

a star requires a complicated combination of the two rotations, and the speed of 

rotation needs to vary, too. This discouraged astronomers in the past, but with the 

development of computers, combined with sophisticated guiding techniques this is 

not an issue anymore. The altazim uthal mounting has the advantage of compactness 

and robustness, greatly improving the mechanical stability, and it is practically the 

only option for 8-metre class telescopes. Indeed, the development of altazim uthal 

m ounting and computer-controlled pointing and guiding of the telescope (pioneered 

at the Russian 6 m telescope) has been a necessary prelude to this new generation 

of optical telescopes.
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1.2.3 M od em  Telescopes

For many years, and until relatively recently, the 5-metre telescope of the Palomar 

Observatory has been the largest telescope in service in the world [6]. The 6-metre 

russian telescope has had great problems with the setting of the large primary mir­

ror and its overall performance did not match that of smaller telescopes [7]. One 

of the reasons for this was that 5-6 metres diameter was close to the limit to which 

a mirror could be figured and polished with sufficient accuracy. Moreover, for the 

mirror to keep the correct shape, it had to be thick and extremely heavy. The pri­

mary mirror for the 6 m Russian telescope, for example, is 65cm thick and weights 

42 tons. In addition to that, I have already mentioned that altazimuthal mounting 

was not a feasible option because of the problem in tracking a star. The combina­

tion of equatorial mounting with a thick solid mirror blank of large diameter made 

the engineering of large telescope structures extremely difficult. However, several 

technical and scientific improvements have allowed in recent years the diameter of 

the largest telescopes to increase by a factor two.

The first step was the adoption of altazimuthal mounting and computer-controlled 

telescope guiding which I mentioned earlier. Then there was the need to reduce the 

mass of the telescope primary mirror while maintaining high surface accuracy, both 

in terms of mechanical stiffness and stability in presence of temperature changes. 

Three independent strategies for building telescope mirrors in the 8-metre range 

have been developed:

• Hollow honeycomb mirrors

• Thin meniscus monolithic mirrors

• Segmented mirrors

Each one of these approaches has been a result of improvements both in the mechan­

ical support and in the mirror manufacture and polishing. The different types of 

telescope primary mirrors are shown schematically in figure 1.4. Each of these strate­

gies has advantages and shortcomings and in fact, all of them have been adopted 

for at least one major telescope project. I will briefly examine these three different 

strategies.
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a) b) c)

Figure 1.4: Different types of primary mirrors for modern telescopes: a) hollow 

honeycomb borosilicate mirror, b) thin meniscus, c) segmented mirror. The dia­

grams are only a schematic representation and they are not to scale. The segmented 

primary for the Keck telescope has 36 segments, for example.

Hollow honeycom b mirrors. The idea of producing a lightweight mirror by in­

troducing holes in the mirror blank is not new. The challenge however, is how to put 

this idea into practice for an 8 metre primary mirror. Recently, techniques where a 

single solid blank is made out of many small hollow components, arranged in a hon­

eycomb structure have allowed the casting of large lightweight honeycomb mirrors 

[8]. Such a structure has the advantage of low mass and good mechanical stiffness. 

However, because the borosilicate glass used in manufacturing has a relatively high 

thermal expansion coefficient, the mirror temperature needs to be controlled to an 

accuracy of around 0.1° [7]. This is achieved through a sophisticated control system 

which detects the mirror temperature in several locations and blows air at a suit­

able temperature into the mirror cavities. A honeycomb borosilicate mirror was the 

choice of Multiple Mirror Telescope (MMT) conversion and of the Magellan project 

[8, 9],

Thin m onolithic mirrors. An alternative way of reducing the weight of the 

primary mirror is to reduce its thickness. By reducing the mirror thickness, its 

mechanical stiffness is also decreased, so thin primary mirrors have to rely on a 

complex active support system, with actuators and position sensors that guarantee 

the accuracy of the mirror surface is maintained. An active support for a telescope
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mirror normally consists in a large number (tens if not hundreds) of actuators on 

the mirror back surface, which are controlled by a computer so that the mirror 

adapts to the different telescope positions (with respect to gravity) to keep the sur­

face in the correct shape. Until the development of computers which could handle 

a large amount of data in a relatively short time, this type of support system was 

not feasible. Moreover, sensor and actuator technology has improved considerably 

in recent years and at the same time several new glasses with high rigidity and low 

thermal expansion have been developed, which together with better polishing tech­

niques, have produced larger, thinner mirrors of high optical quality [10]. The low 

thermal expansion of the mirror is very important, to avoid introducing additional 

distortions and stresses in the blank (apart from the active distortions that keep 

the correct mirror shape). Several 8-metre telescopes, like the two Gemini, the ESO 

Very Large Telescope (VLT) and the Subaru [11, 12, 13], have adopted the thin 

meniscus concept.

S egm en ted  m irro rs . A segmented primary mirror is a mosaic of several smaller 

mirrors which are elements of the same optical surface. The segments are supported 

by the same mechanical structure and by an active support system. Obviously 

the position of each segment needs to be accurately measured and controlled to 

keep the shape of the entire primary mirror to optical quality accuracy. This was 

the strategy adopted by the 10-metre Keck telescope [14]. The primary mirror 

of the Keck telescope is a mosaic of 36 hexagonal segments, which positions are 

controlled by three actuators each. An active control system, including several 

sensors which measure the relative displacement of adjacent segments, keeps the 

surface of the composite mirror in the correct shape. Again, the development of 

computers and of very accurate position sensors has been the foundation for large 

segmented primary mirrors. Here too, improvements in mirror manufacturing were 

needed: for a parabolic telescope, each segment is a relatively large non axially 

symmetric aspheric mirror, so new polishing techniques of large aspheric surfaces 

had to be developed [7].

Ultimately, each of the above strategies relies critically on innovative support sys­

tems and the advent of active optics. Active mirror supports and active and adaptive 

optics are described in more detail in the next chapter.
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1.3 S p ectroscop y  and S p ectra l A n alysers

Spectroscopy is the fundamental diagnostic tool in astrophysics, the basis for new 

discoveries and for confirmation of theoretical models. In this section and the next 

I will briefly overview the principles of spectroscopy an the relative instrumenta­

tion. The radiation from a source is characterized by its specific intensity I{iy) at 

a frequency i/; the spectrum of the source is given by the frequency dépendance of 

I(i'). There is usually a distinction between a continuous spectrum, where I{i/) 

varies slowly with i/, and emission or absorption spectra, which are characterized 

by spectral lines (where I{i/) varies strongly in a narrow spectral interval). In prac­

tice, when measuring the spectrum 7o(i/) of any source, the instrument profile of the 

spectrograph P(i') needs to be considered as well. The measured spectrum I{u) will 

be a convolution of these two functions:
fCX>

I{u) = / P(i/ -  v')Io(i'')du' (1.7)
Jo

The instrument can therefore contribute to broaden a spectral line. If the instrument 

profile is known, the original spectrum can be recovered by a deconvolution. In 

most cases the instrument profile is much narrower than the observed line and its 

contribution is negligible, so that the deconvolution is not necessary.

1.3.1 Spectral R esolution and D ispersion

The function of a spectral analyser is to measure the spectrum of a light source, 

or the quantity In the optical fraction of the spectrum, this is achieved by

dispersing the light through refraction or diffraction/interference, that is by using 

prisms, gratings or interferometers. I will concentrate on the first two dispersing 

elements, since they are relevant to astronomical optical spectrographs. The first 

parameter that characterizes a spectral analyzer is its angular dispersion. If rays 

of wavelengths A and A +  dA emerge from the disperser at angles d and d -f dd 

respectively, the angular dispersion is defined as:

Together with the angular dispersion, one of the main parameters characterising 

a disperser, is its resolution. The resolution 7  ̂ is a measure of the ability of the
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instrument to separate two distinct lines close in wavelength. If dXm is the minimum 

wavelength separation, then the resolution is defined as:

Since dispersers are normally used with collimated (parallel) light, we can apply 

Fraunhofer’s theory of diffraction to the light hitting the disperser. A monochro­

matic parallel beam passing through an aperture of linear dimension 2s, is diffracted 

by the aperture. This means that, if a screen is placed after the aperture, a pat­

tern of bright and dark areas is produced on the screen. The diffraction pattern, in 

this simple case of a linear (rectangular) aperture, has a characteristic shape. If we 

consider just one dimension, the intensity in the diffraction pattern is given by:

Where k = 2ttIX and ps is the optical path difference between a ray from the centre 

of the aperture and one emerging at the end. The function of equation 1.10 is shown 

in fig. 1.5. The diffraction pattern shows a maximum in the in the center and the 

first minimum for kps =  tt. If B =  2s is the size of the disperser, the first minimum 

of the diffraction pattern would occur at an angle:

= \ / B  (1.11)

Applying Rayleigh’s criterion of resolution, two wavelengths separated by dXm can 

be resolved when the maximum of the diffraction pattern of one wavelength coincides 

with the first minimum of the other. Given the angular dispersion A  of the spectral 

analyzer, we have:

dT̂ m =  ^  (1-12)

We can therefore derive the relation between resolution and angular dispersion in 

an ideal, diffraction limited disperser as:

Resolution gives also a measure of the accuracy with which it is possible to measure 

a line profile. If the quantity dXm is much smaller than the line width AA, then 

the profile will be well resolved. Otherwise the instrument profile will contribute 

significantly to the line shape. At high resolution, with say IZ = 50000, we have 

dXm = 0.1 A for A = 5000A, so all but the narrowest lines are quite well resolved.

31



0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

8-10 8 6 •4 2 0 2 4 6 10
X = kps

Figure 1.5: Fraunhofer diffraction from a rectangular aperture. The graph shows 

the intensity function in one dimension. The function has m inim a for x =  utt and 

the principal maximum for x =  0.

1.3.2 Prism Disperser

A prism of glass or other transm itting material has the property of dispersing the 

light because the refractive index n of the m aterial is a function of the wavelength: 

n =  n(A). W hen the prism is illuminated with light of different wavelengths, each 

one of them  is refracted at a slightly different angle, according to the Snell law of 

refraction. If i and r are the incident and refracted angles at the interface between 

air and glass, then:
sm I
sm r = "(A) (1.14)

Therefore, the angle of deviation e of a beam hitting the prism also depends on the 

wavelength. The optical setup for a dispersing prism is illustrated in fig. 1.6. If the 

beam has a diam eter B  and fills a prism with a base e, the angular dispersion of the 

prism Ap is given by [18]:

The resolution is immediately derived from equation 1.13 as:
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e

Figure 1.6: Optical diagram of a prism operating at minimum deviation angle. 

In this condition the passage of the rays through the prism is symmetrical. The 

deviation angle e is defined with respect to the incoming direction. The prism base 

e is determined by the beam size B  so that if the latter is reduced, e also decreases.

Usually the index of refraction n depends on the wavelength in a way that can only 

be approximated from experimental measurements. For a prism made of fused silica 

at A =  4000A, dn /d \  = llOOcm"^ [19]. So, if the prism has a base e =  10cm, the 

(diffraction-limited) resolution would be 7  ̂=  11000.

1.3.3 G rating Disperser

A diffraction grating consists of a large number of very close, equally spaced grooves 

ruled on a plane or concave surface. The grating can be used in transmission or in 

reflection, at low (usually first) interference order or at high orders (in which case it 

is called echelle). The optical setup for a reflection grating is shown in fig. 1.7. The 

interference arises because there is a phase difference between the rays emerging 

from two successive grating grooves. The phase difference is determined by the 

difference in the optical path of the two rays, namely E C  — AD  in the figure. The 

order of interference m, the wavelength A, the groove spacing a, and the incident
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Figure 1.7: Schematic optical diagram of a reflection grating. The grating shown is 

of the blazed type, which is the most common. For a non-blazed grating, a represents 

the groove spacing. The angles of incidence and reflection are connected through the 

grating equation. The optical path difference for rays emerging from two successive 

grooves is given by B C  — AD  and it is shown enlarged in the flgure.

and reflected angles are then connected through the grating equation:

mX =  a(sin +  sin %9r) (1.17)

Physically, the order of interference is determined by the number of wavelengths that 

can fit into the path difference of rays coming from successive grooves. This explains 

the distinction between gratings and echelles: the echelle has a much coarser ruling, 

so visible wavelengths are accommodated into high orders of interference (m ~  20 

to m 100 typically). For a first order grating, only one wavelength can fit in 

the path difference and m =  1. The intensity profile of the light emerging from 

the grating is essentially the product of the combined interference of N  apertures, 

which has a maximum (constructive interference) whenever eq. 1.17 is satisfied, and 

the diffraction from a single aperture (a single groove of the grating). The intensity 

function of the light dispersed by the grating, if s is the width of each groove and a 

the groove spacing, can then be written as:

2/s ina :\ ( sin. Ny
smy

( 1.18)
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Where:

a: =  —  (sini^i +  sinï?r) (1.19)

y — ^ ( s i n i ? i  +  sini^r) (1.20)

The angular dispersion of the grating can be derived by differentiating the grating 

equation, to obtain:

4  =  §  =  (1.21)
gA a cos V r

The resolution of the grating can be calculated from eq. 1.13 and the expression for 

the angular dispersion, remembering that the beam (aperture) size is related to the 

grating length L h y  B  = L cos‘dr, so that [20]:

= ^  (1.22)
a cos i7r a

Since the ratio L/a  = N  is the number of grooves in the grating, we have:

7  ̂=  m N  (1.23)

Using the grating equation, the above relation can also be rewritten as:

= y(sin  di +  sin dr) (1.24)

The last expression is usually preferred, because it shows the linear dépendance 

on the size of the grating L. A typical grating with L =  100mm and having 

1000/mes/mm and working in the first order (m =  1) at a given wavelength, would 

therefore have a theoretical resolution oi % = 100000. An echelle working at the 

same wavelength with, say, a ruling of 50/mes/mm, would operate at m ~  60. If 

the ruled surface were the same, the echelle would have a resolution 7  ̂ =  300000, 

much higher than the grating.

Another important grating parameter is the free spectral range, which is the range of 

wavelengths for which overlapping from adjacent orders does not occur. Free spectral 

range for the order m can be calculated directly from the definition, calculating the 

wavelength interval AA for which the interference order is increased by one. This 

implies imposing that m(A +  AA) =  (m + 1)A, obtaining:

AApg'B =  A/m (1.25)
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The angular size of the free spectral range can also be determined from the angular 

dispersion as:

=  -jr-^^FSR — ------- ^  (1.26)dX a cos Vr
The angular FSR is important in the design of spectrographs, because it is related 

to the size of the optics and of the detector in the instrument.

1.3.4 B lazed Grating

The distribution of the light among the various orders depends on the shape of the 

individual grooves. Blazing is a technique that produces grooves with flat smooth 

faces, inclined to the surface by an angle the blaze angle. Blazing is used to 

concentrate the diffracted light from the grating in some chosen angle. It is easy to 

demonstrate that, at the blaze peak, the blaze angle is related to the incident and 

reflected angles by [21]:

(1.27)

So if we define an angle d as:

^ (1.28)

We can rewrite the grating equation:

mAg =  2u sin cos (1.29)

A typical high resolution astronomical grating working in the blue (similar to the 

R1200B in the ISIS spectrograph), will have a = l/1200mm and, if working with 

m =  1, ~  15° and 0 to obtain a blaze wavelength Ag =  4300A. An echelle

instead, like the one proposed for High Resolution Optical Spectrograph for the 

Gemini telescope, will have a =  1/lOOmm and ds  = 63.4°. Again d is very small, 

but the echelle works at higher orders, so in order m =  42 we have Ag =  4260A. A 

blazed grating or echelle working with z? =  0 is said to be in Littrow mode.

1.4 A stron om ica l G rating S pectrographs

The great majority of astronomical spectrographs are grating or echelle spectro­

graphs (depending on the required resolution). Although the dispersing element is
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Figure 1.8: Schematic diagram of a grating spectrograph. The collimator has to 

m atch the focal ratio of the telescope ( / ) .  The slit is in the focal plane of the colli­

m ator, while the detector is in the focal plane of the camera. In a real spectrograph 

the cam era has more optical components than the single lens shown in the diagram.

the most im portant component in the spectrograph, its properties depend on the 

overall design and even on the characteristics of the telescope tha t feeds the instru­

ment. In particular, the effective resolution of the spectrograph can be significantly 

less than the theoretical resolution of the disperser because spectrographs operate 

far away from the diffraction limit. A schematic diagram of a typical grating spec­

trograph can be seen in fig. 1.8. The spectrograph has an input slit, which lies in 

the focal plane of the collimator. The collimator directs a parallel beam onto the 

disperser and the spectrum  thus produced is collected by a cam era and focused on 

a detector.

1.4.1 Spectrograph Characteristics

The choice of most of the param eters in a spectrograph is not free, but depends 

on few constants, which are usually the telescope diam eter and focal ratio, the 

effective spectral resolution, the simultaneous spectral coverage on the detector and 

the detector characteristics (size and resolution element). The telescope provides 

the focal ratio /  of the beam entering the spectrograph, and the focal ratio of the
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collimator must match this. Moreover, the collimated beam, which hits the grating 

at an angle must fill the disperser (of length L), so the collimator (and beam) 

size B, is determined by:

B  = Lcos'âi (1.30)

Therefore, the collimator focal length is also set:

Fcoi = f  Lcos'âi (1.31)

In the equations above, the free parameter is the grating length, which has to be 

chosen on the basis of the required spectral resolution. For an echelle spectrograph 

the camera focal length can be determined by choosing at which wavelength Xd the 

free spectral length of the dispersed spectrum should fill the detector (of linear size 

xd )̂  The ratio xojFcam of the detector size and camera focal length needs to equal

the angular size of the free spectral range Ai?f5 h(Ad )5 s o  that [a is the ruling of the

echelle) :

(1.32)
Ad

For a grating spectrograph other issues, like the need to account for interchangeable 

gratings may determine the camera focal length. When the collimator and camera 

focal lengths are chosen, the linear scale between the slit plane {'w along slit width, 

I along slit length) and the detector plane (x spectral direction, y spatial direction) 

is determined by:

l = y y ^  (1.34)
cam

In the dispersion direction (a:), the additional factor with the cosines of incident 

and reflected rays is called a'na'morphism of the grating and it is a consequence of 

the dispersing properties of the grating. Equation 1.33 can be used to determine 

the minimum slit width. In fact, the detector will have a small, but finite detecting 

element size. For a charge-coupled device (CCD) or a photomultiplier, this is the 

pixel size, for a photographic emulsion is the grain size. For good sampling of the 

slit image on the detector, at least two of such elements need to be illuminated. If 

we indicate with p the size of the detecting element (pixel), the minimum slit width 

w is given by:

“  =  ( 1.35)
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The detector pixel size also determines the effective spectral resolution achievable 

with the spectrograph. Normally, two wavelengths will not be considered to be

resolved if they project onto less than 2 pixels on the detector. This happens because

two is considered to be minimum numbers of pixels necessary to sample a spectral 

line properly. The corresponding wavelength interval can be determined by imposing 

that the angular dispersion of this interval equals the angular size of the detector 

resolution element, that is:

^ A A ,n  =  (1.36)
^  cam

Using equation 1.21 we obtain:

A A . =  (1.37)
F c a m  ^

And by definition of spectral resolution:

2p a cos "d

Substituting the above equation into eq. 1.35 we obtain:

-  (1.38)

Or, using the grating equation:

w =  -^^(sin?9; +  sini9r) (1.40)
Keff

We can see that, since /  and T^e// &re normally fixed, the minimum slit width de­

pends essentially on the grating length L. To improve the spectrograph throughput 

this should be as large as possible, which implies large grating (or echelle) size. The 

above equation also shows that, at fixed T, widening the slit reduces the effective 

resolution of the instrument.

1.4.2 Spectrographs and Telescopes

The combined effect of the spectrograph and the telescope can be expressed by 

projecting the slit on the sky w, that is by calculating the angle under which the 

slit is seen through the telescope optics:

^  =  £  =  ^  (1.41)
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Where D is the telescope diameter. The projected slit width needs to be significantly 

smaller than the seeing disc so that the spectral lines on the detector are true 

images of the slit. When seeing and projected slit width are comparable in size, the 

image of the slit on the spectrograph detector is a product of the instrument and 

seeing profiles. From the astronomical point of view, the projected slit width is the 

one with more physical meaning. We can therefore rewrite eq. 1.40 as:

w =  —— (sin +  sin 'dr) (1.42)
JJ/leff

The above equation gives us a scale factor for telescopes and spectrographs. Since 

the projected slit width is limited by seeing on one side (there is no advantage in 

having a slit wider than the seeing disc) and by throughput considerations on the 

other (narrower slits have less throughput), it cannot vary much. Therefore, the 

above equation shows that, for a given spectral resolution, the grating size and 

often the whole spectrograph with it scales linearly with the telescope diameter. 

This is one of the major challenges that the new generation of 8-metre telescopes 

poses to instrumentalists: to be able to construct larger and larger spectrographs,

while retaining the same imaging and stability performance of the smaller ones. The

equation for the projected slit width on the sky can also be written in terms of the 

angular dispersion, by using the grating equation:

^  =  (1.43)

Since the projected slit on the sky is usually a parameter determined by the science 

requirements, the relation above gives us an alternative expression for the instrument 

resolution:

(1.44)

In astronomical spectrographs it is common to project on the sky not just the slit, 

but linear dimensions on the detector. The relation can be derived by combining 

equation 1.41 with equation 1.33 to obtain:

By using the expression for the collimator focal length in eq. 1.31, the above expres­

sion simplifies to:

( « )^  cam^
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Since the aperture of the camera must be able to cover the beam leaving the grating, 

we can consider that Dcam = Lcosdr^ so that we can introduce the camera focal 

ratio /cam =  F c a m lD c a m  to obtain simply [23]:

5 ( 1.47)
Jcam^

The above equation shows that if a given angle on the sky is to project on the same 

length on the detector, the product fcamD is to remain constant. This implies that 

larger telescopes (larger D), will need faster cameras (smaller focal ratios). This 

is also a challenge in designing spectrographs for large telescopes because faster 

cameras are more difficult to build and design.
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C hapter 2 

Spectrograph Flexure and A ctive  

O ptics

2.1 S tab ility  o f  C assegrain  S pectrograp h s

An important problem that afflicts large astronomical instruments mounted at 

Cassegrain foci of modern telescopes is structural flexure. This happens because 

a Cassegrain instrument is placed right behind the primary mirror of the telescope 

(figure 2.1). Therefore while the telescope is tracking a star, the instrument and its 

supporting structure flex under their own weight, the optical alignment is disrupted 

and the image shifts on the detector. In the case of a spectrograph the problem is 

potentially serious because these spectrum shifts on the detector can significantly 

degrade the quality of the data. The issue is becoming more critical as telescopes, 

and spectrographs, grow in size and mass. As seen in the previous section, larger 

telescopes require larger spectrographs, but the gravitational bending of a structural 

beam of length L  is proportional to [24] and flexure in a spectrograph can be 

expected to follow a similar scaling law. Therefore if the telescope diameter doubles 

and the spectrograph is simply rescaled, flexure could be expected to be 8 times 

worse. Moreover, the telescopes currently being built are in sites with exceptionally 

good seeing conditions which usually translates into even tighter specification for 

image stability. Cassegrain instrumentation for the new generation of telescopes 

will have to find innovative ways of solving this issue.
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Figure 2.1: Spectrograph at the Cassegrain focus of a telescope. The instrum ent 

is placed behind the primary m irror and it is connected to the telescope structure 

through a turntable. This diagram is based on the ISIS spectrograph at the W illiam 

Herschel Telescope, but it is typical of all Cassegrain instrum entation.

As a telescope tracks, a Cassegrain spectrograph is subject (in its local coordinate 

frame) to a varying gravity vector. In the case of an altazim uthal mounting, this 

results from the combination of altitude motion and Cassegrain turn tab le rotation. 

The spectrograph will also be subject to second-order effects due to the varying 

accelerations of all three telescope motions, which add small vector components to 

pure gravity. The spectrograph structure will therefore hex and deform, displacing 

the spectrum  in the camera focal plane. This structural bending is mostly elastic and 

so it is essentially dependent on the orientation in space of the spectrograph. How­

ever, in the instrum ent there will be also non-elastic deformations which generate 

hysteresis in spectrum  drifts. Hysteresis in the structure can result from a variety of 

causes, from microscopic motions and rubbing within bolted joints, through defects
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in the crystal structure of the structural material, to the build up and release of 

stresses within it. Also, some internal components may suddenly move as the sign 

of the gravity vector in the component frame of reference reverses. For example, 

this may occur as the plane of a mirror surface passes through the zenith and the 

mirror “flips” in its mount, or a bearing-mounted mechanism may rock from one 

side to the other due to bearing play. Clamping moveable components can stress 

parts of a mechanism or structure, and the stresses can suddenly and unpredictably 

be relieved as the local gravity vector changes.

The combination of all the nonlinear processes has the effect that the current image 

position on the detector, depends not only on the instrument orientation in space, 

but on the recent history as well. ‘History’ includes the direction, speed of motion 

and acceleration to which the instrument was subject in reaching a certain position 

and also includes temperature changes. In general, these linear and nonlinear effects 

contrive to produce some or all of the following: a secular (smooth) image motion 

on the detector, modulated by higher frequency “wobbles” and occasional sudden 

“jumps”. The combination of all these effects is commonly identified under the 

general name of flexure (rather than limiting it to the pure gravitational bending).

2.1.1 Flexure and Spectrograph Instrum ent Profile

There are several factors that may contribute to change the shape and width of the 

instrument profile of a spectrograph. I will not consider the effect of atmospheric 

seeing at this stage, assuming a uniformly illuminated slit. I will also assume to 

observe an unresolved spectral line, whose intrinsic width (when calculated in mi­

crons on the detector) is much smaller than the projected slit width. In this case 

the theoretical slit profile on the detector w{x) is a rectangular step, with a width 

determined by the spectrograph resolution. The effective slit profile on the detector 

w(a:) however, is not exactly a rectangular step and will in general depend on:

• Theoretical slit profile w{x)

• Optical aberration function a{x)

• Flexure shifts A x /
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• Diffraction

• Internal seeing

In practice the last two items are usually negligible in a spectrograph, but flex­

ure and optical aberrations contribute significantly. In fact, the diffraction by the 

spectrograph optics will depend on the size B  of the parallel beam illuminating the 

grating, producing a diffraction spread of the order of =  X/B.  The angular reso­

lution of the spectrograph camera is instead determined by =  2p/Fcom (2p is the 

projected slit width on the detector), which is usually much larger than the diffrac­

tion angle. Internal seeing is produced by air turbulence within the spectrograph 

and it is usually relevant only for relatively large temperature changes.

To calculate the effect of flexure on the theoretical slit profile i^(a:), we will assume 

that flexure will shift the spectrum always in the same direction and at a constant 

rate %. The unperturbed slit profile will be a rectangular step of width 2s, as shown 

in fig. 2.2. The mathematical expression for that profile is (in the equation sgn is 

the sign function, which has a value H-l when its argument is positive and —1 when 

it is negative):

w{x) = - [ s g n { x s )  -  sgn(x -  s)] (2.1)

Due to flexure, the projected slit position on the detector will be shifted while the 

detector accumulates photons during the exposure. Thus at a time t, the photons 

will hit the area of the detector with ordinate x, such that:

—  (2 .2)

A the same time, the intensity also increases: I  = lot. We can therefore write the 

time-dependent (instantaneous) slit profile as:

t(;(z, 0  =  ^  [sgn(a: s -  xt)  -  sgn(a; -  s -  xOl (2.3)

The resulting slit profile, as recorded by the detector is obtained by integrating the 

above expression over t:

^(a?) =  ^ ^  w{x,t)dt  (2.4)

The time of integration T  is arbitrary and we can take T =  1. The total flexure shift 

during the exposure will be given by 0  =  %T. We can also normalize the intensity
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Figure 2.2: Convolution of the theoretical projected slit profile with several constant- 

rate flexure shifts. The projected slit width is 45/n?r, the convoluted function has 

still the same FWHM as long as 0 < idfim.

to 1, so tha t the above integral becomes:

w(z) =  — s — 0 |  — — 0 |  +  |x  +  s |  — [a: — s i )  (2.5)

The above function is shown for different values of 0  in fig 2.2. The figure shows th a t 

as long as 0  <  2s, both the peak and the FWHM of the profile is still unchanged. 

The profile as a whole is however changed in shape and its centre is shifted. The 

centre of the projected slit can be calculated to be shifted by:

0A x f  = — (2 .6 )

We can therefore see tha t, except for shifts larger than A x j  ~  20//m flexure has a 

small im pact on resolution, but it changes the absolute wavelength calibration of 

the spectrum . W hen optical aberrations are taken into account, we obtain a similar 

result, although the critical level of flexure is somewhat smaller. I will examine the 

im plications of this result in section 2.5
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2.1.2 Atm ospheric Seeing, Flexure and R esolution

I mentioned earlier that when the size of the seeing disc becomes comparable with 

the projected slit w, the instrument profile is affected. When this happens, the slit 

is not uniformly illuminated anymore and the theoretical slit profile (without optical 

aberrations) is not a simple rectangular box. Algebraically, the slit profile w{x) can 

be written as the product of the theoretical one (equation 2.1) and the seeing profile, 

that is:

w{x) = /^exp ^—4 In 2— ^ [sgn(a; + s) — sgn{x — s)] (2.7)

In the case of ISIS, the William Herschel Telescope has D = 4.2m and a / / I I  

focal ratio. Therefore, according to equation 1.41, a slit w = 150/xm wide would 

project to Û; =  0.67arcsec on the sky. This value needs to be compared with typical 

seeing at the site: sometimes the seeing disc in La Palma can be smaller than 

as = O.larcsec even if the mean value is around l.Ourcsec [25]. The above values 

are comparable with the projected slit width, so we cannot ignore the effect of seeing 

on the instrument profile.

In principle a small seeing disc has a beneficial effect on the astronomical observation. 

Equation 2.7 shows that the main effect of a small seeing disc is to reduce the width 

of the instrument profile without reducing the energy throughput. For object of same 

brightness, the energy throughput is actually increased, as figure 2.3 shows. Most 

of the energy from the star is concentrated in an area smaller than the one covered 

by the slit, so throughput is maximized. This in turn increases the spectrograph 

resolution, which is defined in terms of the width of the instrument profile. In 

practice however, this small gain is nullified by a reduced sampling accuracy on the 

detector.

A very good seeing can, however, have also an indirect detrimental effect on the 

spectral stability. Since in this case the slit and the seeing profile are closely matched 

in size, it is extremely important that their relative position does not change during 

the exposure. When the seeing disc is much larger than the slit, any small shift 

of this disc would have very little impact on the slit illumination, which can still 

considered uniform. In good seeing conditions instead, a small shift of the seeing 

disc would change the illumination of the slit, thereby shifting the spectrum on the 

detector. To a first approximation, the (angular) shift required to produce a shift
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Figure 2.3: Effect of different seeing conditions on the instrum ent profile. The 

observed object is assumed to have the same brightness in the three curves. The 

profile corresponding to 0.25arcsec seeing has a higher intensity because most of the 

light goes through the slit. A seeing disc l.Oarcsec wide produces a profile close to 

the one expected for uniform illumination of the slit. The slit is assumed to project 

onto Q.6arcsec on the sky and 45//m on the detector.

X  on the detector is given by equation 1.47. In the case of ISIS, with a cam era 

focal ratio /  ~  3, a shift x =  l//m  on the detector is produced by a shift of only

0.02arcsec of the seeing disc.

The stability in the position of the seeing disc is determ ined by the guiding accuracy 

of the telescope and it is very im portant for the stability of the spectrum  on the 

detector. Guiding accuracy, being a telescope pointing issue, is independent from 

the spectrograph stability and should be separated from the internal flexure in the 

spectrograph. It is necessary to be aware, however, tha t high guiding accuracy is 

of param ount im portance for the image stability, and it is a basic assum ption of 

the work in this thesis. High guiding accuracy in modern telescopes is normally 

achieved by using a star near to observed object as a reference for the telescope 

pointing. W ith this technique, the stability of the example above is not difficult to
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achieve. If, say, the reference star produces a seeing disc as = O.barcsec in diameter, 

the stability required (0.02arc5ec) is l/25 th  of the seeing disc size.

2.1.3 Spectrographs for Large Telescopes

Astronomical spectrographs are usually classified on the basis of their resolution. 

Low to medium resolution usually means < 10000, while high resolution refers 

to the range with IZ > 50000 [26]. High resolution can be achieved only by cross­

dispersed echelle spectrographs (and Fourier transform spectrometers). Most tele­

scopes have both a high and a low dispersion spectrograph among their instruments. 

Of the 8-metre class telescopes, only the Keck is currently fully operational. To this 

date, it has a low resolution spectrometer (LRIS) for the Cassegrain focus [27, 28] 

and a high resolution instrument (HIRES) at the Nasmyth focus [29]. This configu­

ration, with low resolution at Cassegrain and high resolution at Nasmyth (or at the 

Coude focus), is typical of many large telescopes. Instrument flexure plays a part in 

this because the spectrum of a cross-dispersed echelle is more sensitive to calibration 

errors and flexure shifts. High resolution instruments also tend to be larger, which 

makes the problem of flexure worse. In this section I will concentrate on the stability 

performance of Cassegrain spectrographs for 4 and 8 metre telescopes.

The case of the very large Low Resolution Imaging Spectrometer for the Keck tele­

scope is particularly interesting because it is the first Cassegrain instrument for a 

8-metre class telescope. It had a very ambitious design goal of < 10/um image drifts 

for telescope movements of 60® in elevation [27]. After commissioning however, it 

showed worst case flexure shifts of 110 to 140//m over the whole sky (elevation 20® 

to 90®). To my best knowledge, the telescope engineers are still trying to identify 

the main sources of flexure in the attem pt to reduce it. It seems clear that the prob­

lems encountered in designing and constructing LRIS, using a traditional passive 

approach, and in particular the constraints of the mass budget and space envelope, 

can be expected at most of the Cassegrain instrumentation for 8-metre telescopes. 

This is one of the strongest evidence in support for the need of an innovative ap­

proach to the problem of flexure.

Even in spectrographs for smaller telescopes flexure has been a major issue. The 

echelle spectrograph for the McDonald Observatory [30], for example, showed more
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than 1.0 pixel of flexure {27fj.m pixel size) over 60°, a value much greater than 

expected on theoretical grounds. It was only after several months of work which 

included adding stiffening supports, that the flexure could be reduced to 0.3-0.4 

pixels for the same telescope motion. Other recent instruments have had fewer 

problems: the CFHT multi-object spectrograph (MGS/SIS) currently has around 

lOfxm/hr spectrum drifts, and it is anticipated that should improve to ~  Afim/hr 

once the guiding system for the spectrograph is completed [31]. It is important 

to point out that this high accuracy guiding system is based on a tip-tilt active 

mirror, driven by guiding information collected from objects in the area around 

the imaging field. With pure passive structures, even some smaller instruments, 

like the LPL (Lunar & Planetary Lab) echelle spectrograph which is 1.22m long, 

have shown significant flexure: the LPL spectrograph has up to 25fjLm/hr drifts 

[32]. All these examples prove that flexure is at best a very difficult problem to 

solve with traditional methods and at worst a serious limitation to the spectrograph 

performance. It is for this reason that I started looking at active optics to find a 

possible solution.

2.2 A ctiv e  O ptical S ystem s

It is difficult to give a precise definition of active optics. In its most general descrip­

tion, active optics concerns with an optical component which is moved, deformed 

or controlled in any way by an “intelligent” system, which may be a computer, a 

sensor feedback or both. In practice, different scientific communities have a slightly 

different interpretation of the term. So, for example, astronomers distinguish it 

from adaptive optics, which refers to the specialized branch of optics that concerns 

with deforming a mirror surface to correct wavefront aberrations as measured by a 

separate wavefront sensor. The distinction is normally based on frequency response, 

with an adaptive system capable of much faster corrections (KHz) than an active 

one (Hz). In this respect the deformation of the surface of the primary mirror of 

a telescope is described as active, because of the slow response (typically around 

O M H z  [33]).

For the purpose of this discussion I prefer to stick to the general definition of active
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optics, so that adaptive optics can be considered one of its sub-divisions. The 

essential point of active optics is that the properties or the position of an optical 

component is actively controlled in some way. Even if the distinction is based on 

frequency response, adaptive optics is obviously a subset of active optics in that a 

component that moves fast, can also operate at lower frequencies. Usually the active 

optical component in active optics is a mirror, even if any optical element can in 

theory be used. The control system is in most cases a combination of sensors and a 

computer.

One of the most important components of an active optics system, is therefore the 

active mirror. There is a great variety of active mirrors and applications, ranging 

from laser optics to ground based astronomy and space technology. These mirrors 

can be classified in different ways according to the definition chosen for active and 

adaptive optics. So we have fine steering mirrors, fast steering mirrors, adaptive 

tip-tilt mirrors, adaptive deformable mirrors, active deformable mirrors and so on.

2.2.1 A daptive Optics

In the astronomical community the “adaptive” term is strictly limited to an opti­

cal component designed to compensate fast wavefront distortions introduced by the 

atmosphere of the Earth when observing an extraterrestrial object. The adaptive 

mirror can then be separated from the rest on the basis of its purpose. This is a 

somewhat arbitrary classification, but it is one that it is widely accepted. When 

the light from an astronomical object crosses the atmosphere to reach a telescope, 

the originally plane wavefront (the star being effectively at infinity) is distorted by 

turbulence in the air, blurring the star image (seeing). These wavefront distortions 

can however be measured and, if the system response is fast enough, corrected by an 

adaptive optics system, like the one shown schematically in figure 2.4. Adaptive op­

tics is becoming increasingly popular among astronomers, to the point that nowadays 

almost every major ground-based telescope (existing or planned) has an adaptive 

optics program. This is because by correcting the image blur introduced by the 

atmosphere, an adaptive optics system can dramatically improve the angular reso­

lution of the telescope. I showed in chapter 1 that modern large telescopes working 

in the visible and near infrared are always seeing limited. Adaptive optics reduces
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Figure 2.4; Schematic adaptive optics system. The light from an astronomical object 

is distorted by the turbulent layers of the Earth’s atmosphere. The adaptive optics 

system detects the wavefront distortion with a wavefront sensor (WFS) and the 

information is used to modify a deformable mirror which compensates the distortion. 

The corrected wavefront at the output can then be fed to any instrument.

the size of the seeing disc, pushing the telescope performance towards the diffraction 

limit.

In theory an adaptive optics system could use a fraction of the light from the ob­

served star to measure the wavefront and leave the rest for the astronomical obser­

vation. This is however undesirable because some of the light from the star is lost. 

The solution is to use a reference star for the wavefront measurement: if a star could 

be found close enough to the observed object, it is reasonable to assume that the 

light from that star has suffered the same wavefront distortions. The limitation is 

of course set by the chance of finding a nearby star for any given object. Once the
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wavefront from a reference star is measured, the information about its distortion is 

fed back to the mirror, which continuously changes its shape so as to compensate for 

these distortions. The accuracy of the correction will depend on the response time 

of the system and on the accuracy with which the wavefront is measured and cor­

rected. Higher levels of adaptive corrections can be achieved by mirrors with more 

degrees of freedom, that is by those with more actuators. In fact, the larger the 

number of actuators, the more closely the adaptive mirror can emulate the shape of 

the distorted wavefront and the better the correction. The accuracy of the adaptive 

correction will also depend on the wavefront sensor because of the limited sampling 

of the wavefront the sensor can provide. Moreover, an adaptive system needs a 

fast response time, because of the speed at which the turbulent processes in the 

atmosphere evolve.

Several adaptive optics systems are currently working on large telescopes and many 

more are planned or under construction. They usually differ on the type of adaptive 

mirror used, in a similar way as telescopes do. Some adaptive mirrors are of the thin 

deformable type, like the one used in the COME-ON system [34, 35] at the ESO La 

Silla Observatory. Others are made of several rigid tip-tilt segments, like MARTINI 

[36, 37] or just consist of a single rigid mirror for tip-tilt correction [38, 39].

2.2.2 A ctive Mirrors

Active optics is becoming widely used, for the primary mirrors for 4 and 8 metre 

class telescopes. As we saw in the previous chapter, the development of active pri­

mary mirrors is one of the main technological advances that made 8 metre telescopes 

possible. The concept of using active systems to maintain the surface accuracy of a 

large telescope primary mirror was first developed at the ESO New Technology Tele­

scope (NTT) [40, 41, 42]. This is a thin meniscus mirror, 3.5m diameter supported 

on 78 points (figure 2.5). The idea behind this project was to produce a telescope 

that had the means not only to measure in real time its own errors, but also had the 

means to correct them without disturbing the observation. In practice, the NTT 

analyses the light from a guide star in the telescope field of view to measure the 

optical quality of its own optics and their alignment. This information is then used 

to actively control the primary mirror with the actuators at the back.
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Figure 2.5: Schematic active optics system at the ESO New Technology Telescope. 

The prim ary m irror is supported on 78 actuators which control its surface accuracy. 

The secondary mirror is also actively controlled for focusing and alignment. Most 

active prim ary m irror supports on large telescopes resemble this pioneering design.

The success of this new concept, prom pted several other large telescope projects 

to adopt a similar strategy. Since then, an active prim ary m irror has been im­

plemented on the 10-metre Keck Telescope [43, 44] and proposed for several new 

telescopes [11, 45, 46]. As explained in chapter 1, active optics is the fundam ent of 

the new generation of ground-based telescopes. Active optics is applied to telescope 

secondary mirrors as well, both for alignment and chopping when observing in the 

infrared [47]. And active optics is not limited to ground based applications: in space 

technology the use of active mirrors has great advantages, allowing rem ote tuning 

and adjustm ents from Earth. Nor are active mirrors only employed in astronomy: 

in laser optics, for example, fine steering mirrors can be used for accurate pointing 

and stabilization of laser beams [48, 49].

All these different types of active mirror systems have in common the same basic 

structure: the m irror is controlled with several actuators, usually mounted at the
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back of the optical surface, some sensors give indication of the mirror position or of 

the wavefront reflected by it and a computer system or electronic feedback adjust 

the mirror according to the information collected. The number of actuators can vary 

from two or three for simple tip-tilt motions to tens or hundreds for more complex 

surface deformations. Their type and characteristics varies widely, according to the 

specific application. So does the sensor type and how the information is processed. 

In the next section I will discuss how active optics can be used to reduce the effects 

of flexure in a Cassegrain spectrograph. In chapter 3 I will analyze the various char­

acteristics and options for actuators and sensors for active mirrors. This review was 

part of the preliminary study for the feasibility of an active system for compensating 

flexure in the ISIS spectrograph.

2.3 A ctiv e  O ptics and F lexu re

The problem of flexure in large Cassegrain spectrographs has been described in in 

section 2.1. This problem has become increasingly difficult to solve with traditional 

methods for the new generation of telescopes and their Cassegrain instruments. The 

use of active optics for reducing flexure in a spectrograph is a totally different and 

new approach to the problem. The idea in itself is fairly simple: an active element 

is introduced in the spectrograph and, provided that the flexure shifts are known, 

its position is actively controlled with a computer to keep the spectrum position 

on the detector stable. The idea of flexure compensation using an active mirror is 

illustrated in fig. 2.6

The idea of active flexure compensation has only recently been proposed by Bhatia 

[50] as a way of easing the pressure on the mechanical design, improving the im­

age stability and even correcting optical aberrations. The proposed system is much 

more complex than the one I adopted for ISIS because it attem pts to correct flex­

ure and optical aberrations at the same time by using a deformable active grating. 

The engineering challenge in that approach is such, that the feasibility of the whole 

system within reasonable cost and time is questionable. To this date, the idea of 

an active deformable grating has not been developed beyond the conceptual level. 

The idea of a simpler flexure compensation system, however, is starting to grow.
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Figure 2.6: Compensation of flexure using active optics. An active element (in this 

case a tip-tilt mirror) is introduced in the optical path of the object’s image. The 

tilt of the mirror compensates for the flexure-induced shifts and restores the image 

in the original position.

An active flexure compensation system is also currently being investigated for the 

Gemini Multi-Object Spectrograph [51], following a study of the problem for Gemini 

performed in this laboratory [52]. The growing support gained among spectrograph 

designers is also reflected by some very recent developments. A system similar to 

the one I tested in ISIS, based on an active collimator, is proposed for the DEIMOS 

spectrograph for the Keck II telescope [54] and possibly for the ESI spectrograph 

as well (on the same telescope) [55]. Before the experiment described in this thesis, 

active compensation of flexure had never been attempted on a Cassegrain spectro­

graph. Therefore, there were many the challenges and uncertainties in developing 

such system. It is encouraging to see, however, that this experiment has pioneered 

a trend in the design of Cassegrain instrumentation, hopefully leading to a new 

generation of “active” spectrographs.

Even if the basic concept of flexure compensation is straightforward, there are com­

plex technical issues that need to be tackled to produce an effective working system. 

These issues include the choice of the active element and the actuation system, how 

to get the necessary information about spectrum shifts and what type of correction 

to apply to compensate the motion. Given the vast number of different types of
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actuators and sensors available, I dedicated a separate section to this issue. I will 

discuss the remaining points in this section.

2.3.1 The A ctive Elem ent

When the spectrograph flexes under its own weight, the optical alignment of the 

spectrograph is disrupted and the image of the slit on the detector drifts away 

from the original position. The purpose of an active optical system is therefore to 

detect or calculate this shift and to operate an active element to restore the proper 

alignment. In theory, there are several options for this active element:

1. An additional folding mirror or prism. An extra mirror or prism could be 

introduced in the optical path of the spectrograph and its position adjusted 

to correct the flexure shifts. The drawback in this option is that extra surface 

losses of light are introduced and the throughput of the instrument is reduced.

2. The dispersing grating. The advantage in this case is that the grating is 

normally in the pupil plane of the spectrograph and it is being hit by a parallel 

beam of collimated light. This would ease the stability requirements on the 

system. This option, however, would be problematic for a spectrograph with 

interchangeable gratings or with very large and heavy echelles. This was the 

option proposed by Bhatia in its paper [50].

3. The collimator. The tilting of the collimator could provide the necessary 

adjustment. The advantages are its simplicity and versatility: the collimator 

is normally present in all the spectrograph configurations and once it has been 

properly focused and aligned, its position does not need changing. A small 

tilt of the collimator would adjust the angle of the parallel beam hitting the 

grating and consequently the spectrum position in the camera focal plane. 

Also, the wealth of literature in active mirrors described earlier can be utilized 

for the mechanical design. This was indeed the option I chose for active flexure 

compensation in ISIS and the one proposed for DEIMOS [54].

4. The detector. The detector could be translated in the camera focal plane to 

restore the image in the correct position. This idea is intrinsically very simple.
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However, interchangeable detectors and the use of cryogenically cooled CCDs, 

complicate matters considerably. Since moving the whole cryostat may be 

impractical, the CCD may need to be translated within the cryostat, making 

the actuator choice and interface more difficult. This is the option proposed for 

the Gemini Multi Object Spectrograph, which has only transmission optics, 

so that some of the other options would not be viable [53].

5. The Slit. In place of the detector, the slit could be translated instead. The 

slit position however, has important implications for the telescope acquisition 

and guiding system. It is also the main reference point for the spectrograph 

optics, so that, even if possible, it may not be desirable to change its position.

2.3.2 Flexure D etection: O pen and Closed Loop

The active system needs to have information about the amount of spectrum shifts 

during tracking to be able to compensate them. There are essentially two ways 

in which this information can be given to the active element controller: it can 

be measured in advance, stored in a look-up table and retrieved during operation 

or it can be measured directly by propagating an optical reference through the 

spectrograph. When the flexure data is stored in a look-up table we talk about an 

open loop system because it relies on external information to derive the necessary 

corrections to the active element. When instead the system itself measures the 

flexure shifts via an optical reference, we talk about a closed loop system, since its 

operation can be totally independent from outside intervention. The principle of 

open and closed loop flexure correction is illustrated in fig. 2.7

In an open loop flexure compensation system, a model for calculating spectrum shifts 

for every telescope and spectrograph orientation needs to be produced. A simple 

way of doing this is to move the telescope and the spectrograph in steps to cover 

the whole sky and then to calculate flexure at any point by interpolation. In ISIS 

flexure is measured is by stepping the telescope in elevation for different positions of 

the spectrograph on the Cassegrain turntable. Alternatively the telescope position 

could be stepped in declination of the observed object for different values of the hour 

angle. This is an approach used, for example, at the A si ago Observatory [56]. The
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Figure 2.7: Open and closed loop flexure correction.

main advantages of an open loop system are its simplicity and versatility: different 

spectrograph setups and modes of operation can be handled by separate look-up 

tables. It also confines the active compensation system hardware to the active mirror 

and relative controller, making it easier to implement in a spectrograph, particularly 

an existing one. The key point concerning open loop correction is that hysteresis 

is the factor which limits the the precision with which the image motion can be 

compensated. If flexure has some irreproducible behaviour, this will translate into 

modelling errors and ultimately lower stability. Moreover, even if hysteresis can be 

reduced to a minimum, the long-term accuracy of a flexure model can be an issue, 

and frequent updates to the look-up table may be necessary.

In a closed loop system flexure is measured in real time during tracking. The sys­

tem relies on an optical reference which propagates through the spectrograph and 

drifts in the same way as the science spectrum. By sensing the movements of this 

reference, the information can be fed back directly to the active element control 

system. Since the position of the reference image can in theory be measured ex­

tremely accurately, a closed loop flexure compensation system is intrinsically more 

accurate than an open loop one. Moreover, such a system can work in the presence 

of large hysteresis and even of some malfunctions in the spectrograph (e.g. a loose 

component). The key issues in a closed loop system are concerned with the optical 

reference. Usually a spectrograph has different setups and modes of operation, which 

makes extremely difficult to propagate the reference through the spectrograph for 

each of these options. A closed loop flexure compensation system contrasts directly
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with the spectrograph versatility: the more the versatility, the more complex (and 

possibly less accurate) the compensation system. The optical reference in itself may 

be a problem, too because it can introduce stray light in the spectrograph. However, 

if these problems can be overcome, the potential spectrum stability achievable with 

a closed loop system, far superior to the open loop one, makes it very attractive.

2.4 C losed  Loop F lexu re C orrection

Several unresolved problems are connected to a closed loop flexure compensation 

system. In this section I will try to review them and to propose some possible 

solutions. The major critical points are:

• The choice of the light source for the optical reference.

• How to inject the the light from this source into the spectrograph.

• How to overcome the dispersion of the light at the grating when this can be 

set for several different wavelengths.

• The choice of the type and the position of the detector that senses the reference.

• How to avoid stray light and contamination of the science data.

• Which direction to propagate the reference: from the slit to the camera or 

backwards from the camera to the slit.

The above points are essentially concerned with two major issues: the light path of 

the reference beam and the reference light source. A schematic diagram of a generic 

closed loop flexure compensation system is shown in fig. 2.8.

2.4.1 Light Path  o f the Reference Beam

The main consideration is that the reference should ideally be propagated through 

the entire spectrograph optical system, in order to compensate for motions of all 

surfaces. The light can be i) monochromatic (fixed wavelength e.g. laser, or pro­

grammable using a continuum lamp and monochromator), ii) emission line source,
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Figure 2.8: A closed loop flexure compensation system. In this case the optical 

reference is propagated through all the optical components. The injection is at the 

slit and detection near the CCD, but the system could also work backwards.

iii) continuum, or iv) continuum with emission lines superimposed from e.g. a 

Fabry-Perot étalon.

The reference beam can be propagated through the spectrograph as a narrow pencil 

of light (e.g. laser). Alternatively it can be a diverging cone to fill or partially fill 

the optics. In principle both methods should work. A laser beam through an optical 

system with a central obstruction would need to be propagated off-axis. Ghosting 

might be a problem since the optics are illuminated at different local angles than 

the science beam. More importantly, for an off-axis propagation, a focus shift is 

indistinguishable from an image shift. Also, the spot to be sensed will be ~  m m  

rather than ~  iim diameter, which impacts on the size of detector required. Overall, 

the fllled-beam more closely emulates the science beam and therefore in principle is 

considered preferable.

The reference can be propagated forwards, with injection at the slit and detection in 

the camera focal plane, or backwards, with the reverse. The latter has an advantage 

in that the usual case of Fcam < Fcoi conveniently magnifies the motion to be sensed.

The reference might conveniently be injected into the optical system as follows:
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1. in the slit-plane (e.g. via a fibre), and sensed on a small CCD or quadrant 

photodiode adjacent to the science CCD.

2. at one end of the slit, and sensed on the science CCD. In this case the reference 

may be projected onto the ~  10 rows adjacent to the readout register. The 

procedure, which is repeated during the exposure is as follows:

• close shutter

• clock out 10 rows encompassing the reference

• reverse-vertical-clock by 10 rows to restore science image to original pixels

• centroid or cross-correlate reference and update active element

• open shutter and continue integration

This method is analogous to the photographic spectroscopic procedure of ex­

posing an arc either side of the science spectrum, the difference being that we 

propose to detect the reference repeatedly during the exposure.

3. at the science CCD. In this case, the light source would be fibre fed, with the 

fibre output in the camera focal plane, but pointing towards the collimator 

and suitably baffled. The reference would propagate through the spectro­

graph backwards, being sensed on a small CCD or quadrant photodiode in 

the vicinity of the slit. In the case where it is impractical to shutter the CCD 

separately from the fibre source, care would need to be taken to analyse the 

ghosting of the optics for the reverse path in order to avoid contamination of 

the science image.

2.4.2 R eference Light Source

The spectrograph dispersing element (s) will deflect the reference beam depending on 

wavelength. If the reference were monochromatic, and the spectrograph configured 

for a different science wavelength (e.g. by rotating the grating), then the reference 

light may not reach a separate reference detector. An interesting -  and extreme 

-  possibility would be to choose an infrared wavelength for a visible spectrograph, 

to avoid stray-light contamination of the science data. In general, the problem of
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grating deviation could be overcome by mounting a separate rotatable mirror on the 

grating cell, from which the reference would be reflected. However, image-motion 

due e.g. to grating mounting defects would not be compensated, and the mirror 

rotation might introduce its own problems. For very low resolution spectrographs, it 

might be possible to move the reference detector laterally, but thereby losing its fixed 

geometry with respect to the slit or science detector. These factors render the simple 

laser reference unattractive in most cases. For a prism cross-dispersed instrument 

such as Gemini HROS, the configuring for different wavelengths requires scanning 

the prism angles. The resulting change in prismatic deviation of the reference is 

even more difficult accommodate.

The laser can be replaced with an optical parallel-light projector, fed from a contin­

uum source and tuneable monochromator. The monochromator could then be tuned 

according to the spectrograph setting to ensure that the reference beam always hits 

the detector. If the light from the monochromator is fibre-fed to the focal plane of 

the spectrograph, the reference could fill the optics and still be able to reach the 

detector for every grating and prism setup. In this case it is important that the 

wavelength output of the monochromator is stable.

An emission line (“arc”) source (or mixture) can be chosen to provide emission 

lines on the reference detector whatever the spectrograph configuration. A contin­

uum lamp and étalon provides convenient equally-spaced absorption features, but at 

the expense of filling the spectrograph with unnecessary (and stray-light inducing) 

continuum light. Hence the arc is in general the preferred source.

A special case is the method described earlier of using the science CCD with reverse- 

clocking as the reference detector. The arc would be fibre-fed at one end of the slit, 

giving a beam matching that of the telescope. With a single-dispersed spectrograph, 

the reference spectrum could be two or three pixels wide, contain many lines, and 

span the full width of the CCD. Each line could be very faint, with the precision 

of determining image motion being achieved by cross-correlation. However, with a 

cross dispersed instrument such as HROS this will not work, since arc spectra would 

bracket every order, reducing the (already pressed) inter-order spacing available for 

the science data.
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2.5 Im pact on  A stron om ica l O b servations

I will conclude this chapter discussing the advantages of a reduction in the spectro­

graph flexure from an astronomer’s perspective. The impact of an active system for 

compensation of flexure on astronomical observations is more difficult to quantify 

than the impact on spectrograph design. For an astronomer, the relevance of active 

flexure compensation depends on how effective the system is and on the type of 

observation he is making. To estimate the benefits of active compensation, we need 

to start from what flexure means to an astronomer.

2.5.1 F lexure, R esolution  and Spectral Calibration

The most important consequences of the spectrum motions on the detectors pro­

duced by flexure in the spectrograph can be summarized as follows:

• Reduction in spectral and spatial resolution.

• Spectral wavelength calibration errors.

• Errors in the measurement of line profiles.

In section 2.1 I described how flexure affects the instrument profile, in terms of 

shape, width and position. I demonstrated that for a perfect spectrograph, without 

aberrations, the full width at half maximum of the profile does not change as long 

as the flexure shift is less than half the projected slit width. In this first stage, 

flexure simply transfers photons from the peak to the wings of the profile. When 

aberrations are taken into account, the eflPect is similar, but the FWHM of the 

profile starts increasing for smaller flexure values. Figure 2.9 shows the effect of 

flexure on the slit profile when 20fim of aberrations are also present. The increase 

in the width of the profile is evident in the graph. For the astronomer, the change in 

the instrument profile translates into a change in resolution. In a spectrograph, the 

effective spectral resolution T^e// is defined in terms of the projected slit width on 

the detector [57]. As calculated in equation 1.38 (where the projected slit width was 

fixed Au; =  2p), the product of resolution and projected slit width on the detector
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Figure 2.9: Effect of flexure on a projected slit width of 45/zm in the presence of 

aberrations having a Gaussian distribution with FWHM A a  =  20/^nn. The graph 

shows the instrum ent profile as it would be recorded on the detector for different 

values of flexure The solid curve is the profile in absence of flexure, while the 

lowest curve corresponds to a flexure shift of 30/im.

is approxim ately constant:

AiolZeff = Fc
sin -âi +  sin

cos
( 2 .8 )

Since flexure increases the projected slit width, it also reduces the instrum ent res­

olution. Figure 2.10 shows the effect of flexure on resolution in the presence of 

different levels of aberrations. The figure shows tha t the effect of flexure on reso­

lution becomes more relevant when aberrations are higher. In a real spectrograph, 

the aberrations are likely to be in the range between 20 and 30^im FWHM. There­

fore, if we take a 5% reduction in resolution as a tolerable level, flexure shifts up to 

10 — 15/im could be accepted. However, figure 2.10 also shows tha t the reduction 

in resolution is negligible when flexure is less than ~  5/im.  Therefore, even though 

the reduction in spectral resolution due to flexure is something the astronomers 

have learnt to live with, an active compensation system could elim inate the problem 

completely, provided it can limit image motion to less than ~  5inn. In the case of
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ISIS flexure is usually in the 10 — Ibfim range, so an effective flexure compensation 

system could increase the spectrograph resolution by 5%. In absence of flexure com­

pensation, to achieve the same resolution the astronom er would have to use a slit 

5% narrower, reducing the throughput by a similar am ount. Therefore, to obtain 

the same signal to noise ratio, the exposure would need to be roughly 5% longer. 

A 5% saving of telescope tim e may seem a small improvement, but it is significant 

after one year of astronomical observations.

The main effect of flexure, however, is not the reduction in resolution, but the loss 

of calibration reference due to the shift of the spectrum  on the detector. During 

a typical astronomical observation, the astronom er takes an arc spectrum  before 

the scientific exposure to calibrate the scientific data  and often one afterwards. If 

the spectrograph suffers from flexure, the observed spectrum  will be shifted from 

the calibration arc spectrum , and wavelength calibration errors will be introduced. 

Some of these errors can be corrected during the data  reduction process, but a 

residual calibration error always remains. For this reason the flexure rate  and the
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calibration accuracy required determine how frequently calibration spectra need to 

be taken. By reducing the flexure rate, active flexure compensation can affect both 

the length of the exposure and the frequency of calibration arc spectra.

Another important effect of flexure is the fact it changes the shape of the instrument 

profile. When observing narrow spectral lines, whose spectral width is comparable 

with the width of the instrument profile, the knowledge of this profile is very im­

portant. In these cases it is difficult to calculate the true profile of the observed 

line, because, as seen in equation 1.7, this is convoluted with the instrument pro­

file. Normally the solution is to measure the instrument profile from the calibration 

spectrum and then deconvolve it from the astronomical data. In presence of flexure 

however, the instrument profile will depend on the exposure length, as fig. 2.9 clearly 

shows. This means the effective instrument profile for a long exposure will differ 

significantly from the “instantaneous” profile recorded during the short calibration 

exposure. If the latter is used in the deconvolution, errors will be introduced in the 

reduction of the astronomical data.

2.5.2 Flexure C om pensation and Exposure Length

In a large Cassegrain spectrograph like ISIS, a flexure rate of 10 to 20//m/&r can 

be expected. When accurate spectral calibration is needed, it is recommended the 

exposure time to be limited to roughly 30mm [58]. An active flexure compensation 

system can potentially reduce the flexure shifts to 1 or 2/xm when tracking the same 

object. There is therefore a great potential for increasing the exposure time of an 

astronomical observation. I will examine the advantages and disadvantages of such 

a process.

• Advantages:

— Many astronomical observations, particularly of faint objects, are sums of 

the equivalent of several hours (up to 10 hours or more) of exposure time, 

split into many short exposures. The same observation could then be split 

into fewer exposures, reducing the read-out noise from the detector.

— With the same type of long observations, the time spent in reading-out 

the CCD would also be reduced, because the data would be read less
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often. This is more important with large format CCDs proposed for the 

new generation of instruments, where the read-out time can be a few 

minutes.

— Some observations, like radial velocities measurements of a pulsating star, 

require accurate absolute wavelength calibration. This type of observa­

tion would benefit directly from the increased stability and indirectly, 

because longer exposures would give a better signal to noise ratio. The 

temporal scale of the event may, however, limit the exposure.

• Disadvantages:

— Cosmic rays hitting the CCD can destroy information recorded in some 

pixels. The longer the exposure, the higher the number of pixels affected. 

Some algorithms exist to remove cosmic rays from the spectra and they 

are more effective with broad lines. With narrow, unresolved lines there 

is a danger of losing important data.

— Long exposures have also an increased risk in case of system failure. If for 

some reason the telescope or spectrograph control system breaks down, 

the loss (in terms of telescope time) is greater with a long exposure.

— In some observations there is a need to keep the slit vertical (pointing at 

zenith) and the turntable fixed. This is done to keep the slit parallel to 

the atmospheric dispersion, so that all the wavelengths enter the spec­

trograph. In these cases the telescope field of view rotates and exposures 

are usually kept short, to prevent the field rotation becoming too large.

It is difficult to estimate the point at which the advantages in lengthening the ex­

posure are overtaken by the disadvantages. This decision will eventually rest on 

the astronomer’s judgment, but it may prove to be a valuable instrumental fiexi- 

bility. At the moment very few people take exposures longer than one hour and 

most astronomers take 30 minutes as a limit. With an effective flexure compensa­

tion system, this limit may be pushed to more than 1 hour. The limit is usually 

driven by cosmic rays hitting the detector, so there would be an incentive to develop 

detectors less sensitive to cosmic rays. We must be aware that not all astronomi­

cal observations would benefit in the same way. For some observations, like radial
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velocities measurements of a close binary star, the exposure time can be limited by 

the temporal scale of the object. Nonetheless, a longer exposure time may be an 

advantage in some applications.

2.5.3 Flexure C om pensation and T elescope T im e

The greatest impact of active flexure compensation will be in saving telescope time. 

I have already explained how the reduction in spectral resolution can be trans­

lated into loss of observing time. Even more important is the loss due to frequent 

wavelength calibration exposures. At present the required frequent wavelength cal­

ibration exposures take a considerable amount of telescope time during a standard 

observing run. I have examined the observing logs for a typical night, when us­

ing ISIS at the William Herschel Telescope [59]. On that occasion the astronomers 

tracked the same object for 6 hrs 47 min, splitting the observation into one hour 

exposures. The total exposed time was 5 hrs 50 min and the wavelength calibration 

spectra had taken 37 min, that is 10.6% of the total time. This is a high percentage: 

when this time is added up at the end of one year, it amounts to several observing 

nights lost. With active compensation, particularly when tracking the same object, 

only one calibration spectrum should be necessary, taking an average 5 min. The 

percentage of time lost in during calibration in this type of observation would be 

reduced to only 1.4%, more than a factor 7 improvement. This nearly 10% increase 

in efficiency, combined with an increased resolution (shorter exposures for the same 

S/N), is likely to be the most important benefit from active flexure compensation. 

Overall, providing a stable instrument profile over several hours of telescope tracking 

is of great importance for the astronomer. The improvement in the astronomical 

data and in the efficiency of the observation would vary from case to case, but it 

would be a benefit for all.

69



C hapter 3

A ctuators for A ctive Mirrors

3.1 In trod u ction

A review of the possible actuators and sensors for active mirrors was a necessary 

basis for the choice of the actuation system for ISAAC. In this chapter I will mainly 

analyze properties and characteristics of piezoelectric positioners (PZT), since they 

usually have many advantages on other actuators: high frequency response, no power 

dissipation in static conditions, little noise generation, compact size, strong pushing 

forces, very high accuracy when servo controlled and low cost. Moreover most of 

the characteristics and parameters of PZTs, can offer a basis of discussion for other 

actuators.

The theory of piezoelectricity is briefly reviewed, so that the physics behind all the 

technical parameters can be easily understood. Since électrostriction and magne­

tostriction are closely related to piezoelectricity, they will be briefly mentioned, too. 

All the most important parameters of PZTs are then reviewed for application in the 

Active Collimator project. An analysis of commercially available actuators is then 

carried out to find the products that match the scientific requirements.

3.2 T h eory  o f  P iezo e lec tr ic ity

In physics of materials, all the effects in which electric energy is produced by con­

version of another form of energy (mechanical, thermal) are closely correlated one
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to each other and assume different names depending on the type of energy involved. 

Moreover for thermodynamical reasons, the converse effect is always possible (that is 

conversion of electrical energy to another form). Piezoelectricity refers to conversion 

of mechanical (elastic) energy into electric and vice versa.

3.2.1 D ipoles and Dom ains

The definition of piezoelectricity implies that in the crystal a polarization arises when 

a stress is applied or that application of an electric field produces strain in it. Polar­

ization, electric held, stress and strain are the macroscopic variables that dehne the 

state of the material (together with temperature and entropy). From a microscopic 

point of view polarization is produced by electric dipoles in the primitive cell of the 

crystal. With the exception of quartz and few other materials, all the piezoelectrics 

are ferroelectrics, that is the microscopic electric dipole in the cell is present even in 

absence of external stresses or electric helds [61, 62] (more accurately ferroelectricity 

refers to the presence of a permanent dipole that can be reversed by an external 

held). The zero polarization arises only because of random distribution of those 

dipoles. Even if quartz has some important applications, all the ceramics used for 

micro-positioners are of ferroelectric type and we can thus limit ourselves to discus­

sion of ferroelectricity (the piezoelectric effect is much smaller in non-ferroelectric 

materials). The most commonly used piezoceramic is the lead zirconate titanate 

Pb[Zr^Ti)Ozi from which the PZT denomination originally derived.

Above a critical temperature, called the Curie temperature de-, the material has a 

symmetric cubic structure and no microscopic dipoles are present [63]. Lowering the 

temperature induces a phase transition to a non centre-symmetric structure where 

microscopic dipoles in the unit cell appear. Immediately below that temperature 

the dipoles retain some mobility and they naturally dispose themselves in domains 

in which they are all in the same direction. Crystal axes give the natural orien­

tation for the dipoles, leaving freedom for the direction (-f or — ). In the material 

there are many of these domains and since they will tend to minimize the energy, 

they will orientate so that average polarization is still almost zero [64]. Further 

decreasing the temperature, the freedom of motion rapidly decreases too, and the 

dipoles remain almost fixed in their positions requiring stronger and stronger fields
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for re-orientation.

In ceramic materials no preferential direction exists and a process called poling is 

necessary to produce a significant piezoelectric effect in the material. In that process 

a permanent polarization Pq is “frozen” in the material by applying an electric field 

above dc  and lowering temperature below that point. This procedure is possible also 

in crystalline piezoelectrics. In this case however, crystal defects limit the degree of 

polarization achievable and it is found that in many of them, when the electric field is 

switched off, the domains tend to return in their original configuration. Even in the 

ceramics, a complete orientation of dipoles in a single domain is limited by defects 

and cannot exceed 80 — 90% [65]. The above procedure is used in piezoelectric 

actuators to obtain large extensions. A strong field is applied until saturation is 

reached. A polarization P = Pg is thus frozen in the ceramic. The piezoelectric 

ceramic then resembles a single crystal with a net macroscopic dipole [66].

When almost all the dipoles are in the same direction, and no external field is applied, 

surface charges will be present to screen polarization. If we apply an external stress 

in the same direction of polarization, this will change distances between ions in the 

cell and, proportionally, the magnitude of microscopic dipoles. Polarization will 

thus change and correspondingly an electric field will appear. It is found that the 

electric field scales linearly with the applied stress as would be expected from a single 

macroscopic dipole. In the same way generation of strain by an external electric 

field can be explained: the external field displaces the ions, producing strain in the 

material. Below Curie temperature, piezoelectrics exhibit a very high, temperature 

dependent susceptibility rj [65]:

'' " 0 ^

This means that high polarizations can be obtained with relatively small electric 

fields (P  =  7/E). As a consequence the piezoelectric constant is high and relatively 

small electric fields can generate high strains. Moreover, this also implies that high 

useful susceptibility (and consequently large piezoelectric effect) will persist for a 

wide range of temperatures.
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Figure 3.1: A layer of piezoelectric ceramic with applied electric field (along the z- 

axis) and a generic external force. The displacement of the m aterial (u) introduces 

strain in the ceramic.

3.2.2 Constitutive Equations

Relations connecting the main macroscopic variables describing the system are called 

constitutive equations. In this treatm ent [67] hysteresis is not considered, and will 

be treated  later. The typical geometry for a layer of piezoelectric ceramic with 

applied electric field and forces is shown in fig. 3.1. The equations derived below 

refer to the figure, but allow for any orientation of the field with respect to the layer 

surface. First of all it is necessary to define the stress and strain tensors. The Stress 

tensor Tij is a measure of the force per unit area acting across a surface at a point; 

if F  is the force and n the normal, then:

(3.2)

Stress has the dimension of [ N / m ‘̂ ]. The Strain tensor Sij is defined in term s of the 

infinitesimal displacement u of a m aterial point as follows:

5 „  =  1  ^  I (3.3)
2 \ dx j  dxi
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The strain tensor is adimensional, usually expressed in parts per million. The con­

stitutive relations, using T  and E  as independent variables, can be derived from the 

Gibbs free energy of the system (here a is the entropy) [68]:

G =  U — 0(7 — TijSij — EkDk (3.4)

From the form of free energy we can derive the interactions between elastic and

electric effects by differentiation. It is necessary to consider adiabatic or isothermal 

conditions, but these are good approximations since the thermal coupling is small. 

We obtain the following relations:

Sij = îjkl'^kl T ^kijEk (3.5)

Di = dikiTki EikEk (3.6)

Where:

• Sijki is the elastic compliance tensor

• dijk is the piezoelectric tensor

• Sij is the dielectric tensor

Thermal effects on strain are not small, however, and if the temperature is changed 

they will sensibly affect the strain. It is possible to consider this by adding a thermal 

term to equation 3.5:

S j p  = ctijAO (3.7)

where a{j is the thermal expansion tensor. The above equations are valid in static 

conditions; they can however be applied also in quasi-static operation since 6, d and e 

have a small dependence on E  and T. The fact that the dielectric tensor is a function 

of stress and particularly of electric field has to be considered, though. This is the 

one of the causes of non-linearity in the S{E)  curve (together with électrostriction)

and it is a way of including hysteresis effects. Typical values of the most important

piezoelectric constants are [69, 70, 93]:

=  2 to 6 '

dzxx =  —1 to — 3 '

74



=  5 ■ 10"'“mK-*

Low-volt age PZTs exhibit the higher values of these constants. Typical values of 

the most important compliance constants are:

Szzzz =  1.5 to 2.0 •

Szzxx = 1.2 to 1.5 • 10“^^m^7V“^

=  4.5 • IQ-^^m^jV-^

Again the higher values are for Low-voltage PZTs. The dielectric tensor has the 

following typical values [70]:

Ezz =  1500 to 3500

^xx =  1500 to 3200 

Typical value of the linear thermal expansion coefficient is:

a  =  1 to 8 •

The thermal expansion coefficient of the piezoelectric material on its own is actually 

negative. The above values refer to a typical arrangement, where the actuator is 

constructed of many individual ceramic discs, stacked on top of each other (fig. 3.2) 

and a  is determined by the properties of the ceramics and of the contact materials 

used. Another important parameter is the coupling factor that measures the 

fraction of electric energy converted into mechanical energy. It is a measure of the 

efficiency of the process and it is given by the ratio of mechanical and electrical 

internal energy {P  = Ujn/Ue)>

3.2.3 H ysteresis

Piezoelectrics, being ferroelectric, have significant hysteresis. The effect is similar 

to the one observed in ferromagnets. As explained above, application of an external 

field affects polarization by changing the size of microscopic dipoles. A residual 

amount of change, however, will be due to dipole re-orientation under the effect of 

the external field, and this can present hysteresis. Moreover, even if with the poling 

procedure a saturation polarization is frozen in the ceramic, when the poling field
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is switched off, some depolarization occurs. When an external field is applied in 

the same direction of the permanent polarization, some re-orientation can still take 

place. Correspondingly the total polarization will have two contributions:

Ptot =  r}E Po (3.8)

The subscript “o” indicates that this is the contribution due to orientation. The

value of Po will depend on the size and direction of the external field E  and on

the degree of poling and uniformity of the ceramic material. The process of further 

orientation presents the characteristic behaviour of hysteresis. When the field is in­

creased, the dipoles begin to orientate parallel to it. If the field is then decreased the 

dipoles will tend to remain in their previous orientation since this is still parallel to 

the field. De-orientation will then occur because of thermal agitation of dipoles: the 

result is the typical hysteresis curve. As a consequence the permanent polarization 

is a non-linear function of the external field: Pq = Po{E). Hysteresis in polarization 

causes hysteresis in strain: a contribution due to dipole re-orientation will add to 

the linear relationship between strain and electric field. We can thus write:

S =  dE P[Po{E) ]  (3.9)

Since the second term present hysteresis, an hysteresis curve is superimposed on the 

normal linear behaviour {S =  d ‘ E).

3.3 E lectrostr iction

Electrostriction is related to inharmonic motion of crystal ions when an electric 

field is applied. The effect is quadratic in the field and therefore can exist even in 

an isotropic medium, with symmetry with respect to inversion. This implies that 

while reversing the field in a piezoelectric crystal will reverse also the strain, in an 

electrostrictive material the strain will be in the same direction. In our theoretical 

framework the electrostrictive constant is a fourth-rank tensor. Electrostriction is 

proportional to E^ but it is usually masked by the much stronger piezoelectric effect. 

The materials that present the strongest electrostrictive effect are piezoelectrics 

above Curie temperature. The most commonly used is the lead magnesium niobate, 

Pb{Mg, Nb)0 3 . It is possible to develop such materials with a relatively low Curie
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temperature [0°C or less), so that they can operate at room temperature. In the 

framework of constitutive equations, électrostriction adds a term in the Gibbs free 

energy of the form [68, 85]:

=  -qijuTijEkE,  (3.10)

The corresponding contributions to constitutive equations are:

4® ^’ =  qnkiE^E, (3.11)

4®®’ =  HimnTiiErn (3.12)

These terms have to be added to the equations 3.5 and 3.6. When working above

Curie temperature, the piezoelectric term will not be present and électrostriction

will dominate.

3.4  M ag n eto str ic tio n

The effect in which elastic strains are developed during magnetization of a ferromag- 

net is called magnetostriction. The effect, unlike piezoelectricity and électrostriction, 

is a consequence of rotation of magnetic dipoles towards the magnetic field direc­

tion. This effect has a complex dependence on the orientation of magnetization with 

respect to the crystalline axes and can be either quadratic or linear in magnetization 

[71]. Moreover the effect is essentially quadratic for small fields and reversing the 

field will not correspondingly reverse the displacement. However, in the simplest 

case, the linear magnetostrictive effect can be treated similarly to the piezoelectric 

effect. Constitutive equations analogue to the electric case can be written, with the 

magnetic induction B  and the field H  replacing electric displacement and electric 

field respectively. The equations will hold within the range of approximate linearity 

of the effect and they are not a true reflection of the physical processes behind them. 

We have [72, 63]:

Sij =  SijkiTki T A^kijHk (3.13)

Bi =  AikiTki +  ^ijHj  (3.14)

Typically the the magnetostrictive constant of rare earths alloys (where magne­

tostriction is greatest) has a value of [73]:

A =  3 • 10~^Gauss~^
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It has to be noted that magnetostrictive effect is linear only in a short field range, 

where a jump in magnetization orientation produces very high strains. Further 

increasing the field, however will still increase the strain, due to further rotation of 

domains. In this latter region the relation is no longer linear [74]. As we already 

pointed out, in the very low field region, magnetostriction is almost absent and the 

effect is nonlinear, too.

3.5 C h aracteristics o f  P iezo e lec tr ic  A ctu a tors

3.5.1 M axim um  Travel

The typical PZT element is a thin layer of material between two plane parallel 

electrodes at a distance L. In this simple geometry the elastic strain occurs mainly 

normal to the electrodes (z-axis) and in absence of stress can be approximated by:

Szz =  =  ^zzzj^ (3.15)

We see that the expansion AL =  dzzzV is independent from the plate separation, so 

that to obtain high strains is necessary to add several of these stages one over the 

other. The expansion will be determined by the number of stages and the applied 

voltage {ALtot = N A L )  [76]. A standard stacked piezoelectric actuator is showed in 

fig. 3.2. This arrangement is typical of Low-volt age PZTs: with High-voltage types 

the very high electric field between electrodes usually does not allow this geometry. 

A cylindrical setup, with an electrode inside and the other on the surface is used 

in this case. The largest expansions however, are reached with a stacked assembly 

of High-voltage PZTs. In stacked High-voltage PZTs the layer has to be thicker to 

avoid dielectric breakdown and very good insulation of electrodes is also necessary. 

The strain values that can be achieved are typically:

- 3Smax =  1.5 • 10

with an external field of about E  = 2 'lO^V/m  and a thickness of the layers ranging 

from 0.3mm to 1mm. With these strain values, stacked actuators can normally 

expand by A L  =  10 — 100//m.
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Figure 3.2: Stacked piezoelectric actuator. The thickness of the ceramic discs usually 

varies from 0.1 to 1mm. The number of layers is much higher than the one shown 

in the figure. Voltages vary from tens to hundreds of Volts, expansions are usually 

in the range from 10 to 100pm,

3.5.2 Pushing Forces

The range of pushing forces available is very wide, going from 5 0 up to >  100007V. 

The strongest forces can be obtained only with High-voltage PZTs (values greater 

than  3000A )̂. The am ount of pushing forces achievable is related to the compli­

ance tensor components Sijki of the m aterial. The strain along the z-axis due to 

stress along the same axis, represented by a force F  acting on a surface A, can be 

approxim ated by:
AT F

(3.16)5  ^^zz — ^ — ^zzzz ^

The maximum pushing force, i.e. the blocking force, can be calculated from:

F -  a&ief.
P  rr \ (T T. — (3.17)
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Figure 3.3: Preloaded piezoelectric actuator. The preloading spring provides the ac­

tuato r pulling force. The actuator maximum expansion is however slightly reduced. 

The setup shown also prevents applying tensile forces directly on the PZT stack, 

which is very fragile.

From the previous equation it is evident tha t to have strong pushing forces we need 

low compliance and large cross sections A. A more practical form for calculating 

the effect of an external load is derived in the paragraph dedicated to stiffness.

3.5.3 Pulling Forces

Pulling forces are always smaller than pushing ones and only preloaded PZTs can 

develop such forces. This happens because the piezoelectric m aterial is polarized 

in one direction and the electric held has to be in the same direction (a small neg­

ative held can be tolerated, but larger helds would depolarize the m aterial). As 

a consequence, the actuator can only expand, and a contraction can be achieved 

only by providing a return force through an external spring preloading the m ate­

rial. The arrangem ent for a preloaded piezoelectric actuator is showed in hg. 3.3. 

The amount of the pulling force is a bit smaller than the preload (typically with 

a preload of 350Æ is possible to obtain a pulling force of 300Æ). Preloaded PZTs



can usually produce pulling forces ranging from 207V up to 2000# in High-voltage 

PZTs. Preloading is also sometimes necessary because the compressive strength of 

piezoceramic material is more than one order of magnitude greater than its tensile 

strength. Therefore the preload protects the PZT from external tensile forces that 

could break the ceramic. The preload also affects other properties of the actuator, 

like maximum load and frequency response, because the PZT is actually pushing 

against an additional spring.

3.5.4 Shear Forces

PZTs are very fragile with respect to shear forces and torque moments: they should 

be stressed only axially. If a PZT has to bear shear forces, it is necessary to imple­

ment it with a mechanical mount on which those forces will act. No quantitative 

information to what extent PZTs can bear shear forces is available from manufac­

turers, although a value of 20#  has been reported [77].

3.5.5 Accuracy

The accuracy of the PZT positioner depends on the type of sensor used to detect 

position. Some of the PZT manufacturers provide an optional or already included 

position sensor and give the corresponding accuracy. The intrinsic resolution in the 

expansion of the piezoelectric material is of the the order of few nanometers and 

it is never a limiting factor. The accuracy will be treated more extensively in the 

section dedicated to position sensors.

3.5.6 H ysteresis

Both High-voltage and Low-volt age PZTs present significant hysteresis, even if the 

problem is more serious in the latter. Hysteresis is typically 15% of the travel [87, 94], 

but it can be completely corrected in closed-loop operation. Drift, that is relaxation 

of position after a steep change in the applied voltage, is a form of hysteresis and 

can be corrected in the same way. Typically the PZT reaches only 93% of the final 

position 2sec after a voltage step is applied.
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3.5.7 Linearity

PZTs have also a certain degree of non-linearity: this is typically 5% of the extension 

and can be corrected in a closed-loop system, too. This non-linearity has several 

causes. One is the fact that the piezoelectric tensor is not a constant, but a function 

of the applied field, and ultimately depends on the re-orientation process that is the 

cause of hysteresis. This will add terms with higher powers of the electric field. To 

a first approximation, we can consider only the quadratic term in the expression 

for piezoelectric strain. Since S  = dE  we need to retain only the first term of the 

expansion of d. Electrostriction will produce a term of the same form in which the 

q coefficient will appear. Therefore, the non-linear term in the actuator expansion 

can then be approximated as:

y2
—  (3.18)

The actual linearity in positioning will depend on the position sensor when the 

actuator is used in a closed-loop setup in combination with a sensor. Normally this 

is the case in accurate positioning systems, because hysteresis and non-linearities 

are quite large in piezoelectric actuators.

3.5.8 Stiffness

The axial stiffness coefficient ct of the PZT affects the behaviour of the actuator 

under a load, modifying the expansion according to:

AL =  ATo +  E /c j’ (3.19)

Here AZo is the expansion due to the piezoelectric effect. The stiffness coefficient is 

clearly related to the compliance tensor as approximated in equation 3.16 by:

(3.20)

It is important to notice that the total expansion of the actuator does not change 

under a static load. The external force only shifts the zero point of the expansion 

range, as shown in equation 3.19 and in fig. 3.4. When a variable load, like a spring 

of elastic constant A:̂ , is applied, the total expansion will instead change according
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1)

2)

A B

Figure 3.4: Effect of a load on a piezoelectric actuator. 1) W hen a static load is 

applied the maximum expansion of the actuator is not affected. The constant force 

F =  M g  simply shifts the zero point in the actuator expansion vs voltage curve. 2) 

When the actuator is loaded with a spring of constant ks, the force depends on the 

expansion F  =  ksA.L and the maximum actuator travel is reduced.

to [75]:
Ct

(3.21)

Typically ct ranges from 30A /^m  to 400A /^m  and it is proportional to the m axi­

mum pushing force the PZT can develop. These values will shift the zero point not 

more than I gm  for a 5 K g  load. A higher stiffness will allow also a higher resonant 

frequency. The problem is tha t stiffness, according to equation 3.20, decreases with 

increasing the actuator length. Since the longer the travel, the longer the actuator 

length, long travel actuators will have relatively low stiffness and lower frequency 

response. We can also define a bending stiffness coefficient cg [78], whose value for 

a cylindrical rod of diam eter a is given by:

37ra^
CB  = 64ZTs

(3.22)
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Because of the strong dependence on the diameter of the rod, which is relatively 

small, the bending stiffness coefficient is very small, producing large bending motions 

when a lateral force is applied. As with the axial stiffness, this problem is more 

serious with the long travel actuators.

3.5.9 Tem perature Range

PZT positioners cannot be used at high temperatures because of the depoling of 

the ceramic material. High-voltage PZTs have a higher Curie temperature than 

Low-volt age ones: typical values are 'dc =  5 5 0 and dc =  420A". PZTs can 

operate at very low temperatures (4 K), but, since the piezoelectric tensor dijk is 

temperature-dependent, the characteristics of PZTs can be very different. At 77K 

the expansion is almost 20% less than the value at room temperature. The different 

thermal coefficients of the materials in the assembly have to be considered when 

operating at very low temperatures, so manufacturers provide specialized PZTs for 

cryogenic operation. Otherwise the normal temperature range is —40°C to +80°C 

for High-voltage PZTs and —20°C to +50°C or +80°C for Low-volt age PZTs.

3.5.10 Tem perature Expansion

The value of the linear thermal expansion coefficient a  was given earlier. The effect 

on expansion will be given by:

A L  = a l A S  (3.23)

W ith a the total length of the PZT material typically between 2 and 15cm, the effect 

of thermal expansion will be a displacement of 0.3 to 1.2/im/AT for a High-voltage 

PZT and slightly less for a Low-voltage PZT. If not actively compensated, this 

would require an extremely accurate control of temperature. The compensation of 

temperature effects depends on the type of position sensor. The piezoelectric effect 

is also temperature-dependent, and this can affect the total expansion. The effect 

is only about 0.2% per AT, producing a variation of the expansion of % Ifim for a 

travel of 15//m and a temperature excursion of 40A" [75].
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3.5.11 Frequency R esponse

The frequency response of PZTs is limited by the resonant frequency and usually the 

positioner cannot be driven at frequencies higher than 80% of resonant frequency 

therefore a value of Q.Suq can be taken as an upper limit. The resonant frequency is 

given by:

Here mg// =  m /2, where m is the mass of the actuator. Low-voltage PZTs have 

a slightly higher frequency response. This can be seen considering equation 3.20: 

even if Low-voltage PZTs have a slightly higher compliance, the ratio L jA  is much 

smaller because they are mounted in stacks of thin layers. The resulting stiffness 

coefficient is then higher and so is the resonant frequency. The upper limit usually 

ranges from h K H z  to IbK H z  without a load. If a load M  is added to the mass m 

of PZT, the frequency will change according to:

The maximum frequency that is possible to obtain will depend also on the power 

supply, the limiting factor being the maximum output current of the supply. An 

approximate estimate is given by:

The limiting factor in the equation above is normally the large capacitance of piezo­

electric actuators, which can push imax to quite large values.

3.5.12 Input Voltage

As their name explains, the input voltage changes from High-voltage to Low-voltage 

PZTs. Usually Low-voltage PZTs are driven at a voltage of 0 — lOOU, whereas High- 

voltage PZTs work in the range 0 — lOOOU. Using a high voltage supply reduces 

jitter due to electrical noise but it is also more expensive. The piezoelectric effect is 

a function of the electric field and not of the voltage, therefore the attainable strains 

are almost the same for both types, since the smaller layer thickness in Low-voltage 

PZTs compensates the lower voltage.
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Increasing the voltage will increase the field and correspondingly the strain. The 

upper limit for expansion is thus determined by the maximum field that will not 

damage the ceramic due to dielectric breakdown. It is also possible to apply negative 

voltages to increase the range of expansion: in this case the limit will come from 

depolarization. In fact, when a negative voltage is applied, the external field will be 

opposite to polarization, thus decreasing it through depoling. Further increasing the 

field in the negative direction will eventually exceed the coercive limit, after which 

the dipoles invert their direction and they have again the same orientation of the 

field. After this point the ceramic will start to expand again. Coercive fields for 

Low-voltage PZTs are typically [89]:

Ec =  —0.6 to — 1.0 • lO^y/m

While for High-voltage ones they are:

Ec =  —1.4 to — 2.0 • 10®y/m

The actuators, however, work far from the coercive limit and only small negative 

voltages can be applied. For most actuators, the maximum negative voltage we can 

apply is less than 20% of the voltage range.

3.5.13 Capacitance

The capacitance of a stacked actuator of N  layers of thickness t with cross section 

A  is given by:

C = ^  (3.27)

The capacitance of Low-voltage PZTs is usually one order of magnitude greater than 

High-voltage ones because of the thinner layers. Normal values are:

C = 0.5 to 5fj,F (Low — voltage)

C =  20 to lOOnF (High — voltage)

This means Low-voltage PZTs will require more current than the High-voltage ones. 

Capacitance depends on extension because the dielectric constant will change with 

the electric field. The thickness change due to material deformation is not respon­

sible for a significant capacitance change [87]. Values normally given are for zero
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expansion (zero field), then the capacitance will increase almost linearly to reach a 

value that can be as much as two times greater at maximum expansion.

3.5.14 Power D issipation

Since the resistance of a PZT is i? ~  in a static configuration practically

no power dissipation occurs. Only a small amount (5 to 8%) of the total energy 

stored U =  1/2CV^  is dissipated during discharging. The effect is negligible in 

static operation but it must be considered when PZT is driven at a frequency i/. 

The dissipated power is:

P = 27ri/CV^ iànô (3.28)

The effect is a consequence of the hysteresis in polarization and can cause some 

heating of the PZT when driven at high frequencies. Since the dissipation factor 

or loss tangent tan is 0.03 for Low-voltage and 0.005 for High-voltage PZTs, 

the dissipated power is almost the same: approximate values are P  ~  4W  for 

1/ =  250Hz.

3.5.15 Power Consum ption

The electrical power required to operate at a frequency u is given by:

=  C F K i/ (3.29)

When operating in quasi-static conditions the power consumption is very low due to 

the high efficiency in converting electrical into mechanical energy. As I mentioned 

earlier, this is expressed by the coupling factor, which can be as high as =  0.5. A 

higher coupling factor will of course reduce the power consumption in high frequency 

operation. The power consumption will increase with the operating frequency and 

the capacitance, the latter being determined by the length and the diameter of the 

stack.

3.5.16 Lifetim e

Aging in High-voltage PZTs due to depoling is virtually zero. Aging in Low-voltage

ones can produce small effects in time periods over several days. This depoling
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can be recovered though, by driving the actuator at the highest voltage (lOOV) for 

a short time. Due to this recovering procedure, lifetime of piezoelectric actuators 

is extremely long: 3.9 • 10  ̂ cycles without failures are reported [89]. Fatigue will 

depend also on the applied stress, but when an actuator has to exert only small 

forces this will not sensibly affect the performance [96]. The main source of failure 

in a PZT can be dielectric breakdown. For this reason another parameter that can 

alfect lifetime is humidity. The electrodes of PZT stacks are moisture-sensitive and 

exposing them to relative humidity greater than 60-70% can cause damage when 

this is repeated over a long period of time. The use of long stacked actuators, with 

a great number of electrodes can increase the chances of failure.

3.5.17 Conclusions

It is possible to summarize all the previous characteristics in few parameters that 

can account for several effects. These are the parameters to look at when listing 

scientific requirements for the actuators:

1. Expansion AT. We can include in a single expression all the main effects that 

affect the total expansion of the piezoelectric stack:

A i  =  N d , , ,V  +  + —  + a L A e  (3.30)
L cx

Here /? is a coefficient accounting for non-linear effects. Expansion is deter­

mined by the applied voltage, the load and the temperature, other effects are 

negligible. Most of these parameters do not affect the maximum travel, which 

is essentially determined by the applied voltage. A plot of the strain curve as 

a function of the applied voltage for a Low-voltage PZT is shown in fig. 3.5; 

the same curve for an electrostrictive actuator is also shown for comparison.

2. Push/Pull Forces. These parameters depend on the ceramic material, the 

mechanical mount and the value of preload and are normally provided by the 

manufacturer.

3. Absolute Accuracy. As already pointed out, this will depend on the position 

sensor used.
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Figure 3.5: Strain vs Voltage curve for a Low-voltage PZT and an Electrostrictive 

(ES) actuator. The maximum strain attainable from both actuators is practically 

the same, but the ES actuator achieves that at higher voltages (higher electric fields). 

The ES actuator also shows much less hysteresis, barely detectable in the graph.

4. Temperature Range. Depends on the ceramic material and on the mechanical 

mount.

5. Upper Frequency. The upper frequency limit can be determined by the power 

supply. This is not a physical limit, however. The latter will approximately 

be given by:
0.8 I 2ct (3 .31)
27T y m -b 2M

It will mainly depend on the stiffness coefficient and on the load mass.

6. Lifetime.
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3.6 E lec tro str ic tiv e  A ctu ators

Electrostrictive actuators are based on a further electric-field deformation called élec­

trostriction [79, 80, 81]. This effect is normally hidden by the larger piezoelectric 

effect, but above Curie temperature it can be observed separately. The electrostric­

tive materials are ferroelectrics in a disordered state: they have a Curie temperature 

below room temperature, normally around 270Æ. Moreover they have a very high 

dielectric constant, usually an order of magnitude bigger than PZTs (e =  15000) 

[87]. Most of the other characteristics of these materials are similar to the ones of 

piezoelectric ceramics. The main differences are:

1. Electrostrictive materials have a lower hysteresis (1 to 2%) and present no drift, 

resulting in better reproducibility. When operated in closed-loop control, this 

property produces no advantages. Moreover in electrostrictive materials hys­

teresis is strongly dependent on temperature and at the lowest temperatures 

it can be as much as 25% [84]. This implies that if the environmental tem­

perature is not stable during operation, hysteresis can be a problem also in 

electrostrictive actuators.

2. Much higher capacitance for electrostrictive actuators (up to a factor 5), re­

sulting in higher currents. This is a consequence of the combined effect of 

higher electric fields required by électrostriction, resulting in thinner layers 

(0.1 to 0.25mm) and of the higher dielectric constant of these materials [88].

3. Temperature dependence of électrostriction may require a closed-loop feedback 

for high accuracy positioning. The temperature expansion is about O.l/zm/ET 

in a narrow temperature range and then can be as high as IfimJK.  The 

thermal expansion coefficient is instead smaller than PZTs an has a typical 

value of a  =  1 •

4. Temperature range is usually very narrow for electrostrictive materials. Due 

to their low Curie temperature, their effectiveness is greatly reduced below 

0°C [82, 87]. This happens because the maximum attainable strain decreases 

sharply with temperatures approaching the Curie temperature. Moreover, the 

strong dependence on temperature of électrostriction, limits the working range
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on the high temperature side. The working temperature ranges usually from 

+10°C to +40° C, although it is possible to shift the central temperature on 

the temperature scale. Some electrostrictive actuators are reported to work 

between —10°C and +70°(7 [88], but they cannot reach large extensions on 

such a wide temperature range. A plot of the maximum strain as a function 

of temperature for an electrostrictive material is shown in fig. 3.6. the curve is 

compared with the correspondent ones for piezoelectric and magnetostrictive 

materials.

5. Since électrostriction is quadratic in the field, there is no negative voltage 

displacement. Inverting the voltage produces an expansion in the same direc­

tion. This also implies smaller aging effects, because no depoling occurs in 

electrostrictive materials. The quadratic relationship, however, implies lower 

linearity in the actuator expansion.

3 .7  M ag n eto str ic tiv e  A ctu a tors

Magnetostrictive actuators are significantly different in design and performance from 

piezoelectric and electrostrictive stacks. The expanding element of a magnetostric­

tive positioner is a single rod of the active material. The common magnetostrictive 

material is Terfenol, an alloy of iron and rare earths (Tho^sDyo^rFei^gs). The mag­

netic field is provided by a solenoidal coil around the rod. Sometimes permanent 

magnets are also used to fix the zero position in the most effective region of the 

S{H)  curve (strain vs magnetic field curve, fig. 3.7). A schematic view of a magne­

tostrictive actuator is shown in fig. 3.8. The performance of these actuators must be 

separated from the one of PZTs, thus I will briefly review all the parameters I had 

already examined. The main differences came from the mechanical and electrical 

configuration and the different material properties.

• Maximum Travel. The travel will depend on the rod length: the maximum 

strains are up to 2.0 • 10“ .̂ This means that a travel of 300//m is achievable 

with a rod 20cm long. Due to the solid metallic core of these actuators this 

length is not excessive as for piezoelectric actuators. At the present time
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Figure 3.6: Maximum Strain vs Tem perature for electrostrictive (ES), m agnetostric­

tive (MS) and PZT materials. The curves have been derived from various sources 

and they are only indicative. The exact position and intensity of the maximum of 

each curve can be changed by m anipulating the composition or the structure of the 

m aterial. Piezoelectric m aterials show a fairly linear behaviour, while the largest 

strains can be obtained with magnetostriction.

actuators with travels up to 200//m are commercially available and rods with 

lengths up to 25cm are being developed. The actuator expansion will depend 

on the input current, rather than the voltage, and can be calculated as follows: 

for a thin solenoid of length T, with N  coil windings and in which a current i 

is driven, the magnetic field is given by:

H =
L

(3.32)

Consequently from equation 3.13 we obtain the expansion in absence of exter­

nal stress:

A T  =  (3.33)

The m axim um  strain, is a function of the load and increases with it, thus, to 

obtain the largest strains, a preload of the actuator is necessary.
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Figure 3.7: Strain vs magnetic field in a Terfenol rod. The working range is typically 

the steep linear section of the curve, where large strains can be obtained with a 

relatively small field. Often a permanent magnetic bias is introduced, to reduce the 

amount of current required. In this case the magnetic bias is Ho = 5000e.

• Push/Pull Forces. This is not a critical parameter, the actuators can easily 

bear loads of hundreds of Newtons. Moreover, the attainable strain initially 

increases with increasing the load [83], so the actuator maximum expansion is 

not reduced by loading the actuator. Magnetostrictive actuators are also stiffer 

with respect to tensile and shear forces. Tensile and compressive strengths of 

Terfenol are 2SMPa  and 700MPa respectively.

• Hysteresis. Magnetostriction presents hysteresis due to its ferromagnetic na­

ture: the usual value is 10% to 15% of the travel but it can be much larger 

if the full range of expansion of the actuator is used. Hysteresis is mainly a 

consequence of re-orientation of microscopic dipoles, as for piezoelectric ma­

terials. Here however, unlike piezoelectricity, the main contribution to the 

expansion comes from reorientation, making hysteresis a direct consequence 

of magnetostriction.
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Figure 3.8: A magnetostrictive actuator. The preload is necessary to obtain pulling 

forces, since magnetostriction always produces a positive expansion. The coils 

around the Terfenol rod provide the driving magnetic held.

• Linearity. The effect is linear in the magnetic held only in a narrow range. In 

the strain vs. held curve we can separate three different regions [74]: a) At very 

low helds m agnetostriction is almost zero, b) Above a critical held m agnetiza­

tion “jum ps” towards the direction of the held and a giant m agnetostriction is 

observed. In this region the A coefhcient has its higher value and the relation 

is almost linear, c) At high helds m agnetostriction is no longer linear in the 

held and approaches a saturation value. A plot of the m agnetostrictive effect 

as a function of the magnetic held generated by the coil windings is shown in 

hg. 3.7. The curve shifting due to a perm anent m agnetic bias is also shown.

• Stiffness. The axial stiffness coefhcient ct of Terfenol usually ranges from 40 to 

250A'//fm [83]. The value is comparable with tha t of piezoelectric actuators.
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The Young’s Modulus has a value of about Y =  3 •

• Temperature Range. Curie temperatures of more than 650K allow operation 

over a wide range above room temperature. The lower limit is more critical: 

the magnetostrictive strain has a steep fall below —10°C [74] therefore oper­

ation is usually limited to temperatures above —15°C. A plot of maximum 

strain versus temperature is shown in fig. 3.6. The temperature peak is depen­

dent on the proportion of Tb and Dy in the alloy, therefore the temperature 

range is slightly tunable [86].

• Temperature Expansion. The linear thermal expansion coefficient of Terfenol 

is

a =

This means the expansion of a long rod of Terfenol is highly temperature 

sensitive and can be as much as 2.5//m/A" for a rod 20cm long.

• Frequency Response. The frequency is upper limited by the resonant fre­

quencies of the Terfenol rod and the driving solenoid, but generation of eddy 

currents in the magnetostrictive material is usually the limiting factor. How­

ever the maximum value achievable is still about b K H z  for the longest rods 

and these actuators can easily operate up to 2 K H z  [90]. For shorter actuators 

the frequency response is even higher and can be as much as 20KHz,

• Input Current. Currents are quite high in these actuators: to reach the biggest 

strains currents up to 5A are needed. By incorporating permanent magnets 

though, the actuators can operate with currents of 500mA. The corresponding 

fields are about bOGauss {iOKAm~^).

• Power Dissipation. The coil resistance ranges from 5 to lOH, thus power 

dissipation in static conditions is not very high. In dynamic operation the 

dissipated power is higher, but it has been estimated to be less than 10VF [73].

• Power Consumption. The magneto-mechanical coupling factor is = 0.5: 

this means 50% efficiency in converting magnetic energy. The estimated power 

consumption is similar to the dissipated power.
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The main advantages of magnetostrictive actuators are large expansions, large push­

ing forces and high mechanical strength in combination with wide frequency band­

width and wide temperature range. The main problems instead seem to be the 

ohmic heating of the solenoidal drive and the relatively high thermal expansion 

coefficient. The relatively large mass and dimensions of the actuator can produce 

further problems in the mechanical design of the actuation system when little space 

is available.

3.8 L eadscrew  A ctu ators

The main feature of these actuators is a high precision leadscrew driven by either 

a DC motor (Newport PM500-A1) or a stepped motor (Melles Griot Nanomover). 

Several turns of the motor are reduced to a single turn of the leadscrew through 

gearboxes. Both these actuators operate in a closed-loop system the main purpose 

of which is to eliminate driving errors due to leadscrew pitch errors, backlash and 

friction. According to the given characteristics, they are able to reach an accuracy 

of 1.5//m on a travel of 300//m. Leadscrew actuators can exert push/pull forces of 

about 1007V and can bear shear forces of 50#. One major drawback is that they 

have a very low frequency response. Commercial leadscrew actuators usually have 

a specified bandwidth of less than SHz.  Moreover they have relatively high power 

dissipation, even in static conditions when driven by a DC motor. Using a stepper 

motor will reduce power consumption only in static operation. Using the actuators 

at their upper frequency limit will worsen these thermal effects.

3.9 V oice C oil A ctu ators

Voice coil actuators utilize a permanent magnet field and a coil winding to produce 

a force proportional to the current applied to the coil. The electromechanical con­

version mechanism is based on the Lorentz Force. For N  conductors in series of 

length L, through which flows a current i in a magnetic field B,  the corresponding 

force is given by [91]:

F = k B N L i  (3.34)
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Figure 3.9: Working principle of a voice coil actuator. The cylindrical magnet 

produces a radial magnetic field, which interacts with the electric field in the coil to 

produce an axial force in the coil itself.

In the actuator, N L  is the length of the coil and A: is a proportionality constant. The 

direction is determ ined by the vector product of electric and magnetic fields, thus 

reversing the current will also reverse the force. A schematic view of a voice coil 

actuator is shown in hg. 3.9. In the usual conhguration a cylindrical m agnet with a 

ferromagnetic core is used to produce a radial m agnetic held in the cylinder. The coil 

is placed between the magnet and the core, so tha t, when a current hows through the 

coil, a force is generated parallel to the coil axis. A rare-earth magnet can be used 

to increase the magnetic held up to a value of 11K G a u s s  [91]. A param eter th a t 

characterizes the performance of these actuators is the Force Constant K p  =  F/i:  

the stronger the force constant, the higher the forces tha t can be generated. The 

maximum force available is usually the limiting factor with voice coil actuators, 

however, since they are not based on an expanding crystal or ceramic, the m axim um  

travel can be as much as 30mm.

Voice coil actuators can produce forces up to 300# , but they are more com petitive
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with other actuators when the force is less than 207V. If the maximum force is 

kept small, these actuators have resonant frequencies far beyond 1 K H z  and very 

low masses (few hundreds or even tens of grams). When a high force is needed 

instead, they start becoming large, massive and with a low resonant frequency. 

Power consumption is a function of the maximum force, too: the characteristic 

parameter is the motor constant Km, which relates the two quantities through the 

following equation:

Typically Km ranges from 2 to and power consumption for a device that

can produce 407V is about 20W.

3.10  Sensors

A micro-positioning system, besides actuators, includes also position sensors and 

a control system. Earlier I mentioned the importance of the position sensor in 

determining the accuracy with which the actuator can be moved. In this section 

I will review the performance and the technical characteristics of high accuracy 

position sensors. A schematic diagram of the most common position sensors is 

shown in fig 3.10

3.10.1 Strain Gauges

Strain gauges are commonly used in combination with actuators because they can 

be easily packaged inside the housing of the expanding element and they have good 

resolution, linearity and the possibility of compensation of thermal effects. Con­

ceptually the basic principle of a strain gauge is very simple: when a conducting 

material is subjected to tensile stress it increases its length I and reduces in cross 

section A. Since the resistance of that material is given by (p is the resistivity of 

the material):

R = j  (3-36)

The change in resistance can be used to detect the change in linear dimension {dR 

is proportional to dl). If the strain gauge is solidly connected to an actuator, for
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Figure 3.10: High accuracy position sensors: a) Strain gauge. The resistor strip is 

usually folded several times to increase the length / in the direction of movement, 

b) Capacitance sensor. The capacitor is sensitive to changes in the gap between 

electrodes, c) Linear Variable Differential Transformer (LVDT). The position of the 

ferromagnetic core with respect to the two solenoids can be calculated from the 

current change, d) Eddy current sensor. The m agnetic field produced by the sensor 

is influenced by the position of a metallic target.

example, the m easurem ent of the expansion of the actuator can be reduced to a 

m easurement of the strain gauge resistance. The simplest way of doing this is to 

put the gauge in a W heatstone bridge configuration, together with three normal 

( “dum m y” ) resistors having the same value R  of the gauge when the strain is zero 

(hg. 3.11). The output voltage of the bridge will then be proportional to the change 

in resistance of the gauge and therefore to the gauge expansion [92]. This conhgura­

tion however, is highly tem perature sensitive and the output of the bridge remains 

constant only if it is kept at constant tem perature. The solution is to put four gauges 

in a “full” bridge conhguration: one of the gauges is linked to the expanding element 

and gives the position measurement while the others compensate the tem perature 

effects. Accuracy of position sensing is given as a percentage of the travel: strain
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Figure 3.11: W heatstone bridge configuration for measuring the resistance R q of a 

strain gauge. The other resistors in the bridge have the same resistance R  and they 

are chosen so tha t when the gauge is at zero expansion R =  R q and the bridge is 

balanced {Vout =  0). When the gauge expands, the bridge becomes unbalanced and 

produces a voltage output.

gauges can give an accuracy of 0.2%.

3.10.2 Capacitance Sensors

Capacitance sensors measure the variations in a capacitor due to displacements 

of the electrodes. In a simple plane parallel capacitor, the capacitance is varied by 

changing either the plate separation or the position of an insulator between them . In 

a cylindrical capacitor this is obtained shifting the electrodes along the axis. In the 

simplest configuration, with two plane-parallel electrodes of area A  and separation 

A, the capacitance is given by [92]:

C  =  k e ^
h

(3.37)
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Figure 3.12: Two parallel plate capacitors in a differential configuration. The moving 

part of the sensor is chosen so tha t when it moves by a small distance it produces 

an output on both capacitors. The resulting differential signal can be measured 

more accurately than the change in capacitance in an individual sensor.

In the equation e is the dielectric constant of the medium between electrodes and k 

is a proportionality constant. To achieve better performance, the position sensor is 

often composed of two capacitors in a differential configuration like the one shown in 

fig. 3.12. As for the strain gauges, a position m easurem ent is converted into a voltage 

measurement. This is done by arranging the sensors into a capacitance bridge in 

which the differential change in capacitance unbalances the bridge and produces an 

AC output voltage. If the bridge is driven by a sinusoidal voltage of am plitude % 

and the target electrod moves by a distance x, the corresponding output will be [92]:

(3.38)

W here x is the motion to be measured. The accuracy usually achievable with these 

sensors is 0.02% of the travel, which is an order of m agnitude better than strain  

gauges. Therm al effects in capacitance sensors are small, but not negligible: indeed 

this may be the main source of error if the tem perature is not controlled. The 

therm al drift of Queensgate capacitance sensors is [97]:

- 5a c  =  7- 10  K

These position sensors have the advantage of presenting no hysteresis and a fairly 

high frequency bandwidth: the upper frequency lim it is b K H z .  Moreover they are
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made of two separate parts, so that one can be fixed to the moving object and the 

other to the reference position. Tilting of the plates has to be avoided, though, and 

a mechanical mount to keep them parallel is necessary.

3.10.3 Differential Transformers

Linear Variable Differential Transformers (LVDT) work on a principle similar to 

capacitance sensors. Here differential variation of inductance are measured. The 

inductance is changed by moving a non-magnetic rod with a ferromagnetic armature 

inside two solenoids. The position of the ferromagnetic core is determined by the 

effect on the currents inside the solenoids. LVDTs can reach very high accuracy: 

Physik Instrumente [108] produces sensors with lOnm accuracy over travels bigger 

than 1mm. Their drawbacks are a comparatively low frequency response, the upper 

limit being approximately lOOLfz and fairly large nonlinearity which sometimes 

requires accurate calibration.

3.10.4 Eddy Current Sensors

These sensors use the principle of impedance variation caused by eddy currents that 

are induced in a conductive target (usually aluminium) by a sensor coil. The coil is 

driven by a high frequency oscillator so as to generate an electromagnetic field that 

couples with the target. The gap between the sensor and target affects the strength 

of this coupling, thus changing the coil impedance. The sensor often uses two coils 

arranged in a differential configuration in a bridge, in a way similar to LVDTs and 

capacitance sensors. Kaman Instrumentation gives the following parameters for 

the differential eddy current sensors: Measuring Range 2mm or more. Frequency 

Response 22KHz,  Resolution of 3nm at I K  Hz,  Temperature Range —2Q°C to 

+60°C, Long Term Stability 120nm per month. The temperature drift is about 

0.02% per Kelvin or 60nm /R  for the longest travels [98].
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3.11 C om m ercia l P osition ers

3.11.1 PZTs vs. O ther A ctuators

In order to make a selection among the wide range of commercially available micro­

positioners, it is first necessary to choose the type of product that best matches the 

requirements. The first choice is between PZTs and other actuators. On a general 

basis, piezoelectric actuators have several advantages:

• High frequency response. The piezoelectric actuators have a wide frequency 

bandwidth allowing fast corrections of position. Only electrostrictive materials 

have a comparable bandwidth.

• Low power dissipation. Consumption of power is practically zero in quasi­

static conditions and it is still low on high frequency operation. With leadscrew 

positioners driven by a DC motor, there will be a significant consumption 

of power even in static conditions. The same is true for magnetostrictive 

actuators.

• Low power consumption. PZT positioners can be driven with relatively low 

currents, resulting in low power consumption. Magnetostrictive actuators will 

instead require quite high currents.

• High positioning accuracy. PZTs have a resolution limited only by the position 

sensor and 0.1pm accuracy or less can be easily reached. This accuracy is 

instead at the limit of the possibilities of leadscrew motors, resulting in much 

higher cost and lower reliability.

• High pushing forces in a compact design. PZTs can produce forces of hundreds 

or thousands of Newtons from an actuator a few centimeters long and even 

smaller diameter. Voice coil actuators, for example, cannot produce forces 

larger than few hundred Newtons and they need a bulky design.

• Wide temperature range. PZTs can easily operate far below —10°C and to 

temperature up to +80‘’C almost without any side effect. Electrostrictive 

materials cannot operate at low temperatures and even leadscrew actuators 

can have some problems due to thermal expansion.
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• Low cost. With few exceptions PZTs are the cheapest among all high precision 

positioning systems. Even when the cost of the closed-loop servo control is 

included, PZTs are still competitive.

The only serious disadvantage of using PZTs is the fact they can bear very small 

shear forces (this problem is in common with electrostrictive actuators). If it is 

possible to overcome this difficulty, a piezoelectric positioner is the best choice as a 

high accuracy, small range actuator.

3.11.2 H igh-voltage vs. Low-voltage PZTs

If a PZT is chosen, a further possible choice is between High-voltage and Low-voltage 

PZTs. Characteristics of those two materials are very similar and both of them can 

satisfy the technical requirements for the active collimator. I will summarize the 

properties of High-voltage PZTs which distinguish them from the Low-voltage type:

• Stronger push/pull forces. This is not a critical parameter since even if Low- 

voltage PZTs cannot reach the performance of High-voltage ones, they can 

still provide up to 3000jV push and 7 0 0 pull.

• Hysteresis and linearity. High-voltage PZTs present lower hysteresis and 

higher linearity, but these advantages are almost useless when the actuator 

is used in a closed-loop system with a position sensor.

• High input voltage. This is one of the major differences. Using a high voltage 

supply reduces electrical noise, but again in closed-loop operation this noise 

does not affect accuracy. On the other hand high voltage power supplies are 

much more expensive than low ones.

• Cost. High-voltage and Low-voltage PZTs have almost the same price, but 

there is big difference in the cost of the related electronics.

• Lifetime. High-voltage PZTs have a negligible depoling, but since depoling 

in Low-voltage PZTs can be recovered, this is not a major advantage. Aging 

effects due to humidity will occur in both actuators, even if Low-voltage ones 

can be more exposed due to their multi-layer structure.
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It is evident that Low-voltage PZTs are the preferred option. I will then briefly 

compare the products of different manufacturers.

3.11.3 M anufacturers and Products

I contacted and received information from the following manufacturers of piezoelec­

tric positioners:

• Burleigh Instruments Inc.

• Dr. Lutz Pickelmann Piezomechanik Optik GmbH

• Physik Instrumente GmbH

• Queensgate Instruments Ltd.

In table 3.1 the characteristics of the equivalent products from the above companies 

are compared. The proposed solution was then a piezoelectric actuator system 

in closed-loop operation, using a short-travel Low-voltage PZT as actuator and a 

strain gauge position sensor. Among manufacturers P I. offered the most competitive 

solution for the complete system. Moreover the performance of their actuators is 

superior to most of other commercial actuators in a given product range.
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P.I.

P-840.10

L utz  P ick.

150/5/15

Q ueensgate

MTP 15

B urle igh

PZL-015

Max Travel 15/zm 15//m 15/im lOfim

Push Force lOOOV 3007V 8407V 5507V

Pull Force 1007V 307V 507V 407V?

Stiffness 557V//im 207V//xm 567V/2m 107V//xm

Temp Range -20° -f 80°C -40° +  80°C -20° -f- 60°C -

Temp Expansion 0.1//m//V < 0.2fj,m/K O.lfim/K 0.2fj,m/K

Frequency Band U K H z 20KHz l l K H z S.bKHz

Input Voltage -2 0  -f 120V -3 0  +  200V 0 -  120V 0 -  lOOV

Capacitance 1.8/zF 1.8/iF l.OfiF 0.8^F

Length 32mm 21mm 30mm 34mm

Cost j%45 £220 £288 £310

W ith Sensor £591 NO £1664 NO

Table 3.1: Comparison of similar products from some major manufacturers of piezo­

electric actuators. The most relevant characteristics of the actuators are listed and 

compared (from the company product catalogues).
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C hapter 4

D efining the ISAAC Project

4.1 A  F lexu re  C om p en sation  S y stem  for ISIS

ISIS (Intermediate-dispersion Spectroscopic and Imaging System) is a double beam 

spectrograph designed and built by the Royal Greenwich Observatory and has been 

in operation at the Cassegrain focus of the 4.2m William Herschel Telescope (WHT) 

for several years. Systematic measurements of the position of the spectrum as a 

function of zenith distance and rotation angles have shown evidence of flexure in ISIS 

structure and probably in its supporting flange system. At the start of this research 

project ISIS was one of the largest instrument of that type and, not surprisingly 

given its size, was affected by significant spectrum drifts at the detector, up to 

20 fimI hr [58]. ISIS was therefore an ideal instrument to prove the concept of active 

flexure compensation in large Cassegrain spectrographs.

The ISIS Spectrograph Automatic Active Collimator (ISAAC) project was conceived 

as an open-loop system for active compensation of flexure in the ISIS spectrograph. 

The choice of the active element fell on the collimator for two main reasons: it is 

easy to control the mirror with actuators mounted on its back and to steer it when 

applying active corrections, and given its position in the spectrograph, it can be 

accessed and replaced easily. Moreover the collimator is a natural choice for flexure 

compensation, being in place for every spectrograph setup and producing significant 

image shifts on the detector with relatively small tilts. The latter is an important 

point in avoiding introducing optical aberrations by modifying too much the optical
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Figure 4.1: Schematic functional diagram of the ISAAC flexure compensation sys­

tem. The system works in open loop, with a flexure look-up table (LUT) from 

which the spectrograph flexure is estimated (knowing the telescope position). This 

information is used to drive the collimator tilt that compensates for flexure.

path. The blue collimator was chosen for its larger flexure shifts and because the 

mirror is aluminium-coated, a process that we could reproduce more easily in our 

laboratory.

This is the background that led us to define the scope of the ISAAC project. The 

active collimator system of flexure compensation is based on a simple concept: when 

the spectrum position on the detector drifts during tracking, the collimator is slightly 

tilted, thus deflecting the optical path of the light from the telescope and restoring 

the image in the original position. Figure 4.1 shows a schematic drawing of the 

ISAAC system illustrating the functional concept of the system. The collimator is 

finely steered with three piezoelectric actuators pushing against its back surface. 

The amount of tilt required is calculated on the basis of the spectrograph geometry 

and of a flexure map, which gives the detector shifts for a set of different spectro­

graph positions. The orientation in space of the spectrograph is calculated from 

the celestial coordinates of the observed object, the sidereal time at the start of the 

exposure and the position angle of the slit on the sky. Once the position of the spec­

trograph is known, the control software interpolates the flexure map to derive the
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corresponding shifts, translates these into actuator voltages and tilts the collimator 

to keep the spectrum stable.

The project is conceived as a first step towards a closed loop flexure compensation 

system and throughout the project the open and closed loop options have always 

been seen as complementary rather than alternative options. Moreover, with the 

new generation of 8 m telescopes coming up, we envisaged that this experiment 

would be highly relevant for all the Cassegrain instrumentation for these telescopes 

and in particular for the Gemini High Resolution Optical Spectrograph (ERGS).

4 .2  O verview  o f  ISIS Spectrograp h

ISIS is the most popular instrument of those available at WHT telescope; it a 

double spectrograph, with the blue arm optimized for the spectral region from 3000 

to 5500A and the red arm for the region from 5000 to 10000A and it is situated at 

the f/11 Cassegrain focus of the telescope. It is possible to use both arms at the 

same time by inserting a dichroic mirror after the entrance slit. If this is removed, 

only the red arm will receive light, while substituting the dichroic with a flat mirror 

directs the light into the blue arm. An exploded view of the optical layout of ISIS is 

shown in fig. 4.2 [99]. Each of the two arms of ISIS is a conventional spectrograph 

with interchangeable reflection gratings. I derived most of the information about 

ISIS listed below from the telescope manuals and from discussions with telescope 

staff and people at the Royal Greenwich Observatory [100]. Unfortunately, to the 

best of my knowledge no scientific publication concerning the spectrograph and its 

design is available.

4.2.1 Slit area

The slit width can be varied from 30//m to 5mm and the spectrograph geometry 

is such that 1mm projects to 4.51arcsec on the sky. A dekker just before the slit 

controls its length by masking a suitable fraction of the slit jaws; the narrowest 

dekker projects to 1.2arcsec on the sky.
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Figure 4.2: Exploded view of ISIS spectrograph showing the light paths through 

the components. The dichroic splits the light between the red and blue arms of the 

spectrograph and it can be substituted by a folding mirror if only the blue arm  is 

used. Pre-slit optics, filters and shutters are not shown. Diagram copied from the 

ISIS Users Manual

4.2.2 Collimators

Both collimators are off-axis paraboloids (nominal off-axis angle 5°) with a focal 

length Fcoi =  1650mm and they accept a beam diam eter oi B  =  150mm (f/11 focal 

ratio). They are housed in an aluminium cell which can be moved with a stepper 

m otor controlled by an LVDT sensor. The collimator assembly for both arms is 

shown in fig. 4.3. The collimator mirror is focused by moving the cell along parallel 

bars on special carriage, moved by the stepper motor. W hen the m irror has reached 

the focus position a spring system locks the carriage and the cell with it, on the 

parallel bars. The collimator is then aligned by moving the cell with respect to the 

carriage with two fine capstan screws; the cell can then be clamped on three different 

hinges which gradually restrict the freedom of motion. The existing collimator is 

kept in a fixed position within the cell by a diaphragm on the back and several
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Figure 4.3: The ISIS collimator assembly. The collimator cells are clamped to the 

collim ator carriage with a kinematic mount. A stepper motor and LVDT sensor are 

used for focusing the mirrors.

screws on the sides.

4.2.3 Gratings

The spectrograph has a set of interchangeable gratings for both arms, with rul­

ing varying between 158/m es/m m  and 1200/m es/m m . A holographic grating with 

2400/m es/m m  is also available on the blue arm. In the configuration in which they 

are used, most of these gratings have a low level of anamorphism. The anam orphic 

factor (  =  cos^b/cos increases with the grating dispersion and with the wave­

length, but for most cases it remains close to 1.0. At 4000A it ranges between 1.0 

for the I 5 8 l in e s /m m  ruling and 1.2 for the 1200/mes/7nm. The holographic g ra t­

ing is the exception, with an anamorphism of 1.5 and rapidly increasing with the 

wavelength, so tha t at 6000A it is over 2.5 [99]. The collimator to cam era angle in 

ISIS is nominally 40°.
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4.2.4 Cameras and D etectors

The ISIS blue and red cameras are of a folded Schmidt design, with a focal length 

Fcam = 500mm. The cameras are usually equipped with cryogenically cooled CCDs, 

the most commonly used being the Tek-1024, a 1024 x 1024 array of 24/xm square 

pixels or the EEV-88300, a 1152 x 1242 array of 22.5//m square pixels. Typical 

cosmic ray event rates for these CCDs are 0 .2 sec~^ events over the entire array for 

the EEV chip and 0.4sec”  ̂ events for the Tektronix chip.

4.2.5 Calibration Lamps

The spectrograph has an extensive choice of calibration lamps which can be mounted 

in a specific module. The standard ones, however, are the Cu-Ar lamp, which better 

covers the blue end of the spectrum, and the Cu-Ne lamp, with coverage mostly in 

the red, A continuum tungsten lamp is also provided as a standard in the module. 

Two eight-position filter wheels are placed at the output of the lamp system with 

both colour and neutral filters of various intensity.

4.2.6 Control System

The control of ISIS is arranged as a distributed system: low-level instrumentation 

control is managed by a local processor placed on the spectrograph itself and this 

communicates with the main computers in the telescope control room via an Ether­

net link. The main control software is written as D-tasks in the ADAM environment 

which are run as sub-processes of the general observer process. The user interface is 

an interactive console where the spectrograph status is displayed and the user can 

type in specific commands to the instrument.

4 .3  A  S tu d y  o f F lexu re  in  ISIS

The ISIS spectrograph was originally designed to have maximum flexure shifts of 

5//m over one hour tracking time. The instrument however, has shown more flex­

ure than predicted and at the start of this project displayed up to 20fxm/hr drifts
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with an average of 10//m//ir. Moreover, occasionally some components inside the 

spectrograph become loose and the situation gets much worse, since the spectrum 

can suddenly shift by a large amount when the component flips between two po­

sitions. While it is relatively easy to track down a loose component and fix the 

problem, identifying the source of the residual flexure and trying to correct it, has 

been extremely difficult. At the time of writing no satisfactory solution, or indeed 

explanation for the relatively large spectrum shifts has been found. In this section 

I report the results of a preliminary study of flexure in ISIS which I performed with 

the purpose of gaining essential information about the behaviour of the spectrograph 

with respect to flexure and to estimate the effectiveness of a flexure compensation 

system. The study utilizes some early flexure data measured by R. Rut ten for rou­

tine maintenance of the spectrograph (1993-1994) and some data I measured in my 

first visit to the observatory in May 1994. In section 7.4 I report the results of more 

extensive flexure measurements I took during the commissioning phase of the active 

collimator in July 1995.

4.3.1 G eneration o f the Flexure M odel

Flexure is measured by recording the shifts of a point source on the CCD detector 

for different telescope and spectrograph positions. An approximate point source is 

created by observing a spectral line through a narrow dekker. In practice a whole 

spectrum of a calibration lamp is recorded, so that each line of the spectrum appears 

as an almost circular spot. The profile produced by the dekker in spatial direction is 

not exactly Gaussian, but it is a good enough approximation for the software used to 

analyze it. By cross-correlating, both in spectral and spatial direction, two spectra 

corresponding to different spectrograph orientations, it is possible to measure drifts 

in two orthogonal directions. IRA F software has been used for the cross-correlating 

algorithm: this technique gives an accuracy of better than 1 / 2 0  of a pixel in the 

measurements.

The spectrograph position is defined by only two parameters: the zenith distance 

z of the telescope (or elevation E  = 90° — z) and the position angle (PA) on the 

Cassegrain turntable. To avoid confusion with the parallactic angle q, which is 

sometimes also indicated with PA, in the future we will use ÿ  to indicate the angular
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position of the Cassegrain rotator. It is easy to see why only two angles are needed 

to define the position of the spectrograph: the third angle corresponds to an azimuth 

rotation of the whole telescope, which obviously has no effect on the flexure inside 

the spectrograph. A flexure map that covers the whole range of telescope and 

spectrograph positions can be generated by moving the telescope in steps from 

zenith to 15° above horizon (mechanical limit) with the turntable rotator at different 

angles. At each step the spectrum shifts relative to the zenith position (and a chosen 

turntable angle) are measured. The number of points for the flexure map needs to 

be balanced against the time it takes to collect them: I decided that 15° steps in the 

zenith distance and 45° in turntable position angle was a reasonable compromise.

4.3.2 Flexure Map C haracteristics

A typical flexure map produced in this way is shown in fig. 4.4; the graph is for 

ISIS red arm and so are all of the next few. This is because at the beginning of the 

project, when I started investigating the characteristics of flexure in ISIS much more 

data was available for this arm and it was not yet entirely clear on which arm the 

active collimator would be placed. However, the few data concerning the blue arm 

I had at the time was fairly similar to the red arm data and there was no reason to 

believe that the blue arm would behave differently with respect to flexure. Indeed, 

when I finally managed to get a good set of flexure data for the blue arm during the 

on-site experiment, this assumption proved to be correct.

Several conclusions can be drawn from this flexure map: it is evident that the 

direction of flexure shifts depends mostly on the turntable position, while the amount 

of movement is strongly influenced by the telescope elevation. This is consistent with 

image motions caused mainly by elastic deformation of the spectrograph structure 

under gravity. When the telescope is lowered from zenith to horizon, with the 

Cassegrain rotator in a fixed position, the structure flexes and the spectrum drifts. 

By changing the turntable angle, the drift occurs in a different direction, but it is 

of a similar magnitude. The graph is also consistent with the average 10fim /hr  

drifts observed during tracking. The average tracking speed for the telescope is 

around 1 2  degrees/hr along zenith distance (this can be derived from the equations 

converting equatorial into altazimuthal coordinates, see section 4.4.3.1) and two
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Figure 4.4: Flexure map for the ISIS red arm. The shifts are displayed as they 

would appear on the CCD detector, each line corresponding to a different turn tab le 

position and each point within the line indicating the zenith distance (15° steps); 

the pixel size is 24/mr.

successive points on the map (which are therefore separated by slightly more than 

1 hour tim e interval) are around half a pixel apart or \2fi7Ji.

A relevant feature of the graph is the fact is tha t even if the the tracks for different 

turn tab le angles all start from zenith, the points corresponding to tha t position 

do not coincide and are displaced from the origin. These points are expected to 

coincide because when the telescope is pointing at zenith a rotation of the Cassegrain 

turn tab le does not change the orientation of the spectrograph with respect to the 

gravity vector. This is a clear indication of hysteresis in the spectrograph structure 

and a consequence of the way the data  is taken. The procedure for taking a flexure 

map starts with the telescope pointing at zenith and Cassegrain rotator at a given 

position (always ip =  —90°). The telescope is moved in elevation in steps down to 

jF =  15° and then back to zenith before the turntable is rotated. Due to hysteresis 

in the spectrograph flexure, the starting point for the new track (with a different 

ro tator angle) is displaced from the origin. If the map is recorded using a different
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Figure 4.5: Two flexure maps taken only two clays apart but with slightly different 

procedures. It emphasizes the presence of hysteresis in the ISIS structural distortions 

under gravity.

procedure, the result will be also different. In hg. 4.5 the previous map is compared 

with another one taken only two days earlier, but following a procedure in which 

the turn table is rotated before the telescope is raised back to zenith. Both sets of 

data  were taken during my earlier visit to the observatory on May 1994.

Further proof tha t the observed behaviour is due to hysteresis is the fact tha t when 

the telescope is pointing at zenith and the Cassegrain turn tab le is ro tated , hardly 

any image shift is detected. During one of such tests the maximum drift observed 

was 0.03 pixels in spectral direction and 0.06 pixels in spatial direction [101]. In 

comparison, the starting points of the tracks in hg. 4.4, in theory corresponding 

to the same spectrograph movement, can be as far apart as 1 pixel or more. It 

is not clear what causes this hysteresis; in theory the m etallic structure should be 

almost perfectly elastic. Junction points within the structure, bolts and supports 

for the optical components may be responsible, or there might be stresses generated 

when connecting the spectrograph to the Cassegrain rotator. Hysteresis has been 

measured also in other Cassegrain spectrographs like LDSS-2, even if it was not as
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large [102]. The presence of hysteresis has serious implications when trying to model 

flexure for an open loop system of active compensation, which are discussed in the 

next section.

It is important to stress that the above data and most of the following flexure 

maps were taken with the same spectrograph setup and in particular with the 

158/me5/mm grating and the Tektronix detector. Later we observed that flex­

ure is affected by changing the grating and therefore the same setup is necessary for 

the consistency of the results and conclusions. A possible source of flexure that I 

have not considered so far is a temperature gradient inside the spectrograph. This 

can produce differential expansion in the structure and consequently image shifts; 

experience however, has shown that, if present, this is a minor factor compared to 

gravitation and hysteresis. Moreover this is not expected to affect the data collection 

for a flexure map, since the whole process takes only about two hours.

4.3.3 M odelling Flexure

An open loop flexure compensation system requires accurate modelling of the flexure 

shifts in the spectrograph. The accuracy of the correction relies on how closely the 

flexure map models the spectrograph real performance. This task is complicated 

enormously by the presence of hysteresis, because of its intrinsically irrepreducible 

nature. Figure 4.5 clearly shows the serious impact of hysteresis on the reliability of 

this flexure measurement as a model for the compensation system. Also, the fact that 

rotating the turntable with the telescope pointing at zenith does not affect flexure is 

in direct contrast with the data in the measurement. These considerations brought 

me to the conclusion that the raw data coming from the flexure measurements 

cannot be used as a reliable look-up table. Moreover, in this raw flexure map, the 

hysteretic effects add from one track to the next eventually producing large errors. 

During normal telescope tracking, the telescope motion, and so the hysteresis, is 

much smaller. Also, since hysteresis depends on the previous history in the telescope 

movements, the above errors will add differently with a different history.

To estimate the errors resulting from using a raw flexure map like the one in fig. 4.4 

we can plot the difference between this data set and the one taken two days earlier 

of fig. 4.5 as detector shifts (fig. 4.6). One set of data is subtracted from the other
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Figure 4.6: Compensation errors resulting from using a raw flexure map to correct 

flexure from a map taken with a different procedure. Since the telescope was moved 

in a different way, relatively large errors are produced by hysteresis in the m easure­

ments. The square in the centre is half a pixel in size and contains 56% of the 

points.

point-by-point; this simulates the performance of an active compensation system 

tha t uses the first data set to correct the shifts in the second (i.e. a different telescope 

m otion). In most cases the stability is better than half a pixel, but sometimes the 

error can go up to 1-2 pixels; in the graph 56% of the points are inside a half pixel 

square centered on the origin. This situation however, can be improved by refining 

the flexure model and making some useful assumptions. Firstly, we can notice tha t 

during a normal exposure the telescope does not make such extrem e movements 

as when the flexure data is recorded and so the hysteresis is expected to be much 

less significant. Secondly, we already know tha t there is negligible hysteresis when 

the turntable is rotated with the telescope pointing at zenith. Therefore I assumed 

th a t flexure could be better modelled by a map where each track is translated in 

the detector plane so that all the starting points would coincide with the origin; 

figure 4.7 shows this modified flexure map.
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Figure 4.7: Modified flexure map, obtained by translating every track with different 

ro tator position angle so that the starting points {z =  0) coincide with the origin. 

This procedure reduces the im pact of hysteresis on the flexure model.

A similar test to the one described above (with point by point subtraction of two 

maps taken with different telescope motions), can be repeated with the two modified 

flexure maps. This already produces a significant improvement: now 70% of the 

points are inside the half pixel square. The test however overestimates the error 

induced by hysteresis because of the large telescope movements involved. To better 

estim ate the effect hysteresis may have on the accuracy of the flexure compensation 

system, I made a slightly different simulation. In this case, one modified look­

up table is still used to correct the other but I considered only points within 15° 

in zenith distance and 45° in the rotator position angle from the starting  point. 

Moreover the subtraction is not done point by point, but between the corresponding 

vectors joining adjacent points in the two tables. The result is shown in hg. 4.8: 

in this case the position error due to hysteresis is less than 0.25 pixels for 75% of 

the cases. Note th a t in the hgure the points inside the half pixel square shown are 

only 0.25 pixels away from the starting point (centre of the square). In the previous 

simulations the starting and ending points could be any couple inside the square, 

th a t is as much as half a pixel apart.
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Figure 4.8: Simulation of flexure correction errors due to inaccuracies in the flexure 

look-up table. The errors are produced by residual hysteresis in the modified flexure 

model. In the simulation, the points are within 15° in zenith distance and 45° in 

the rotator position angle from the starting point (center of the square). This is to 

better simulate a normal astronomical observation, when the telescope moves only 

by relatively small angles.

The above simulations proved that the modified flexure map is a much better model 

for estim ating the flexure shifts in the spectrograph. This model relies on reducing 

the im pact of hysteresis on the raw data  coming from the flexure m easurem ents and 

assumes that hysteresis has little im pact during normal telescope tracking motions. 

The first hypothesis has support from experim ental observations, namely the fact 

that the modified flexure map is more reproducible than the original set of data. 

The second hypothesis is based on the observation tha t, in general, hysteresis is 

greater when the direction of motion is inverted, while during tracking the telescope 

continuously moves in the same direction. I made no attem pt to include hysteretic 

effects into the model. Apart from being an incredibly difficult task, it is dubious 

whether such a model could ever work. Hysteresis can be modelled when the history 

of the movements follows a simple pattern , but any model would fail for random 

motions. This was proved, for example, for hysteresis correction models for piezo-
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electric actuators [103], where good results were obtained only when the actuator 

was moved cyclically.

This study had the aim of better understanding the characteristics and behaviour 

of flexure in the ISIS structure, so that I could model it more accurately and also 

understand the limitations that hysteresis poses to an open loop compensation sys­

tem. After ISAAC was finally completed, I had a chance of testing it on site on the 

spectrograph. During these tests I could also collect more information concerning 

flexure in ISIS and do some specific tests. The results of this further investigation 

into flexure are discussed later. The important result of this preliminary study is 

that hysteresis is likely to be a limiting factor in the accuracy of ISAAC. Even 

so the errors should be less than 0.25 pixels, greatly improving the spectrograph 

performance.

The conclusion is that flexure in ISIS can be modelled quite accurately, provided 

that some precautions are taken. The flexure data needs to be recorded always with 

the same procedure: this process is now automated with computer program that 

moves the telescope and saves the exposures in a standard (and quick) way. The 

raw data from this flexure map needs then to be modified to reduce the influence of 

hysteresis as much as possible. I showed how, by simply translating the telescope 

tracks in the detector plane, the compensation accuracy could be significantly in­

creased. With these precautions and modifications the flexure map becomes much 

more reproducible and reliable. I need to stress however, that flexure tends to change 

with time, particularly if the spectrograph is taken off the telescope or if its setup 

is changed considerably. Therefore, it will be necessary to take frequent flexure 

measurements to make an open loop active compensation system really effective.

4 .4  A ctiv e  C ollim ator S pecifica tion

The requirements and specifications for the active collimator system mainly concern 

the actuator performance, the cell design and, to a lesser extent, the electronics and 

the computer hardware. I included the environment in which ISAAC will operate 

among the requirements for the impact it has on the actuator choice and, marginally 

on the electronics and mechanical design.
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4.4.1 M echanical Requirem ents

The active collimator for ISIS was designed from the beginning to be integrated 

as much as possible with the spectrograph and its potential as a future common- 

user instrument always kept in mind. The first requirement was that the collimator 

cell should be interchangeable with the existing one and that mechanical installation 

should be relatively easy. This puts some severe constraints on the mechanical design 

which are discussed in detail in chapter 5. It was also imperative that the collimator 

cell and the mirror movements should have hysteresis reduced to a minimum. Some 

elastic fiexure could be tolerated, but we tried to minimize that as well, to avoid 

introducing some new external sources of flexure in the spectrograph. This means 

that the mirror needs to be mobile and the motion free of hysteresis, but it also 

needs to keep the position firmly after the movement.

Mechanically the collimator mirror is a solid block of Zerodur, a near-zero thermal 

expansion glass, about 20cm diameter, 4.0cm thick and has a weight of bKg. The 

mirror will be tilted by small angles, but in every direction (that is, independently 

around two orthogonal axes). To be able to achieve this freedom of movement I 

decided to support the mirror on three points (which identify a plane). The force 

requirement for the actuators can then be derived on the basis that they need to 

sustain at least the weight of the mirror (50AT). The mirror however, has to be 

kept firmly in place by pushing it against some spring-like element on the other 

side, so a higher force is required. I concluded that the actuators should apply the 

maximum force that does not introduce significant stresses in the mirror. Finite 

element analysis of the mirror (performed by Mark Dryburgh) showed that 1007V at 

each actuator could be safely applied, so this was chosen as minimum specification.

4.4.2 Stability R equirem ents

The level of image stability at the detector is the main driving factor in the speci­

fication for the mechanical design and for the actuators. The amount of spectrum 

shift that can be tolerated is a m atter of open discussion and it is driven by the 

astronomical observations to be performed on the spectrograph: I discussed these 

matters in chapter 2 . For the purpose of drawing the specifications for the ISAAC
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Figure 4.9: Schematic diagram of the ISIS spectrograph tha t shows the relation 

between collimator, grating and the image on the detector (not in scale). When the 

active collimator is tilted, the angle of incidence on the grating is changed and the 

spectrum  on the detector moves.

experim ent, I chose 0.1 pixel as a reasonable target for the spectrum  stability. This 

value would be m aintained as long as flexure remains within the correcting range 

of the collimator. W ith a pixel size of 22.5/zm or 24.0/xm, this requirem ent trans­

lates into around 2/zm error on the detector. This value for spectrum  stability is of 

the same m agnitude as the one required for the Gemini Multi O bject Spectrograph 

(CMOS): 0.1 pixel per hour with 15/zm pixels [53]. The requirem ent for the High 

Resolution Optical Spectrograph (HROS) for the Gemini telescope is also 2f im/hr  

(1/20 of the resolution element) [104].

Considering the tim e gap between updates and the fact tha t 2/zm was the maximum 

error 1 wanted to achieve, 1 chose A x  =  ±l^zm as the target position accuracy on 

the CCD. The accuracy of the flexure look up table was a secondary factor in this 

choice, since, as 1 explained earlier, the active collimator was designed keeping the 

closed loop option in mind, too.
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Figure 4.10: Effect of a tilt of the collimator on the position of the spectrum  in the 

cam era focal plane. In the figure the collimator is tilted by expanding one actuator 

by t and keeping the other actuator at zero expansion.

4.4.2 . 1  C ollim ator Positioning Accuracy

To calculate how the tilts of the collimator mirror translate into shifts on the de­

tector, we need to look at the layout of the spectrograph, as shown schematically 

in hg. 4.9. The diagram is only shown to explain the formulae below and has no 

resemblance to the real spectrograph. When the collimator is tilted by a small angle 

A ^, the central ray coming from the slit is dehected by twice th a t angle, due to the 

reflection on the collimator. At this point we need to distinguish between tilts in 

the grating dispersion plane and tilts orthogonal to it: if the tilt is in the dispersion 

plane, it will be affected by the anamorphism of the grating. The effect of a colli­

m ator tilt is illustrated by the diagram of hgure 4.10. The incident parallel beam 

on the grating is in fact tilted by the same angle 2A/), so tha t if was the original 

angle of incidence on the grating we have:

+ 2 A^ (4.1)
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The beam reflected by the grating is connected to through the grating equation:

 =  sin — sin (4.2)

By differentiating equation 4.2 with respect to we have:

_  cos
A d i  COsdr  ̂ ^

That is, the anamorphism of the grating introduces a further multiplying factor 

(called anamorphic factor) (  =  cos dr/cos di in the beam hitting the camera, so 

that the total deflection of the beam leaving the grating is:

A ê ,  = 2 A 0 ^ ^  (4.4)
COS dr

If the collimator tilt is not in the dispersion plane, then the anamorphism is absent. 

We have therefore to distinguish between detector shifts in the spectral direction 

A x  and shifts in the spatial direction Ay,  which are obtained by multiplying the 

beam tilt times the camera focal length, having:

Aa; =  2FcamA/3 ^  (4.5)
COS#r

and

A y  =  2FcamAI3 (4.6)

The anamorphic factor (, however, is not far from 1 for most of the ISIS gratings, as 

I pointed out in section 4.2. Thus, for the purpose of this discussion, it can be safely 

neglected. Given the stability requirement of A x  =  A y = ±l/zm  and neglecting 

anamorphism, we have:

A/Î ^  ^  (4.7)
cam

This gives a value of A(3 = ±0.2arcsec {±lO~^rad) as the tilting accuracy required

for the collimator mirror. The accuracy in positioning the actuators will depend on

this and on the distance H  between the two actuators. When the actuator expands 

by a given amount t, the mirror is tilted by an angle ^  = t /H  and using equation 4.7 

we obtain:

t ~  Az (4.8)
cam

This equation relates the actuator movement to the shift in the camera focal plane; 

if both these movements are expressed in microns and we take an actuator distance
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H  = 16cm, we get a the scale factor given by the ratio 2Fcam/H =  6.25. This means 

the actuator movements are magnified on the CCD detector by a factor R  = 6.25. 

When calculating the accuracy required for a single actuator, however, we need to 

consider that the expansion t that produces a collimator tilt is in fact the difference 

of two actuator expansions t = ti — t2, therefore the error on t is;

At = A ti  T A ^2 =  2Ata (4.9)

I indicated with Ata the required position accuracy for a single actuator. Combining 

this with equation 4.8 we finally obtain:

Ata = A x l2 R  =  SOnm (4.10)

This is a very stringent requirement and it has important consequences in the choice 

of the actuators, since not many can reach this level of accuracy; this is discussed 

in detail in the next chapter.

Incidentally, equation 4.8 also gives us the maximum amount of correction we can 

apply with the active collimator. Taking an actuator maximum expansion of 15//m, 

the corresponding shift at the detector is Aa: =  94/im, or nearly 4 pixels (considering 

24//m pixels); this is more than enough to correct the worst case flexure. The 

maximum tilt of the mirror would be ^  =  2 0 arcsec rad).

4.4.2.2 Mirror Radial Stability

The stability goal at the detector also affects the amount of lateral motions of the 

mirror that can be tolerated. In other words, it affects the specifled accuracy for 

the radial location of the collimator. When the mirror is shifted by A r in the plane 

orthogonal to the optical axis, the slit moves by the same amount in the collimator 

focal plane. Thus, the parallel beam leaving the collimator will be deflected by:

Ar
,  =  ^  (4.11)

Again neglecting the anamorphism of the grating, the corresponding displacement 

at the detector will be:

Aa: A r (4.12)
F c o l
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Figure 4.11: Changes in the angles of incidence and reflection on the grating due to 

flexure compensation. As a result of the flexure correction, the spectrum is not only 

shifted, but also slightly stretched.

That is the two displacements are related by the ratio of collimator and camera 

focal lengths. Given the numerical value FcamlFcoi — 1/3 for the ISIS spectrograph, 

a lateral stability of about ±3/zm is needed to keep motions at the detector within 

specification.

4.4.2.3 Flexure Correction and Grating D ispersion

A tilt P of the collimator changes the angle of incidence on the grating, albeit 

by a very small amount. It is necessary, therefore, to calculate the effect on the 

spectrum at the edges of the CCD when compensating for the motion at the centre, 

so that the flexure compensation works for the whole spectrum. This situation is 

shown schematically in fig. 4.11 When the centre of the spectrum is reflected by the 

grating at an angle the edge will be reflected at a different angle i?' =  

where dêr is half the angular size of the CCD. To calculate the effect on dj. by

127



the collimator tilt, we need to derive how the change in the angle reflected by the 

grating due to flexure correction, depends on the angle of reflection itself i?,.. 

This relation can be obtained by differentiating equation 4.4 with respect to -dr.

(4.13)

Therefore:

(Ai?r) — Aï?7. • tanï?r (4.14)

Or:

d(Aï?r) =  ddr ' Aï?r ' tan ï?̂  (4.15)

The above equation tells us that while the centre of the spectrum is shifted by an 

angle Aï?  ̂ when the collimator is tilted by (3, the edge is shifted by Aî?r +  d(Aï?r), 

thus stretching the spectrum. Combining equation 4.5 and equation 4.4 we have an 

expression for the flexure correction that depends on the shift on the CCD (rather 

than on /?):
/ \  7*

At?. =  —  (4.16)
•C cam

Also, because î?J. corresponds to the edge of the CCD, the angle dï?̂  is half the 

angular dimension of the CCD. If we indicate with 2L the CCD length, then:

dâr=L/Fcam  (4.17)

Combining the last 3 equations together and indicating with Ax^dge =  -^camd(At?r) 

the motion of the spectrum at the edge of the CCD relative to spectrum at the 

center, we obtain:

A x e d g e  =  ^ — tant?,. (4.18)
-C cam

For the ISIS Tex detector L  =  500 pixels (1 2 mm) and almost always tand r < 1. 

Therefore, even for flexure corrections of A x  = 4 pixels, the ‘stretching’ of the 

spectrum at the edge of the detector is very small:

AXedge < O.lpixcl (4.19)

This result could obviously be calculated more accurately by ray-tracing the entire 

spectrograph. Given the above result however, I considered that was not neces­

sary. The specifications for the active collimator and its actuator are summarized 

in table 4.1.
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Collimator Max Tilt 13 =  ± 2 0 arcsec

Collimator Tilt Accuracy = ± 0 .2 arcsec

Collimator Radial Stability A r =  ±3//m

Actuator Max Expansion t =  15/im

Actuator Position Accuracy A t  =  ±80nm

Table 4.1; Summary of the specifications in positioning the active collimator and of 

the corresponding specifications for the actuators.

4.4.3 The Environment on the Telescope

The active collimator is designed for operation on the ISIS spectrograph in La Palma, 

there it will be exposed not just to the weather conditions on the mountain, but 

also to the telescope motions and accelerations. Both these factors need to be taken 

into account in drawing the specifications for the ISAAC system.

4 .4 .3 . 1  Telescope Tracking

The telescope motion for an altazimuthal mount is determined by the spherical 

coordinates transformations that convert the equatorial coordinates of the object 

(declination 6 and right ascension a) into altazimuthal coordinates (elevation E  or 

zenith distance z =  90° — E  and azimuth A). The two spherical coordinate systems 

are shown in fig. 4.12. The zenith distance can be easily related to a  and 6 given 

the sidereal time St and the latitude 0  of the telescope site. The equation is the 

following [105]:

cos z =  sin 0  sin S -f cos 0  cos Scos(St — ct) (4.20)

The WHT telescope at La Palma has a latitude #  =  28.8°. The telescope motion in 

elevation is shown in fig. 4.13 as a function of the hour angle h = St — ol for a star 

having declination 6 =  +15°. The speed of tracking is clearly not constant and also 

depends on the declination of the target, but an estimate of the worst cases can be 

done by taking the steepest section of the graph. In this way we can estimate that 

the highest speed in elevation during tracking is around 15 degrees/hr (the average 

speed for that star would be only a bit less, around 12 degrees/hr). This telescope
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Ecliptic

Figure 4.12: Relation between equatorial and altazim uthal coordinates systems. 

Both equatorial (declination 6, right ascension a)  and altazim uthal (zenith distance 

z, azim uth v4) coordinates of a star are shown. The parallactic angle q is the angle 

between the zenith (Z), the star and the celestial North pole (N).

motion is very slow and does not pose any severe constraint on the update rate for 

the flexure compensation system.

The azim uth motion is not relevant from the point of view of flexure, but the angle 

of rotation of the Cassegrain turntable 0  is. This motion compensates the rotation 

of the telescope’s field of view typical of altazim uthal telescopes. W hen tracking a 

star across the sky the other stars in the field of view rotate about the center. While 

the stars in the field keep a fixed orientation with respect to the celestial North 

Pole, the north pole direction in the field rotates because the telescope system of 

reference always points at zenith. The field rotation is therefore determ ined by the 

parallactic angle ç, which is the angle between the celestial North pole, the object’s 

position in the sky and the zenith. If the turntable rotation equals the speed of the

130



O) 40

-20

-40
14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14

Time (hour angle)

Figure 4.13; Elevation of a star having declination S =  +15'^ as a function of the 

hour angle h =  St — (y when observed at the latitude of the La Palm a Observatory 

(0  =  28.8'’). The graph shows the altitude of the telescope when tracking the star. 

The rotation of the Cassegrain turntable can be calculated in a similar way.

parallactic angle, this prevents field rotation. The equation for the parallactic angle 

is the following [105]:

cos 0  sin(S't — q )
tan q =  — (4.21)

sin 0  cos 6 — cos 4> sin 6 cos{St — a )

During normal astronomical observations, however, the Cassegrain ro tator is not 

usually placed at the parallactic angle, even though it moves at the same rate. 

This is because the turntable position ^  determines the orientation of the slit when 

projected onto the sky. Usually the observation requires the slit to be placed at a 

given angle cr with respect to the North pole direction (required sky PA). Provided 

th a t the instrum ent slit is aligned with the zero position on the Cassegrain rotator, 

the turntable position is given by [106]:

(4.22)

The required slit angle in the sky only acts as an offset, while the minus sign for 

the parallactic angle is a consequence of the way angles are measured on the sky
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and on the turntable. It is possible to demonstrate that the motion is fast when 

observing close to the zenith and that it slows down when close to the horizon. This 

happens when in equation 4.21 the denominator in the fraction approaches zero 

and the parallactic angle suddenly changes by nearly 180°. Fortunately when the 

telescope is close to the zenith flexure shifts are at their minimum, and this fast 

motion does not have much effect on the flexure compensation system. Away from 

zenith the turntable rotation is even slower than the elevation motion.

On the basis of the speed of the telescope motion, both in terms of elevation and 

rotator position, and of the extent of flexure shifts observed, I concluded that an 

update rate of once every minute was more than enough to keep the spectrum 

stability within specification. Even with the worst case flexure of 2 0 /xm//ir the 

image shift in a minute would be only 0.3//m, well within our target. The update 

rate has also an effect on the lifetime requirement for the actuator: expecting the 

flexure compensation system to work once a minute, for 1 0  hours a night, means 

the actuator needs to work around 2 - 1 0  ̂ cycles/year.

Finally, all the equations for the telescope motions are slightly inaccurate because 

the positions are not corrected for precession, nutation, aberration and atmospheric 

refraction. The total error when we input the catalogue coordinates of the object is 

expected to be around 1 ° [106]. This error is acceptable for flexure modelling pur­

poses, however it could be drastically reduced if we input the apparent coordinates 

of the object (i.e. accounting for precession, nutation, aberration). The total error 

would be reduced to a few minutes of arc, mainly due to atmospheric refraction.

4 .4 .3 . 2  M etero log ical C onditions

The physical environment inside the telescope dome also affects the working condi­

tion for the flexure compensation system. The following are estimates of the mean 

temperature and humidity levels inside the dome of the telescope on the Roque de 

los Muchachos in La Palma [107]

1 . Average humidity 30%

Maximum humidity 80% (after which the telescope enclosure is closed).

2. Minimum temperatures during the night in winter:
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Mean —5*̂ (7 Lowest —10^(7 

Temperatures during the night in summer:

Maximum +23^(7 Minimum +8°(7

Thermal excursions during the night are less than 10°(7 both in summer and 

in winter.

All the above values refers to conditions inside the telescope enclosure, but they 

are expected to be similar to those inside the spectrograph. It has to be considered 

though, that there is up to 1 K W  dissipation at the Cassegrain focus where the spec­

trograph is situated. This can slightly alter the conditions inside the spectrograph, 

but the effect, if present, would only improve conditions, by reducing humidity and 

increasing the temperature.

The temperature range of operation that can be derived from the above data is 

roughly between — lO^C and -|-30°(7. This is a fairly ordinary range for most elec­

tronics and actuator system. Humidity levels can be a bit high, but inside the 

spectrograph I would expect them to be somewhat lower.
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Chapter 5

Building the Instrum ent

5.1 M echan ical D esign

The mechanical design of ISAAC was focused on the collimator cell, which is the 

active element of the system. The cell needed to be interchangeable with the existing 

one, but also to allow the tilting of the mirror without introducing any hysteresis 

in the movement. Achieving all this within the very tight volume limitation of 

the collimator area, presented a serious challenge in the design. The mirror was 

also reproduced as an exact replica of the existing one and was polished and figured 

entirely at OSL by D. Brooks. A picture of the collimator mirror after being polished 

and aluminized is shown in fig. 5.1. The final design of the cell structure was the 

product cooperation between myself and M. Dryburgh, who is a design engineer at 

OSL. The result is a design that integrates original drawing of the existing mirror 

cell with the needs and specifications of actuation. The cell design is shown in the 

drawings of fig. 5.2 and fig. 5.3 and it is discussed in detail in the next sections. The 

main challenge we encountered in producing the active collimator cell was the very 

limited space available, which explains the very compact design shown.

5.1.1 Collim ator A ctuation

The mirror is mounted on three actuators placed at the vertices of an isosceles 

triangle with a basis of 160mm and a height of 172mm. I chose to use three actuators
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Figure 5.1: Picture of the collimator mirror outside the cell, after being polished, 

cut and aluminized.
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Figure 5.2: Drawing of the active collimator cell as seen from the back of the mirror. 

A detail of the actuator mounting system is also shown. The actuators are fitted 

with a spherical tip.
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Figure 5.3: Exploded view of the active collimator. The m irror cell at the bottom  

is a replica of the existing one. The flexure and the lid at the back were added to 

allow for active control, the flexure provides radial support, while the lid houses the 

piezoelectric actuators, which support the mirror axially.
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(instead of two or four) for two main reasons: three points identify a plane, so the 

collimator is automatically located once it is compressed against the hard stop of 

the actuators, and this position is not affected by temperature changes because 

the actuators have all the same thermal characteristics. With only two actuators 

and a fixed pivot, we would have the additional problem of matching its thermal 

expansion with that of the actuators. Moreover, the actuators experience different 

thermal expansion when operated with a position sensor and when simply switched 

off. Therefore the fixed pivot could never match the expansion of the actuators in 

all conditions. A practical result of using three actuators is also that the maximum 

tilting angle of the mirror is increased by a factor two, even if the actuator travel 

remains the same. The actuators are not equidistant because of the shape of the 

mirror cell itself, which is not circular. A picture of the active collimator cell is 

shown in fig. 5.4.

As actuator type I decided to use piezoelectric stacks with strain gauge position 

sensors for closed-loop positioning. The choice was to use one of Physik Instru­

mente (P.I.) products, the actuator PI-841.10, which is already equipped with a 

strain gauge sensor inside its metal housing. The actuator has a nominal maximum 

travel of 15/zm and in closed loop operation, according to P.I., it will be possible 

to position the actuators with an accuracy of 75nm for the whole travel range and 

for temperature excursions up to 20^C. In absence of temperature changes, the 

specified positioning accuracy is 30nm, well beyond our specifications. The basic 

properties of this actuator are summarized in table 5.1.

The actuator requires an lOOP DC supply, but at very low currents, so that power 

dissipation is practically negligible. The total length of the actuator is 32mm and 

can produce pushing forces up to 1 0 0 0 # ;  it is preloaded, so it can also pull up to 

100#. The operating temperature range is from —20°C to +80°C and this also 

fits well within the requirements. The lifetime of the system is expected to be very 

long: P.I. actuators have been tested up to 10® cycles without any degradation 

in performance. Strain gauges are specified with a lifetime of 10® cycles if the 

expansion is limited to 0.1% of their working range, which is our case [108]. At our 

rate of operation of only 2 - 1 0  ̂ cycles/year, the lifetime issue becomes irrelevant. 

The only possible reason of concern is the the humidity inside the telescope dome;
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Figure 5.4: Picture of the collimator mirror in its cell.
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P.I.

P-841.10

Max Travel Ibfim

Nominal Accuracy 30nm

Pushing Force moN
Pulling Force lOOiV

Stiffness hbNf pLm

Temp Range -20° +  80°C

Temp Expansion 0.1/im/AT

Max Frequency U K H z

Input Voltage —20 to -|-120 V

Capacitance 1.8//F

Length 32mm

Table 5.1: Summary of the physical properties of the actuator P-841.10 from Physik 

Instrumente.

prolonged exposure to humidity above 60-70% can damage the electrical contacts of 

the actuators. However, considering that the telescope site is usually very dry and 

that the actuators are safely encased in the cell inside the spectrograph, this should 

still allow for a very long operational life.

The strain gauges sensors have a nominal accuracy of 0.2% of the travel, that is 

30nm in our case; this is what determines the overall accuracy of the actuator. These 

values are in absence of temperature changes, therefore the system accuracy can be 

increased, if necessary, by the introduction of temperature sensors. A review of the 

options and of the reasons that convinced me to choose PZTs and this particular 

actuator is discussed in detail in chapter 3.

5.1.2 Mirror A xial Support

In our mechanical design the collimator cell is left unchanged apart from the addi­

tional surface at the back where the actuators are mounted. Each actuator pushes
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the mirror against a small rubber pad on the front. The actuator/ rubber pad clamp­

ing substitutes the diaphragm of the original design. The actuators are held from 

the bottom with a screw that connects them to a small disk which serves as main 

actuator support. This support disk is connected to the lid at the back of the cell 

with some disk spacers and three screws. The disk spacer between the actuator 

support and the cell determines the compression of the rubber pads on the other 

side and consequently the force applied to the mirror; the spacer also helps to keep 

the actuator orthogonal to the mirror surface. We had a set of spacers of different 

thickness with which it was possible to vary the clamping force until the required 

value was reached.

The axial support for the collimator is provided by the three actuators pushing 

against metal pads glued to the back of the mirror and by the corresponding rubber 

pads on the front. These pads act as a spring under compression and they are placed 

as close as possible to the (axial) line of action of the actuators, to minimize the 

torque moment applied to the mirror. The actuators are fitted with a spherical tip, 

to avoid the PZT suffering lateral (shear) forces which could damage the piezoelectric 

material. In this design, it is important that the compression force on the rubber 

pads is larger than the weight of the mirror, to avoid any movements of the collimator 

when the spectrograph moves.

5.1.3 Mirror Radial Support

The radial support of the mirror was a more complicated issue because the system 

used in the original design proved to be impractical. The previous collimator was 

supported laterally with several screws pushing on the sides of the mirror. The pres­

sure applied was carefully controlled to avoid introducing stresses on the collimator. 

This system however, is designed to keep the mirror firmly in position and restricts 

the freedom of movement in axial direction as well. My original idea was that the tilt 

of the collimator was so small that this radial support could still work. Early tests 

instead showed that the lateral screws would not prevent the tilting, but they were 

a major source of hysteresis in the movement. Clearly the actuators were strong 

enough to move the mirror against the resistance of the screws, but the friction in 

the movement produced hysteresis.
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Figure 5.5: Linear thermal expansion coefficient of Zerodur (from Schott GmbH 

technical brochure). The material has a nearly zero expansion coefficient between 

and lOO^C.

The radial support had to be redesigned from scratch, and it had to fit in the very 

tight space limits inside the cell. We abandoned the idea of holding the mirror from 

the sides and decided to use a flexural element connected to the back of the colli­

mator. The flexure would be strong in radial direction and weak in axial direction 

to allow the tilting and reduce hysteresis. The problem was how to connect the 

flexure to the mirror, maintaining high radial stiffness and avoiding stresses due 

to differential thermal expansion in the cell, the flexure and the collimator. The 

mirror is made of Zerodur, which is a glass-ceramic with an extremely low linear 

thermal expansion coefficient. The coefficient varies with temperature, but, as it can 

be seen from the data provided by the manufacturer (fig. 5.5) [109], around room 

temperature a z  <

The flexure instead, is made of aluminium to match the thermal expansion of the cell 

and has therefore a relatively large thermal expansion coefficient: aAi = 23T0“®K“  ̂

[110]. The usual solution in these cases is to use a flexible adhesive, which will easily
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adsorb the stresses between the two surfaces. This is not an option for this project 

because of the stringent requirements in radial position accuracy. It was decided 

to have a high precision Invar insert in the mirror to which the flexure could be 

screwed on. Invar was chosen because it has a much smaller thermal expansion 

coefficient than aluminium and matches more closely the expansion of Zerodur: 

ciinv <  1.5 • The insert was machined very accurately to fit exactly in the

hole in the mirror: we estimated the gap between the two to be less than 0.5fj,m. In 

this way no adhesive between the Invar and the Zerodur mirror was required. The 

diameter of the insert can also be reduced to minimize the stresses induced in the 

mirror. A diameter of 10mm provides enough stability without compromising the 

mirror figure. For 30^(7 temperature changes the insert will expand by about 0.5/zm 

with respect to the Zerodur mirror and this does not affect the reflecting surface 

of the mirror. The components of the active collimator cell are shown in fig. 5.6. 

Extensive testing was necessary to prove the correctness of the design and of these 

theoretical calculations: the tests are described in chapter 6. The solution was then 

to provide radial support by a flexural element connected to the cell through six 

thin metal strips and bolted with a screw to a small Invar cylinder inserted in the 

back of the mirror. As explained earlier, the Invar insert was not cemented to the 

mirror because the tight mechanical fit proved to give enough accuracy in the radial 

direction.

5.2 E lectron ics

Most of the electronics for the active collimator consists in the drive and the control 

for the actuators. Only a small amount of electronics is needed for the computer sys­

tem and the connection with the telescope and the control room. All the electronic 

circuits were designed by G. Nixon and H. Jamshidi and manufactured at OSL by 

myself. The decision to make the electronics ourselves was taken because the very 

low frequency of operation for the actuators would allow us to greatly simplify the 

circuitry. Every electronic component was first developed on a prototype board and 

then converted into a standard Eurocard PCB format, to fit into a 19 inch electronic 

rack. Our electronics is totally independent from the one controlling the telescope 

and the spectrograph.
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Figure 5.6: Picture of the components of the active collimator cell showing the 

flexure and the metal insert for radial support.
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Figure 5.7: Closed loop control of the actuators with strain gauge sensors. The error 

amplifier assures tha t the output from the strain gauge sensor matches the input 

from the DAC by adjusting the input to the high voltage amplifier tha t drives the 

actuators.

5.2.1 Closed Loop Actuator Control

The actuator expansion is controlled by a negative feedback loop including the 

strain gauge sensors for high positioning accuracy. The feedback loop ensures th a t 

the actuator actually reaches the position entered by the user (or by the control 

com puter). The schematic electronic diagram of the feedback loop is shown in 

fig. 5.7. The circuit works on the same principle of any other negative feedback loop: 

the control processor inputs a given actuator voltage through the DAC interface (in 

our case the input is between 0 and 10 Volts). This voltage is amplified by the High 

Voltage amplifier by a factor 10 so tha t the output range of the amplifier matches 

the input voltage of the PZT (0-100 Volts). When the actuator expands, some 

residual errors may be present (e.g. hysteresis) so th a t it actually does not reach 

the desired position. This positioning error is sensed by the strain gauge which, 

when properly calibrated, will differ slightly from the input coming out of the DAC. 

The error amplifier then compares the signal from the sensors with the one at the 

input and corrects the voltage applied to the actuators. The closed loop ensures 

tha t this process is autom atic and neither the user nor the control com puter need
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to intervene to correct the position. All the important electronic components are 

shown in fig. 5.7: in the next sections I will analyze each one in detail. The circuitry 

for the actuator drive was designed by G. Nixon at OSL, after consultation with 

myself to determine the required performance.

5.2.2 High Voltage Supply

The high voltage supply provides the lOOV input for the amplifier to drive the 

actuators. The characteristics of the supply are determined by the maximum slewing 

rate E, which is defined as the speed at which the voltage needs to be changed, that 

is:

The maximum slewing rate then drives the maximum output current that the supply 

has to provide to charge up the actuator, which is essentially a large capacitor with 

electric capacitance C, according to:

^ m a x  ~  C ^ m a x  (h-2)

In specifying the characteristics of the the supply I took the conservative value of 

1/10 of a second as the maximum time needed to charge the actuators to 1001 ;̂ 

this implies a slewing rate of Ŷ max =  1000V"/sec. Given the actuator capacitance 

C — 1.8/lzF, the maximum current required is still only imax =  1.8mA. The reduced 

power requirement for the supply was used to improve the stability of the output, 

which is instead very important. The solution was to increase the voltage output 

of a standard low power (hlV), low voltage (±15V") DC power supply. The circuit 

diagram is shown in fig. 5.8.

The high voltage supply is based on an oscillating circuit that feeds a transformer 

with an alternated current. The oscillator is made out of two inverters contained 

in a 74HCT04E integrated circuit and works at 50KHz.  The two outputs of the 

oscillator are square wave signals inverted between each other and they are sent 

through two transistors to the transformer. The transformer primary winding has 

15 turns between each output and the ±151^ supply. The alternate current in the 

primary winding induces a current in the secondary which is rectified into a DC 

output by the full bridge of diodes of the secondary circuit. The voltages across the
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Figure 5.8: Circuit diagram for the HV Supply.

primary and secondary windings are directly proportional to the number of turns in 

the winding according to:

^  (5.3)
n,

Vp Tip
The number of turns in the secondary winding, originally 100, was increased to 118 

to account for the high load of driving two actuators simultaneously. The supply 

is fairly insensitive to the load, producing 109V when all the three amplifiers have 

zero output (minimum load), reduced to 98F when two amplifiers have maximum 

output (maximum load). A large resistor was put in parallel with the output to 

prevent the voltage from raising too much when the supply is working at zero load. 

This resistor fixes the the working range of the supply in the flat part of the Voltage 

vs Load curve, so that the output is less sensitive to the load.
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Figure 5.9: Circuit diagram for the HV amplifier and error amplifier. The com­

parator receives inputs from the Strain Gauge amplifier and the DAC which range 

between 0 and 10 V.

5.2.3 H igh Voltage Amplifier and Comparator

The HV amplifier was designed to have a gain G =  11, producing an output between 

0 and 110 V with an input between 0 and 10 V. Again output stability and linearity 

was preferred to frequency bandwidth as the parameter to optimize. The circuit 

diagram is shown in figure 5.9. The amplifier showed excellent linearity up to the 

limit of the HV power supply, as fig. 5.10 shows. The data in the graph was taken 

when the HV supply had only 100 turns in the secondary winding of the transformer 

and could provide only 80V output; as I explained earlier, the output was later 

increased to lOOV. The capacitors in the circuit were introduced to prevent the 

output from oscillating when operating the actuators in closed loop and to reduce 

the high frequency noise in the output. The large 22^ F  capacitor and the 1 ATI 

resistor provide a local feedback at the operational amplifier for the high frequency 

components. To protect the PZT actuators from damage a resistor with R =  1 AT2 

is placed in series with the output. Since the PZTs are essentially large capacitors,
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Figure 5.10: Linearity test for the HV amplifier. The curve shows the gain G =  11 

of the amplifier and its excellent linearity up to the limits of the voltage supply 

(when the amplifier was tested the supply could produce only ~  80V).

shortening the inputs while the actuator is charged would produce a rapid discharge 

and a consequent contraction shock that may destroy the device. The resistor slows 

down this process by providing a load on which the actuator can discharge; in this 

case the time constant is r  =  RC  ~  2ms.

The comparator consists simply of an operational amplifier with a local feedback 

having a gain of 100. It was necessary to reduce the gain of the comparator to 

prevent saturation and avoid oscillation in closed loop operation. In the end a low- 

frequency {lOOHz) oscillation still remains, but its amplitude at the output of the 

HV amplifier is small enough (0.2V) to be neglected. The required accuracy of 

about 0.5% in positioning the actuators (0.08/zm over 15/xm total travel) translates 

into 0.5 V at the amplifier output.
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Figure 5.11: Schematic circuit diagram for the strain gauge bridge and amplifier. 

The circuit is a simplified version of the real one and explains the principles on which 

the strain gauge circuitry works. The voltage difference A V  is introduced when the 

actuator expands and the strain gauge resistance changes.

5.2.4 Strain Gauge Bridge and Am plifier

The actuators I used have an already built-in position sensor; the sensor consists 

of two strain gauges in a Wheatstone bridge configuration. The two gauges are 

cemented directly on the piezoelectric stack inside the metal housing, while the two 

other resistors that complete the bridge need to be added to the control electronics 

for the actuators. A schematic diagram of the strain gauge bridge and amplifier 

is shown in fig. 5.11. The real circuit is significantly more complex than the one 

shown, because it includes a low noise, high stability amplifier specially designed for 

driving strain gauge bridges bought from RS Components Ltd.

The strain gauge is essentially a resistor that changes its resistance R  when a strain 

S  — A L / L  is applied to it (see chapter 3), so that:

A R  A L
= K g - (5,4)

R  L

Here K q is the gauge factor, which in our case has a value K q ~  2 [112]. If we 

consider the bridge configuration of fig. 5.11, we can calculate the output voltage 

of the bridge AV as a function of the strain (or of the actuator expansion, which is
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the same thing). For the bridge to be in equilibrium the current in both arms (A 

and B) needs to be the same, thus:

2V
= = (5.5)

The voltage drop in A is =  2% — R qIa while Vb =  2% — R I b -, therefore:

(5.6)

Considering that at zero strain the resistance of the strain gauge has to match that 

of the external resistor R  we can write R g = R  AjR, where Ai? <C R  represent 

the change in resistance due to actuator expansion. The previous equation then 

simplifies to:

Or, in terms of the strain:

AV =  y > K o ^  (5.8)

Equation 5.8 shows the principle on which a strain gauge sensor works: when the 

actuator expands, the bridge gives a voltage output proportional to the movement. 

In practice the circuit we used provides both the voltage supply for the strain gauge 

bridge and the amplifier with an adjustable output and gain, the bridge supply was 

set to =  ± 5 y  and the gain to G = 1000; the output of the amplifier could then be 

adjusted so that it ranged between 0 and 10 V to match the input to the comparator

from the DAC. Since the output of the strain gauges depends on temperature, by

adjusting the zero offset we set the temperature at which the actuators have zero 

expansion when driven in closed loop. The two strain gauges attached to the PZT 

have a resistance of 7000, and the bridge was completed using two high precision 

resistors of the same value; the resistors were chosen because of their low thermal 

coefficient.

5.2.5 D igital to Analog Converter

I already mentioned in the previous sections that the input signal for the actuator 

feedback loop is provided by the computer via a Digital to Analog Converter (DAC). 

The accuracy for the DAC is determined by the need to match the best possible 

performance of the positioning system. Since the strain gauge sensors have a nominal
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Figure 5.12: Circuit diagram for the Digital to Analog Converter (DAC).

accuracy of 0.2% or 1/500, a 10-bit or even a 9-bit DAC would be enough. In practice 

however, I decided to use some standard 12-bit converters for the DAC card. The 

circuit, which includes a 40-way connection with the instrument processor, is shown 

in fig. 5.12 and was designed by H. Jamshidi at OSL.

5.2.6 Tem perature Effects

All the electronics was designed to work at temperatures well below —10° (7, which 

is the specified minimum operating temperature for the instrument. However, it is 

also important that the performance of the electronic components remains fairly in­

sensitive to temperature changes and, in particular, that the accuracy in positioning 

through the actuator feedback loop is still within specification. The piezoelectric 

material of the actuators has a relatively large linear thermal expansion coefficient 

a  = 3* 10“®A"“  ̂ [111], therefore an actuator 3cm long expands at a rate of O.ljim/K  

when temperature changes. However, when used in closed loop operation with strain 

gauge sensors, this expansion is sensed and corrected, so that no position error is 

introduced.
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Still, the other components in the control loop do suffer from temperature drifts 

which are not sensed and produce real position errors. In absence of temperature 

measurements, these errors cannot be corrected. The components involved are the 

strain gauge sensors, the strain gauge bridge and amplifier and the error amplifier. 

The temperature drifts in the strain gauge are usually expressed in terms of the 

temperature coefficient of the gauge factor, which in our case has the following 

value [112]:

= 1.04 ±0.1  • 10“^/i:-^ (5.9)
K g dT

We can see that this is a very small drift when compared with our accuracy re­

quirement of 80nm over 15//m (one part in 5 • 10“^). The stain gauge amplifier was 

specifically chosen for its high thermal stability: the maximum input voltage offset 

drift (as quoted in the RS catalogue) is only If iVlK.  However, since the amplifier 

receives very small signals from the strain gauges (lOmV max), the resulting thermal 

drift, as a fraction of the full scale value, is of the same order of the strain gauge: 

1 • Finally, the comparator has typical voltage drifts of 20jj,V/K, which

translate into a fractional contribution of 2 • This value is negligible when

compared with the effects in the strain gauge sensors and amplifier. The overall 

thermal drift in the loop is therefore:

aioop -  2 • 10-^K-^ (5.10)

The corresponding drift in the actuator position due to temperature changes is 

3 n m /K ,  which means that the maximum error for 20K temperature difference is 

only 60nm, well within the requirements.

5.3 C ontrols and C om m u n ication s

The instrument hardware consists of three separate subsystems: the mirror cell with 

the driving actuators is connected through coaxial cables to the actuator control elec­

tronics which sits in an instrumentation rack; this in turn communicates via a serial 

link with a standard lap top 486 PC. The whole system is shown schematically in 

fig. 5.13. The main control software runs on the lap-top PC; the user is required to 

input on the keyboard the parameters necessary for starting active compensation.
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Figure 5.13: Schematic view of ISAAC hierarchical control system and of the routes 

of communication. The user interfaces with the PC where the main software runs; 

the local processor is only responsible for driving the actuators.

These include the object’s equatorial coordinates, the sidereal tim e at the beginning 

of the exposure and the slit position angle on the turntable. The com puter performs 

all the necessary calculations to convert these data  into three actuator voltages and 

sends this information down the serial link to the local processor on the spectro­

graph. The processor confirms receiving the signal and feeds this to the DAC which 

generates three voltages for the actuator driver.

The actuator control has already been described in the previous sections. The 

actuators and the strain gauges sensors are part of a negative feedback circuit which 

guarantees accurate positioning. Six LEMO coaxial cables carry the signal for the 

3 actuators and the 3 sensors to and from the electronic rack with the voltage 

supplies and the amplifiers. It is particularly im portant th a t the signal from the 

sensors is carried on coaxial cables to minimize sources of disruption: these signals 

are extrem ely small, only a few m V.

The local processor is a Flight 86 control board and it is based on a 8086 Intel 

processor. The board has two parallel I/O  ports for communication with the digital
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to analog converter and a RS-232 serial port through which it is connected to the 

control PC. This serial link allows remote operation of ISAAC from the telescope 

control room by using a spare serial connection in the telescope cable wrap. The local 

processor has indeed a minor role in the system control and very little processing 

is required from it. Its presence is however necessary to check the correct flow of 

information from the PC to the actuators. Moreover, when the system was being 

built, it was still not clear which share of the control software should go on the local 

processor and the processor chosen gave us the necessary flexibility. The lap top PC 

was the flnal choice for the user interface because it was decided that the priority 

was that ISAAC should be a completely stand alone system.

5.4  Softw are

The main task for the instrument control system is to drive the three actuators on 

which the collimator mirror is mounted according to the orientation in space of the 

telescope and the spectrograph. This position, as pointed out earlier, is identifled 

by two parameters; the zenith distance z of the telescope and the rotation on the 

Cassegrain turntable ijj (which is linked to the parallactic angle of the observed 

object). The voltages for the actuators can be determined when these parameters 

are known by using a look-up table with the stored flexure information. The control 

software therefore, needs to know the values of these two parameters at any time 

during the astronomical observation, to translate this information into voltages for 

the actuators and to send the voltages to the active cell through a digital to analog 

converter. Since the ISAAC experiment was designed to be completely stand-alone, 

I wrote the software in “C” to run on a 486 lap-top PC. In the final operating version, 

the software will have to run on the existing computer network at the telescope and 

to be fully integrated with the software which is already there.

In writing the software I allowed for a testing mode of operation to facilitate the 

calibration of the instrument and possible modifications or failure checks. In closed 

loop operation instead, the active collimator will be operated continuously without 

need of interaction with the user except at the start of the exposure. A schematic 

diagram of the software structure is shown in fig. 5.14. I wrote most of the software
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Figure 5.14: ISAAC Software diagram. The program, which runs under DOS on a 

standard PC, has two modes of operation: engineering (Test Mode) and automatic 

compensation (Track Mode). In the tracking mode, the user inputs the object’s 

coordinates (Ü) and the computer estimates the flexure shifts on the detector (X, Y).  

This information is used to drive the active collimator by applying voltages to the 

actuators (K) constant intervals (T).

myself, but some communication routines and the software for the local processor 

were written by H. Jamshidi at OSL.

When it starts, the control software initializes the serial link for communication with 

the local processor on the spectrograph. The initialization routine sends a string of 

characters to the Flight 86 and receives confirmation that the status of the serial 

link and the local processor is correct. Then it sets all the actuator voltages to zero 

by resetting the output ports to the DAC on the Flight board. Once the system is
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initialized, the software reads some free calibration parameters from a file and the 

flexure data from a separate file; both files are stored in the memory of the lap-top 

PC. The look-up table contains the X and Y shifts at the detector (measured in 

pixel units) for a set of telescope and spectrograph positions. The data is stored 

in two matrices relating the position coordinates (z, ÿ) to the absolute shifts in the 

plane of the detector (X, Y):

^i,j =  (5T1)

= (5.12)

The zenith distance ranges between 0° (telescope pointing at zenith) and 75° sampled 

at intervals of 15°; the turntable rotation covers 360° with steps of 45°. The X and 

Y shifts are converted into microns by multiplying the data by the detector pixel 

size (22.5//m for the EEV or 24.0/zm for the Tek CCD). The program displays a 

Main Menu where it is possible to choose between tracking and engineering mode 

of operation.

5.4.1 The Engineering M ode

This testing mode allows manual operation of the collimator, either remotely or 

through an engineering interface at the spectrograph. First the initial position of 

the telescope is requested, then three different options are provided:

• Voltages. The actuator voltages are given directly as an input.

• Detector Shifts. The user inputs relative shifts at the detector with respect to

the starting point. The software converts these into actuator voltages without

using the stored flexure data.

• Telescope Position. A new telescope position is given and the collimator is 

moved so as to compensate the flexure shift relative to the original starting 

point.

This mode facilitates the calibration of the instrument and any possible engineering 

work.
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5.4.2 T he Tracking M ode

In the tracking mode the program calculates the telescope and spectrograph position 

from the coordinates of the observed object and it does not need any input from the 

user after the exposure started. The tasks the software performs can be summarized 

as follows:

• Start. Initialization of communication links.

• Read LUT. The data stored in the flexure look-up table is loaded into memory.

• Input Object Coordinates. The user inputs the object’s Right Ascension and 

Declination (a, 6) in degrees (hours), minutes and seconds.

• Input Sidereal Time. The sidereal time is given directly; soon afterwards the 

program starts the computer timer to compute the elapsed time.

• Input Slit Position. The desired slit orientation in the sky is given as an angle 

<j on the Cassegrain rotator; zero means the turntable follows the parallactic 

angle.

• Calculate Initial Position. Calculates the initial spectrum shifts on the detector 

(with respect to zenith) A(0), y(0) and then starts the closed loop operation.

• Calculate Elapsed Time. Reads the timer to update the sidereal time.

• Calculate Telescope Position. Using spherical trigonometry formulae deter­

mines zenith distance and turntable angle (z, ÿ) from the object’s coordinates

(a,S,St).

• Calculate Detector Shifts. Interpolates the LUT data to determine the abso­

lute position at the detector X ( t ) ,V ( t )  at that time. Then the displacements 

relative to the starting position are calculated.

• Calculate Actuator Voltages. Using the optical and geometrical characteristics 

of the spectrograph and the expansion vs voltage relation of the actuators, the 

relative shifts are converted into three voltages (U l, U2, U3).
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• W rite/Read Serial Port. These three data are coded and sent through the 

serial link to the local processor, which in turn acknowledges the reception of 

the signal by sending a reply.

• Delay. A delay of around one minute is introduced.

• Escape. The loop is closed by repeating the last 6 points indefinitely. When 

the program is running it is however possible to pause the operation or to 

escape from the loop from the user interface.

5.4.3 From O bject’s Position to  A ctuator V oltages

The tasks of the software for the active collimator mainly consist in performing 

changes in coordinates systems. The orientation in space of the spectrograph in 

the altazimuthal system is calculated from the object’s equatorial coordinates using 

spherical coordinate transformations. This position is translated into displacements 

(X,Y) in the plane of the detector through the flexure map stored in the look-up 

table. The detector shifts are in turn converted into tilting of the collimator plane 

(which I will call the (j,k) plane) with respect to the optical axis. The angle of tilting 

is finally translated into voltages (expansions) for the actuators using the geometry 

of the cell and the collimator support.

5.4.3.1 C alcu la ting  S pectrum  Shifts

The program starts with the equatorial coordinates of the object, the slit position 

and the sidereal time [a, 6, a, St). Using the equations 4.20 and 4.21 for telescope 

tracking, it calculates zenith distance and Cassegrain rotator position angle accord­

ing to:

z =  arccos [sin 0  sin 6 -f cos 0  cos S cos{St — a)] (5.13)

cos 0  sm{St — O')
xj) — (7 — arctan (5.14)

sin 0  cos 6 — cos 0  sin 6 cos{St — a)

When the spectrograph position is known, the shifts on the detector relative to the 

starting point can be calculated by interpolating the data in the flexure look-up 

table. Since the data in the flexure map is measured at finite angular steps, an 

interpolation is necessary to find the flexure for an arbitrary telescope position (z,
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'0). The angular steps in the look-up table are Az =  15° and Aip = 45°. These values 

may seem too large, but the interpolation algorithm can give a good approximation, 

provided that flexure has a fairly linear behaviour in that range of spectrograph 

motions. The interpolation routine finds the closest values in the stored matrix for 

the given telescope position (z* < z < Zj+i and ipj < 'ip < 'ipj+i). It then calculates 

the departures from these values:

c. =  ^  (5.15)

The interpolation is made by weighing the four shifts in the grid =  X{zi,ipj) 

according to the above coefficients so that:

X  =  (1 — c^)(l — c^)Xij  +  Cz(l — + c^(l — Cz)Xij+i +  CzC^Xi^ij^i (5.17)

This is simply an extension in two dimensions of the usual linear interpolation, but 

I found it can provide enough accuracy even with the relatively large steps with 

which the measures are made.

5.4.3.2 Conversion of Shifts into Voltages

The active collimator is designed to compensate for the shifts at the detector relative 

to the starting position and not the absolute ones, thus decreasing the scale of 

collimator motion required. In fact, at the beginning of the exposure, a reference

line in the spectrum will be, in general, displaced from the arbitrary zero position

by the quantities X(0) and T(0). During the exposure the image will then move 

from the initial position according to:

A X  = X { t ) - X { 0 )  (5.18)

AV = Y{t) -  y(0) (5.19)

The relative displacements during a single exposure are significantly smaller than 

the “absolute” ones because the tracking speed of the telescope is usually small and 

the exposure time rarely exceeds one hour. The relative shifts in the detector have 

to be compensated by tilts of the collimator mirror, which can be identified by two
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Figure 5.15: Schematic view of a generic tilt of the collimator m irror in its own 

system of reference. The (j,k) plane coincides with the one identified by the actuators 

at zero expansion (Li =  L 2 =  T3). The figure shows three arbitrary  positions for 

the actuators and the corresponding collimator tilts.

angles of tilt about two orthogonal axes in the collimator plane (j,k). The collimator 

system of reference used for the following equations is shown in fig. 5.15 and it is 

defined by the plane formed by the actuators at zero expansion (j,k) and any line 

normal to it. I chose this system of reference so th a t actuators one and two are 

aligned along the j-axis, while the k-axis is identified by the orthogonal line passing 

through actuator three. The (j,k) plane can be considered as parallel to the (X,Y) 

plane on the detector with the axes rotated by an angle 7 . In other words, this 

means tha t by tilting the collimator with respect to the j-axis, the image in the 

cam era focal plane will move following a straight line which forms an angle 7  with 

the detector frame of reference. The m irror will be parallel to this collimator plane 

when the tilts are both zero. The angle 7  is determ ined by the geometry of the 

spectrograph and by the optical components in the light’s path. I decided it was 

not worth trying to calculate it and th a t it was better to measure it experimentally 

on the spectrograph. Assuming tha t the tilting angles are small enough to be a 

good approxim ation of their sine, and indicating with (  the anam orphic factor of
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the grating we obtain (the formal calculation is given in appendix A):

êj = — ((A X  sin 7 +  A y  cos 7) (5.20)
cam

=  TTT— ((A X  COS 7 — A y  sin 7) (5.21)
cam

In our conventional system, these angles are then related to the actuator expansions

(Li, L2 , 2 3̂ ), given the base 6 =  160mm and the height h = 172mm of the triangle

formed by the actuators. The relationship between these variables can be easily 

derived from the geometry of the tilt shown in fig. 5.15 and it is given by the 

solutions of the following system:

2Mj = L, + L2 -  2L 3 (5 ,2 2 )

b'âjç — L\ — L2

The control software needs to invert the above system to calculate the actuator 

expansions from the collimator tilts. Since there are three variables for the actuator 

lengths and only two for the tilts, one of the actuator positions is arbitrary. To 

achieve maximum tilting range and avoid negative expansions, the actuator with 

the lowest position (number 2 in fig 5.15) can be set to have zero expansion. The 

lowest actuator can be determined from the sign of and 'dk and the value of their 

ratio. Once the lowest actuator is found and its expansion is set to zero, the system 

can be solved and the two remaining expansions calculated. Since the voltage versus 

expansion curve for the actuators is linear (thanks to the closed loop operation with 

the strain gauge sensor), the actuator voltages are given by:

y  =  KiLi (5.23)

Here K{ is simply a scale factor, which I decided to leave as a free parameter to 

measure experimentally.
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C hapter 6

Laboratory Tests

6.1 A ctu a to r  T ests

When the driving electronics for the actuators was completed, it was necessary to 

test it in combination with the actuators. I decided to test the piezoelectric actuators 

in open loop first, to measure the hysteresis and compare this with the data provided 

by the manufacturer. In this experiment the actuator was driven by the high voltage 

amplifier and the signal out of the strain gauge sensor recorded. To construct an 

hysteresis curve, the input voltage is increased to the maximum and brought back 

to zero in steps; the result is shown in fig. 6.1. The hysteresis is defined as the ratio 

of the maximum difference between the upper and lower curves and the total span 

of the curve and it is usually measured as a percentage. In the graph it amounts 

to around 12%, in good agreement with the data from the manufacturer, which 

quotes a value of 11.5% [113]. The contribution to the hysteresis from the strain 

gauges is extremely small, the nominal value being less than 0.2%. This implies that 

when operated in closed loop the actuators should show very little hysteresis. The 

actuator accuracy in closed loop could be measured directly, but since this implies 

using a position sensor independent from the strain gauges, I decided to accept the 

values from the manufacturer and measure the actuator movements combined with 

the collimator displacements within the cell. The accuracy in the mirror movement 

rather than in the actuator movement is the critical factor for the success of the 

ISAAC project. The measurements of the mirror movements are described in the
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Figure 6.1: Piezoelectric actuator hysteresis curve as measured by the strain gauge 

sensor. The hysteresis is defined as the ratio of the maximum difference of upper 

and lower curves and the total output; in this case around 12% .

next sections,

I also tested the frequency response by driving the actuator with a sinusoidal wave 

and measuring the corresponding displacement. By gradually increasing the fre­

quency of the sinusoidal signal, it is possible to measure the speed of the actuator 

amplifier. I found that the system could work at frequencies in excess of l.O ^z, 

which was my original target. Figure 6.2 shows the expansion of the actuator when 

driven by a sinusoidal signal at l.OHz. In the measurement the actuator was con­

nected to a Heidenhain probe which sensed the actuator expansion. The probe is 

based on a Moire fringe sensor, where two finely ruled gratings, placed in front of 

each other, are illuminated by a white source. When the probe moves the gratings 

are shifted with respect of each other and change in the fringe pattern is detected 

by a photodiode. The probe has an accuracy of ±0.5//m, which was enough to show 

that the actuator could follow the sinusoidal input exactly. The limiting factor in 

the frequency response is the actuator driving electronics, not the actuator itself: 

piezoelectric actuators can work at several KHz.
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Figure 6.2: Frequency response of a piezoelectric actuator as measured by a Moire- 

fringe sensor. The actuator received a sinusoidal input between 0 and SV at l.OHz, 

producing an expansion amplitude of 12nm.  The accuracy of the measuring system 

was ±0.5//m. The graph shows the actuator is clearly capable of following the input, 

reproducing the sinusoidal signal.

The last test on the piezoelectric actuator involved measuring the expansion as a 

function of temperature. As I mentioned in chapter 3, the piezoelectric stack has a 

positive linear thermal expansion coefficient, so the absolute position of the actuator 

varies with temperature even if the input voltage is maintained constant. In open 

loop configuration this drift is not compensated and the absolute accuracy of the 

actuator is significantly reduced. To measure this effect I decided to monitor the 

room temperature over several hours and to register the corresponding output of the 

strain gauge amplifier. The actuator expansion is compared with the temperature 

change in fig. 6.3. This is not an independent measurement of the thermal expansion 

of the actuator because includes possible temperature effects in the strain gauge 

bridge. However, I was confident that the strain gauge sensor was quite insensitive 

to temperature and that would not affect the results of the experiments. In fact, 

when the temperature changes and the actuator expands, the strain gauge will have 

a different resistance and will unbalance the bridge, giving a voltage output. Only
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Figure 6.3: A ctuator expansion compared to room tem perature changes when no 

feedback from the strain gauge sensor is applied. The tem perature change measured 

in Kelvin and the actuator expansion in tenths of /rm share the same Y-axis to 

facilitate comparison. Due to this xlO magnification, 1 on the expansion axis (dL) 

corresponds to The graph clearly shows tha t after a tim e delay, the actuator

expansion follows the tem perature change. The effect is significant, since nearly 

0.2/zm of expansion are produced my a mere 2 /i tem perature change. The closed 

loop operation of the actuator eliminates this therm al drift.

changes in the gauge coefficient with tem perature may affect the sensor calibration, 

but these effects are quite small.

As fig. 6.3 shows, the actuator is very sensitive to tem perature: even a change as 

small as 1°C in the room, produces around O.l^m expansion in the actuator (in 

the graph this occurs after ~  200mm). This value of 0.1ywm//i is consistent with 

the linear therm al expansion coefficient of the PZT m aterial and the length of the 

actuator (see chapter 3). Note the tim e delay of 20-30 minutes before the change 

in the room tem perature is transferred to the actuator. This means the PZT has a 

fairly large heat capacity or it has some insulation from the external environment. 

W hen operated in closed loop the therm al drift of the actuator disappears because.
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as explained before, the sensor measures the change in position and compensates 

for it by modifying the input voltage.

6.2 M ech an ica l T ests o f  th e  M irror C ell

The mechanical design of the collimator cell had to be tested to verify that the 

motion accuracy and the location of the mirror inside the cell conformed to require­

ments. This involves testing the correctness of the axial and radial support. It was 

therefore necessary to measure the hysteresis in the motion, the lateral stability, the 

reliability of the neoprene pads and of the axial clamping.

6.2.1 H ysteresis and Radial Support

I already mentioned that our original design did not include a flexure for the radial 

support and relied to plastic screws on the sides of the collimator. Since these tests 

were conceived to check the correctness of the design and not to measure the final 

performance, I decided that it was not necessary to use the real collimator, and to 

substitute it with a dummy made of aluminium. Aluminium has a density very close 

to the one of Zerodur so the dummy could be made of a similar shape and weight 

of the real collimator. The use of the dummy simplified testing because I could use 

mechanical instead of optical techniques.

In order to measure the position accuracy and the hysteresis in the motion of the 

dummy mirror, I used three LVDT sensors (Linear Variable Differential Transform­

ers). The LVDTs were rigidly clamped to the mirror cell pushing on the front of the 

mirror, almost exactly opposite the actuators on the back. The experimental setup 

is shown in fig. 6.4; this test can be done only using a dummy, because involves the 

sensors pushing against the front of the mirror, which would not be acceptable with 

an accurately polished mirror. The LVDT sensors I used had a nominal accuracy 

of 0.1 fim. The effective maximum accuracy, however, was only 0.3//m, due to the 

electronics used to drive them (more specifically the DAC used was not accurate 

enough). Even so, the test was able to gave me important information concerning 

the shortcomings of the initial design.
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Figure 6.4: Experimental setup for the mechanical test of the m irror motions. LVDT 

sensors measure the motions of a dummy mirror with respect to the collimator cell. 

The purpose of the test was to check the validity of the mechanical design, so a 

dumm y could be used. The mirror tilt is small enough to consider the motion 

entirely along the axis of the LVDT.

The experim ent essentially consisted in pushing one actuator to maximum expansion 

and back in several steps, to produce a hysteresis curve. The readings from the 

LVDTs would give the total travel, the hysteresis and the influence the motion of 

one actuator had on the position of the whole mirror. I performed several tests in 

which different combinations and positions of the actuators were used (one actuator 

moving alone, two in tandem , one actuator always at maximum expansion, etc.). 

All these tests had a similar pattern of which fig. 6.5 is a typical example. The test 

proved th a t the initial choice for the radial support was incorrect. The graph shows 

an hysteresis in the movement of around 10% of the to tal travel, too high for my 

requirem ents and not attribu table to the actuators, which were operated in closed 

loop with the strain gauge sensors. Moreover, the to tal travel of the mirror is only 

~  10/im, while the actuator expands by 15^m. Having excluded the actuators as a 

possible source of hysteresis, the obvious culprit was the friction between the lateral 

screws and the dummy mirror. This was confirmed by the fact tha t the m irror 

occasionally jam m ed and, after the force on the actuator was increased, it suddenly 

jum ped to the new position. The radial support with lateral screws was therefore
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Figure 6.5: Hysteresis curve for the motion of the dummy mirror inside the cell. The 

radial support is provided by lateral nylon screws, which we found were responsible 

for the relatively large hysteresis (around 10%) shown.

rejected and substituted by a flexural element.

6.2.2 Test of the Flexural Radial Support

To prove tha t the flexural support would produce the necessary stability and po­

sitioning accuracy, I decided to test it with the dum m y m irror first. The design 

of the flexure used is shown in chapter 5, the only difference being th a t when us­

ing the dummy alum inium  m irror the flexure could be screwed directly on it. The 

same test as described above could then be performed and the result is shown in 

fig. 6.6. I again m ade several tests for each actuator, repeating the cycle more than 

once and changing the positions of the other actuators, with results very similar 

to the one shown in fig. 6.6 with respect to the level of hysteresis and the m axi­

mum movement. As the graph shows the introduction of the flexure has reduced 

hysteresis dramatically. In fact, hysteresis has been reduced to a point tha t it is 

not m easurable any more within the accuracy of the LVDT sensors. I could only 

place an upper lim it on it by taking twice the LVDT error (0.6^m) as the maximum
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Figure 6.6: Hysteresis curve for the motion of the dumm y mirror inside the cell, with 

the radial support provided by a flexural element. The hysteresis is much reduced 

when compared to the previous system and it is actually beyond the accuracy of the 

measuring system and cannot be evaluated.

hysteresis in the cycle, obtaining an hysteresis of less than 4.5%. Since I was now 

confident tha t the real value would be actually significantly less than  th a t, I decided 

the flexural option for the radial support was worth pursuing to the level of more 

accurate optical tests. The same mechanical tests were repeated both with the cell 

laying horizontal (gravity vector orthogonal to the m irror surface) and in a vertical 

position (gravity parallel to the mirror surface), giving the same results. W hen the 

cell was laying vertical I also verified tha t a rotation about a horizontal axis did not 

affect the measurements. These further tests proved th a t the clamping mechanism 

was strong enough to hold the mirror firmly in place, whatever its orientation with 

respect to gravity.

Incidentally, these tests gave also the maximum collimator motion achievable with 

the combination of the actuators and the m irror support. As the graph shows, 

the motion is slightly less than the expected I5pm . An average from several tests 

(in different orientation or with a different actuator combination) produced a value
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ti = 13.0 ±  0.3/xm for the actuator in position # 3  and ^2 =  12.5 ±  0.3//m for the 

other two. We have to consider that the real displacement of the mirror can be up 

to O.bfim bigger than the above values due to the fact that, for practical reasons the 

LVDT could not be placed exactly above the PZT actuator. Even so, the average 

motion is around 13//m, 2jj,m less than the expansion of the actuators. It is not 

clear why this happened, because the large force the actuators can produce should 

overcome any resistance in the motion. I concluded that some of this force must 

be used for an elastic deformation of the whole mirror cell which does not displace 

the collimator within it. There is no proof for this happening, but, as long as the 

motion is reproducible and free from hysteresis, there was no need for investigating 

this m atter even further.

6.2.3 Collim ator Radial Stability

As a further test of the cell design I tested the radial stability of the dummy mirror 

within the cell. To measure lateral movements I again used LVDTs rigidly clamped 

to the cell. This time however, the LVDTs were placed parallel to the mirror surface 

and pushing against some L-shaped metal beams bolted onto the front of the dummy 

mirror. The cell could then be moved around and the mirror movements measured. 

The test however, proved to be less conclusive than expected, because I found that 

the cell was flexing under its own weight and the results depended on the way 

it was supported during the movements. Nonetheless, the mirror radial shifts I 

measured were very small: at worst they were 2//m in every direction. These shifts 

probably were partially due to the bending of the cell and partially to the mirror 

movement. However, the specified target for radial stability was ±3//m, that is 

above the measured values. I concluded that this test, albeit inaccurate (due to the 

overestimate of the lateral shifts), was good enough to prove that the radial support 

was meeting the specifications.

6.2.4 Elastic Properties o f the Rubber Pads

The mechanical design relies on three rubber pads on the front of the mirror to 

provide the return spring against which the actuators will push. It is important to
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know the elastic characteristics of the rubber to control the amount of stresses in­

troduced in the mirror. The force applied to the mirror can be controlled by varying 

the thickness of the cylindrical spacers between the actuators and the back of the 

cell, as explained in chapter 5. There were two possible candidates for the rubber 

pad: neoprene and natural rubber. Neoprene has better resistance to environmental 

conditions and shows very little aging and temperature effects, while natural rubber 

supposedly has better elastic properties. I decided to use neoprene for the first me­

chanical tests in view of its better durability. If the tests were successful, neoprene 

would be the preferred choice. The tests proved that on the scale of the actuator 

movements (a few microns), neoprene has also excellent elasticity and little hystere­

sis, so neoprene was chosen as the material for the rubber pads. Before testing the 

performance of neoprene as a return spring however, I needed to measure the elastic 

constant of neoprene, so that the necessary compression could be calculated.

6.2.4.1 Rubber Compression Theory

The geometry of a rubber pad, like those used for the axial support of the active 

collimator is illustrated in figure 6.7. The stiffness of a block of rubber in compression 

depends upon the shape factor S, defined as the ratio of one loaded area to the total 

force-free area. For a standard rectangular block {L x B)  of thickness /i, this is given 

by [114]:

From the shape factor and the Young’s modulus T ,̂ the compression modulus Yc of 

the rubber block can be derived:

Y, = K„(l +  2kS^) (6 .2 )

Where k is a numerical factor which depends on the hardness of the rubber and has 

a value between 0.5 (hard) and 1 (soft). The compression stiffness Kc is defined

in analogy with the elastic constant of a spring as the ratio of the force F  and the

compression x. Its value is related to the compression modulus by:

K, = -  = ^  (6.3)
X  fi

Where A = L B  is the cross-sectional area. The compression stiffness can be easily 

measured experimentally and used to determine the elastic modulus of the rubber.
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Figure 6.7: Geometry of a rubber pad. In the experim ent to measure the compres­

sion stiffness of the pad, the compression x was varied and the force F  necessary to 

produce tha t compression was measured.

Knowing also the expansion Ax  of the actuators we can calculate the additional 

force introduced by the actuation process.

6.2 .4 . 2  M easurem ent of the Com pression Stiffness

The compression stiffness of the rubber was determ ined by gradually increasing 

the load on a single pad and measuring the corresponding compression. This was 

achieved by varying the thickness of the spacers holding the actuators: this would 

produce a gap of known size between the actuator holder an the cell. Several weights 

were then added on top of the actuator until the gap was closed. This gives the 

force necessary to compress the rubber by a given amount x. By choosing a set 

of different compressions and measuring the force necessary to achieve them , it is 

possible to draw a graph of the force versus compression, as shown in fig. 6.8. The 

graph displays a clear hysteresis curve and therefore inelastic behaviour. The effect, 

however, is characteristic of the large compressions we applied (up to about 1.5mm 

or 1000 times the motion range of the actuators). I have already m entioned tha t this
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Figure 6 .8 : Compressibility curve of a neoprene pad inside the cell. The compression 

is relative to an arbitrary (and non-zero) preload, which however does not affect the 

result. The curve also shows a fitting line used to estimate the elastic constant of 

neoprene and to avoid considering the significant hysteresis that neoprene has on 

this scale of compressions.

hysteresis was not observed on much smaller compressions. An approximate value 

for the compression stiffness can still be extrapolated from the graph, and used to 

estimate the force applied on the mirror by just putting the actuators in place. The 

compression stiffness for the neoprene pad was measured as:

Kc = 270 ±  407V/mm (6.4)

This value is important to decide the amount of force applied in the axial clamping 

of the collimator. This experiment shows that in order to apply around 100# at 

each actuator (as specified) the rubber pad needs to be compressed by ~  0.4mm. 

The additional compression introduced by moving the actuator to tilt the collimator 

(15//m expansion) adds only AN to the total force applied and can be neglected. To 

verify that the above measurements were correct, I derived an estimate of Young’s 

modulus from equations 6.2 and 6.3 and compared the result with known values. The 

shape factor S  for the rubber pad can be easily calculated: the pad had L = 1 0 mm,
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B  =  8 mm and h =  2.5mm, therefore S  = 0.9. For neoprene this produces a value of 

Yo = 4.3#/m m ^ (k =  0 .6 ), in agreement with typical values for rubber compounds

[114].

6.3  T em p erature E ffects and R ad ia l S u p port

After the mechanical tests described in the previous sections, it became evident 

that an aluminium flexure was the best choice for the radial support system. This 

however, created the additional issue of how to connect the flexure to the Zerodur 

mirror and avoid introducing stresses due to differential thermal expansion. In 

chapter 5 I mentioned that these two materials have very different linear thermal 

expansion coefficients and that the flexure needed to be made of aluminium to match 

the thermal expansion of the cell. Solutions already tested, like the radial support 

system for the segments of the primary mirror of the Keck telescope [115], were 

impractical due to the space restrictions within the cell. Therefore we had to design 

and test a new system that would keep the radial position and overcome the thermal 

issues. The solution, described in chapter 5, was to have an Invar cylinder inserted 

in a hole bored in the back of the mirror. 1 had however to estimate the possible 

stresses introduced and to test these predictions before the collimator mirror could 

actually be modified.

6.3.1 Experim ent w ith  a Pyrex Mirror

To test the correctness of our idea and gain some experience in glass-metal bonds, 1 

did a few experiments using a small flat mirror made of Pyrex. The mirror is circu­

lar, 6.0cm diameter and roughly 2cm thick. Pyrex has a linear thermal expansion 

coefficient ap  =  3 • 10“® [ 1 1 0 ] ,  much larger that is, than the one of Zerodur. 

Therefore, to create thermal stresses between the mirror an the metal insert 1 de­

cided to use a steel insert, which would have a relatively large thermal expansion 

(asteei =  13 ' 10“®A"“^). The purpose of the test was to measure the effect these 

stresses would have on the mirror surface and then extrapolate the effects on the 

collimator. A hole 2 0 mm diameter was drilled in the back of the Pyrex mirror and 

a metal cylinder was machined to fit exactly in the hole. The fit was very good; the
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air gap between the hole and the insert was estimated to be 2 — 3/zm only. In fact, 

warming the steel cylinder by simply holding it in the hand, was enough to close 

the gap and make the fit so tight that the insert could not be removed unless it was 

cooled down.

The Pyrex mirror did not have the flatness I needed to measure surface distortions 

due to thermal effects, so I had to polish it flat again. Figure 6.9 shows the pyrex 

mirror during polishing and the final result with the steel cylindrical insert. The 

flatness of the mirror can be easily tested by placing it on a reference flat and 

illuminating the air gap between the two surfaces with a low-pressure sodium lamp. 

With two perfectly flat mirrors, the illumination of the thin air wedge in between 

produces a series of parallel fringes of equal thickness (Newton fringes) [116]. The 

sodium lamp is needed to produce the necessary fringe contrast. To polish the 

Pyrex mirror, I prepared a flat pitch by compressing it against the reference mirror 

for around one hour. The pitch is placed on a rotating table and the Pyrex mirror 

is polished by sliding it on the rotating pitch. Sufficient randomness in the motion 

is guaranteed by describing a W on the pitch with the mirror. During the polishing 

I frequently tested the progress with the interferometric test described above.

After a few hours work the mirror was polished flat with a maximum departure of 

around half a wavelength or 0.3//m {Xnü = 589nm). This happens when a single 

Newton fringe covers the whole mirror surface in the above test. To measure thermal 

distortion of the mirror surface due to differential expansion, I set up a knife-edge 

test for the Pyrex mirror using the ISAAC collimator to produce a parallel beam. 

The knife-edge test is described in detail in section 6.5, the experimental setup is 

shown in fig. 6.10. I used a thermocouple probe in contact with the metal insert 

to measure the temperature changes. Initially I used a hair drier to uniformly heat 

both the steel cylinder and the mirror, but the test with the Newton fringes showed 

that even by heating the mirror on its own surface distortions could be produced. 

Therefore I decided to heat only the metal with a soldering iron and take advantage 

of the low thermal conductivity of glass with respect to steel {ksteeilkp ~  30) to 

reduce the heating of the mirror to a minimum.
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Figure 6.9: Polishing of the pyrex mirror and the mirror after polishing with the 
metal insert.
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Figure 6.10: Experim ental setup for testing surface distortions of a Pyrex m irror due 

to therm al expansion of a steel cylinder inserted in a hole in the back. The knife- 

edge test reveals both asymm etric distortions and changes in the focus (curvature) 

of the mirror. A thermocouple probe in contact with the steel was used to monitor 

the tem perature.

6.3.2 Test of the Thermal Stresses

The experim ent consisted in heating the metal and at the same tim e to observe the 

effect on the m irror surface with the knife-edge to check for asym m etric distortions 

and changes in curvature (focus). The test did not show any distortion of the knife 

image, indicating th a t the surface deformations were symmetric. The knife-edge 

test also allowed me to detect changes in the focus position with the heating. For 

this purpose the knife was mounted on an X-Y micrometric stage so as to measure 

small curvature changes in the mirror. Since the soldering iron has a tem perature 

of around 300°C, the steel insert can be heated fairly quickly. A graph of the focus 

change as a function of tem perature is shown in fig. 6.11 The m etal insert was heated 

for approxim ately 15mm and left to cool down for the same time. The experim ent 

showed tha t the change in focus follows the tem perature change fairly quickly, sug­

gesting th a t this is produced by the pressure exerted by the metal on the glass rather 

than  by the therm al distortion of the glass itself. Assuming this assumption is true.
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Figure 6.11: Changes in the focus position in the knife-edge test due to tem perature 

changes of the metal cylinder inserted in the back of the pyrex mirror. The heating 

tim e and the cooling tim e arc approximately 15mm.

it is possible to evaluate the effect of differential therm al expansion on the surface 

of the Pyrex mirror.

If we indicate with /  the combined focal length of the system (Pyrex mirror +  

collimator) and with f p  the focal length of the Pyrex flat then:

1 1 Fcoi — f1

fp
(6.5)

Fcol fFcol

Since the Pyrex mirror is almost flat, f p  ~  oo and the combined focal length almost 

equals the collimator focal length. Thus:

A /1
(6 .6 )

The m irror can be seen as a very shallow spherical m irror with radius of the gener­

ating sphere 7', radius of the mirror a =  30mm and focal length f p  =  r 12. It is easy 

to see tha t the deviation from flatness at the edges of the m irror is approxim ately 

given by 6 ~  a^ /r , therefore:

(6.7)
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Given Fcoi = 1650mm and A /  =  5.0mm (for 20°C temperature change), the maxi­

mum distortion at the edges of the Pyrex mirror is roughly S 0.8/im.

Now the problem arises of how to extrapolate the effect of an Invar insert in the back 

of the Zerodur collimator. The important parameters are the diameter of the insert 

/, the temperature change and the difference in linear thermal expansion coefficients 

A a. For the Pyrex/steel bond A a = 10 • 10“®/T”  ̂ while for the Zerodur/Invar is 

less than A a  =  1.5 • almost 10 times smaller. We also decided to have

an insert I = 10mm diameter, half the size of the one for the Pyrex. There is 

almost a factor 2 0  reduction in the expected effects, just taking the above factors 

into account. The collimator mirror is also twice as thick as the Pyrex, suggesting 

that the effect should be even smaller. If we assume a scale factor of 20, we can 

expect thermal distortions less than 40nm on temperature changes of more than 

20°C. This value needs to be compared with the mirror polishing accuracy of 1/10 

of a wavelength or 60nm. Therefore I concluded that this radial support system 

could be safely used for the active collimator.

6 .4  O ptica l Tests: M irror M otion

The target accuracy for the tilts of the collimator is so high that the mechanical 

tests described in section 6.2 were not able to measure it. Moreover, the active 

collimator needed to be tested with the real mirror inside. An optical test was 

necessary to measure the mirror motion and accuracy. The goal for tilting accuracy 

was extremely stringent: I wanted to control mirror tilts as small as ^  =  0.2arcsec 

{10~^rad) and the optical test had to be able to detect such small tilts. It soon 

became clear that shining a laser onto the collimator and measuring the movements 

of the reflected beam was not a satisfactory option. If L is the distance between 

the collimator and the detector, a tilt of an angle ^  would produce a movement 

on the detector by 2/3T. Given the accuracy in tilting I required, with a distance 

of, say, L =  4m the motion would be only 8 /zm. On such distances however, the 

cross-sectional spread w of a laser due to the divergence of the Gaussian beam is

w(L) ~ -----  (6 .8 )
TTWo
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For a standard He-Ne laser with wq =  0.4mm, and the above distance L, the spot 

would have a radius w 2000/im. This means we would have to detect motions 

as small as S/J,m of a spot more than 4000/im across. For this reason I set up a 

different testing apparatus in which the motion of an image in the focal plane of the 

collimator is measured.

6.4.1 Test w ith  Slit and M icroscope

In this test the collimator mirror is placed in auto collimation with a reference flat 

mirror (flatness better than A/ 1 0  at 632.8nm). A slit, illuminated with white light, 

is in the focal plane of the collimator and it is re-imaged in the same plane a few 

millimetres apart from the source after being reflected back by the flat mirror. The 

motion of the image in the focal plane is then amplified by a convex achromatic lens 

by roughly a factor 9.6 (the amplification is determined by the ratio of the conjugate 

points of the lens: p = 120cm and q =  12.5cm). The amplified motion of the slit 

image is finally measured with a microscope placed onto a micrometric xy  stage. 

The microscope is at the conjugate focus of the magnifying lens. The experimental 

setup for the test is shown in fig. 6.12. When the mirror is tilted by an angle 

because of multiple reflections (twice on the collimator and once on the flat), the 

converging beam coming from the collimator is tilted by an angle 4^. This can be 

derived as follows: the first reflection on the collimator introduces a tilt 2/5, the 

flat folds the beam back on the collimator which introduces another additional tilt 

2j5, bringing the total to 4/5. Therefore the displacement d of the slit image in the 

collimator focal plane is given by:

d== 4/5jrx,, (().9)

And the amplified motion d' at the microscope is:

d' =  d (6 .1 0 )

Since the tilting angle of the collimator is related to the expansion t of the actuator 

by /? =  i / i f  (where H  is the distance between two actuators), we can calculate the 

scale factor of our test system:

(6.11)
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Figure 6.12: Optical test of mirror movements: experimental setup. The drawing 

shows the auto-collimation setup which was used for the slit +  microscope test and 

for the pinhole +  CCD camera test. The setup is identical in both cases, only the 

source and the detector change. The 5° off-axis angle of the collimator is greatly 

exaggerated. The lens magnifies the motion of the image on the CCD detector by 

the ratio p/g. The pinhole was 25/xm in diameter, but a direct measurement of the 

scale factor through the spot size on the CCD was not possible due to the image 

spread introduced by optical aberrations.

By substituting numerical values we obtain d' ~  3960 • t. When one actuator is 

driven to full expansion, t = ISpm, therefore we expect a maximum displacement of 

d' 5.1mm; this agrees very well with the measured value of 5.00mm (see fig. 6.13). 

The scale factor is such that 1mm slit motion corresponds to about 2.5pm in the 

actuator expansion. Once the measuring system was properly aligned, the test of 

the mirror movement was analogue to the one performed with the LVDTs: the 

actuators are pushed to maximum expansion and back to produce an hysteresis 

curve; the result is shown in fig. 6.13.

During the test one actuator was moved in steps to tilt the collimator. This dis­

places the silt image in the focal plane of the magnifying lens, so I had to move 

the microscope with the micrometric screws to re-center the slit in the microscope 

eyepiece. The detection of the movement was a combination of the visual centering
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Figure 6.13: Hysteresis in the collimator movements with the optical test using a slit 

source and a microscope for detection. The actuator is moved cyclically to produce 

the hysteresis curve. The detection is visual through the microscope.

of the slit and the position on the micrometric screw. A picture of the setup for this 

test is shown in fig. 6.14. The estimated error in the measurements is ±0.02mm 

because the image of the slit was sometimes a bit fuzzy and difficult to position 

accurately in the microscope field. Changing the actuator produces a very similar 

curve. The experiment in some cases showed the presence of backlash in the micro­

scope movement when the direction of motion was reversed. Nonetheless, I could 

further lower the upper limit for hysteresis with respect to the measurements made 

with the LVDTs. The hysteresis, measured for two different actuators, resulted to be 

1.6 ±0.8% for actuator 2 and 2.6 ±0.8% for actuator 1. The errors are unfortunately 

large (for the reasons explained before), but this hysteresis is still significantly less 

than the previous upper limit measured with LVDTs. Movements of the slit image 

could be detected, even if not measured, for changes in applied voltage as small as 

0.05V; that corresponds to an actuator movement of 75nm. This suggested that the 

accuracy of the system was probably better than the test equipment could measure, 

so I decided to try to improve the accuracy of the testing apparatus by substituting 

the slit with a pinhole and the microscope with a CCD camera.
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Figure 6.14: The setup for testing the mirror motions on the optical bench at OSL. 

In a later test the microscope was substituted with a CCD camera.
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6.4.2 Test w ith  P inhole and CCD Camera

This tests uses the same optical setup as the precedent one, shown in fig 6.12, with 

the difference that a pinhole substitutes the slit source and the CCD camera the 

microscope as a detector. The pinhole, 25/zm diameter, provides a smaller image 

and allows to detect both horizontal and vertical motions. The advantage in using 

the CCD camera is twofold: the camera doesn’t need moving, eliminating any pos­

sible problem of backlash, and the image motion can be measured with centroiding 

techniques, rather than by visual estimate of the image center, improving the mea­

surement accuracy. The only limitation is the camera field of view, determined by 

the CCD size, which sets the maximum voltage we can apply to the actuators to 6 F. 

Note that the camera objective was removed and the pinhole was imaged directly on 

the CCD. This setup virtually reproduces the spectrograph layout, with the grating 

substituted by a fiat mirror. The theoretical value of the image displacement can 

be calculated in the same way as in the previous section.

The pinhole image on the CCD is very sensitive to the optical alignment of the 

experimental setup and can show severe optical aberrations if some optical compo­

nent (the magnifying lens in particular) is out of place. After careful alignment, 

the image can be reduced to an almost circular spot with a Gaussian-like intensity 

profile. The three-dimensional intensity of the pinhole image on the CCD is shown 

in fig. 6.15, the intensity map in fig. 6.16. The CCD data is recorded using IRIS 

Frame Grabber and converted into a rectangular matrix containing the intensity 

data of each pixel {Imn)- This set of data can then be centroided to provide a very 

accurate measurement of the pinhole position on the CCD. The frame grabber has 

an 8 -bit accuracy (1 in 256), therefore the saturation level is at 255 ADU (Analogue 

Digital Unit).

Since the purpose of this test was to measure positioning errors in the collimator 

movement, I was not interested in determining an absolute scale factor for the mo­

tion. The task of relating the absolute actuator movements to CCD shifts is made 

more difficult by the uncertainties in the magnifying ratio p/q and by the optical 

aberrations in the pinhole image. However, the accuracy of the motion in terms 

of position reproducibility, can be determined as a percentage of the total actuator 

motion {13pm)  or of the maximum input voltage (lOU). This allows us to translate
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Figure 6.15: 3-D image of the pinhole as recorded by the CCD camera. Some 

residual optical aberrations can be seen in the form of low-intensity smearing of the 

image profile. The image intensity is however much higher than the background 

noise, giving a good sampling area and facilitating background subtraction.

accuracy in pixels on the CCD into accuracy in microns of actuator motion, without 

having to measure the scale factor.

6.4.2.1 C entroiding A lgorithm

The center of the image of fig. 6.15 (in pixel units) can be determ ined from the 

image intensity m atrix  Imn with a simple centroiding algorithm which weights the 

position of each pixel with its intensity. If we take the x axis along the CCD rows 

and the y axis along the columns and we indicate with (^, ÿ) the intensity-weighted 

image center, we obtain:

X  =
'^mn '^^mr
YLmn ^mn

(6 .12)
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Figure 6.16: Intensity map of the pinhole image on the CCD. The spot is not exactly 

circular, but some distortion is introduced by the frame grabber, which converts a 

385 X  288 CCD format into a 512 X  512 square frame. Note the two weak “tails” 

in the profile introduced by coma and other optical aberrations in the measuring 

system.

and

(6.13)
Ẑ mn J-mn

This is, in a way, equivalent to calculating the centre of gravity of a two dimensional 

body. In fact, from my point of view, it was not im portant to find the exact centre 

of the pinhole image. Provided that the shape of the spot remains approxim ately 

constant, all I needed was a reliable procedure to find a particular point in each 

image. I decided tha t this ‘centre of gravity’ was the easiest option. Then I could 

relate the positions on the CCD of two different images by simply considering the 

position of the two ‘centre’ points. In practice, I did not need to analyze the whole 

CCD frame, and I could limit myself to a window big enough to contain most of the 

pinhole image, greatly reducing the amount of calculations the centroiding program 

requires. It is im portant however, that the background signal from an image m atrix  

like the one shown in fig. 6.15 is removed before the centroiding algorithm is applied.
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The reason for this is that if the image is faint with respect to the background, the 

algorithm above would hardly notice any image movement, even if the displacement 

is quite large. Thus, subtracting the background increases the sensitivity of the 

centroiding process. When the background is subtracted, most of the signal on the 

CCD is produced by the imaging of the pinhole. In this experiment the image spot 

produced maximum counts of around 235 ADUs, of which approximately 40 were 

from the background. The spot itself, after background subtraction was nearly 30 

by 30 pixels.

This simple centroiding algorithm does not take into account the effect of pixel to 

pixel variations in sensitivity. These variations, however, are quite small: for the 

CCD used in the experiment, the manufacturer quotes a value of ±3%. I calculated 

that even in the worst cases the error introduced by these variations is still of the 

same order of magnitude, or ±3%. Thus, for 1 pixel image shift, the error is still only 

±0.03 pixels. Moreover, this is the error resulting from particularly unfavourable 

situations, and the average error due to pixel to pixel variation would be much 

smaller than that. The error produced by the centroiding itself can be calculated 

from equations 6.12 and 6.13 by differentiation. For example, if we take x, the error 

in its value derives from the differential according to:

d/mn (6.14)
91,

Where:
dx m ^mn 'Ï2mn

(Zlmn Imn)
More accurately, given the statistical nature of the algorithm (due to the relatively 

large number of points involved), the summation of absolute errors of eq. 6.14, 

should be substituted by the square root of the summation of the squares of the 

errors [118]. The intensity error dimn is produced by the fact that every CCD pixel 

(m,n) is essentially a photon-counting system. Therefore, assuming a Poissonian 

distribution of counts, the error on the counting will be simply the square root of 

the count itself, that is:

dImn = Imn (6.16)

The total error on the image position can then be written as:

dx = XI Qr Imn (6-17)
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Both the centroids and the centroiding errors can be easily calculated with a com­

puter program to give us the pinhole motion on the CCD. Typical errors from the 

centroid resulted to be of the order of ±0.02 pixels. This error is comparable with 

the maximum errors from pixel to pixel variations, so an overall accuracy of ±0.05 

pixels was assumed.

6.4.2.2 Experim ent R esults

In the test I once again moved the actuators to produce an hysteresis curve as in the 

test with slit and microscope. After each movement a CCD frame is recorded with 

the frame grabber and the data saved into a matrix. By centroiding each of these 

frames I calculated the X and Y shifts on the CCD. The resulting curve, for one of 

the actuators and for the X axis, is shown in fig.6.17. To have an idea of the scale of 

motions with respect to the pinhole image size, fig. 6.18 shows the CCD 3-D intensity 

plots of the data from which the points in the previous figure are calculated. Each 

plot in the figure corresponds to a one volt actuator step (1.3/zm actuator motion). 

From the plot of figure 6.17 the hysteresis is calculated by measuring the maximum 

distance between upper and lower curves and comparing it with the total motion. 

For each actuator we get two graphs corresponding to x and y displacements and two 

values for hysteresis, which are expected to be the same within the errors. Actuator 

2 showed lower hysteresis with values 1.47 ±  0.04% (x axis) and 1.51 ±  0.06% (y 

axis). For actuator 1 we got values 2.16 ±  0.06% (x axis) and 2.05 ±  0.08% (y axis). 

Note that these results are compatible with the ones from the previous experiment, 

but much more accurate. I concluded that some residual hysteresis, with an average 

value of around 2%, was still present in the collimator motions. It is difficult to 

identify the source of this residual hysteresis: the piezoelectric actuators and strain 

gauge sensors may contribute to it, but other causes, like the neoprene rubber pads, 

the fiexural support and the mechanical axial support can all add some hysteresis.

However, the positioning error resulting from this is very small. For a total motion 

of the mirror of 13jum, the corresponding error due to hysteresis is between 0 . 2  and 

0.3/zm. Note that this is the error in the position of the collimator and not the 

position of a single actuator, for which the accuracy requirement was 80nm. Also 

this is an error based on hysteresis, and it is expressed as a percentage of the amount
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Figure 6.17: Hysteresis in the collimator movements with the optical test using 

a pinhole source and a CCD camera for detection. Each point is calculated by 

centroiding the image spot from the CCD frame. The errors are much smaller than 

the size of the symbol used for each point. The residual hysteresis shown is around 

1.5%.

of collimator motion. Therefore a position error of 0.26/:/m refers to the maximum 

collimator tilt. For smaller tilts the error would decrease accordingly. So if, for 

example, the collimator tilts by half the range, the error would be only 0.13/im. For 

very small tilts this is obviously not true, and other factors, like the strain gauge 

accuracy, need to be considered. To test the smallest movements, I applied voltages 

as small as 0.05V and I was still able to measure the image shift on the detector. 

An actuator voltage of 0.05V corresponds to 65nm expansion. After moving the 

collimator by 65nm and 130nm, I brought the voltages back to zero: the collimator 

returned within 20nm of the original position. This is consistent with the strain 

gauge nominal accuracy of 30nm at constant temperature.

The performance of the collimator fits well within the position accuracy requirement. 

This can be better seen by translating the above values into positioning accuracy on 

the CCD detectors of the ISIS spectrograph. Considering the scale factor between
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Figure 6.18: CCD image of the pinhole image moving across the frame when the 

collim ator is tilted. Each 3-D intensity plot corresponds to one volt step in the 

actuato r voltage. The background is not subtracted.

collim ator motions and detector shifts in the focal plane of the ISIS cam era (eq. 4.5) 

and a collimator error of 0.2-0.3/xm, the resulting error at the detector for the largest 

movements will be between 1.2 and 1.9/xm. These position errors are still less than 

the target value of 1/10 of a pixel (2.4/xm). Average values can actually be expected 

to be significantly less than tha t because the collimator will be normally tilted by 

much smaller angles (not by its full range).

6.5 Optical Tests: Mirror Quality

Some of the optical tests of the collimator were designed to measure the optical char­

acteristics of the mirror and to check tha t the mechanical support of the collimator 

was not affecting the accuracy of the optical surface. Therefore the collimator had
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to be tested inside the cell and the results compared with those previously obtained 

with the mirror on its own.

6.5.1 K nife-Edge Test

The knife-edge test [119] is based on a simple principle: a luminous source is re­

imaged by the optical element that needs testing. When the sharp edge of a knife 

is used to block some of the rays in the illuminating beam that forms the image, 

a shadow pattern appears over the otherwise uniformly illuminated optical surface. 

The shadow pattern carries information about the aberrations and irregularities of 

the surface under test. In the case of an off-axis paraboloid collimator, the setup for 

a knife-edge test is analogous to the one in fig. 6.10. The difference in this case is 

that the surface under test is the collimator, and not the flat mirror. The knife-edge 

test can be used i) to measure the curvature of the mirror or ii) as a null test, for 

checking that all the zones of a supposedly spherical wavefront have the same radius 

of curvature.

In the first case (figure 6.19), the knife position is varied with respect to the focal 

plane of the mirror. When the knife edge is introduced inside the focus of a ‘perfect’ 

mirror, the shadow pattern consists of a dark and a bright region, sharply separated 

along a line. When the knife is outside the focus, the same pattern is repeated, 

but the dark and bright areas are swapped between each other. When the knife is 

introduced at the focus, the mirror darkens suddenly, without any apparent motion 

of the shadow pattern [122]. This allows to accurately measure the focus position. 

As a null test, the knife is inserted exactly at the focus: if the mirror surface has some 

irregularities, the shadow pattern will not be completely dark, but will have dark and 

bright areas, depending on the slope of the mirror at each point. A knife-edge null 

test was performed on the collimator within the cell to check for surface distortions. 

The knife image, when compared with the one measured with the collimator outside 

the cell, did not show any detectable changes.
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Figure 6.19; Using a knife-edge tests to determine the focus position of a parabolic 

mirror. W hen the knife is placed before the focus (a), only half of the m irror is 

seen illum inated, while when the knife is after the focus (c), the other half or the 

mirror is bright. W hen the knife is introduced at the focus (b), the image suddenly 

darkens.

6.5.2 Scatter Plate Interferometric Test

The scatter plate interferometric test differs from the knife-edge test in tha t it can 

quantitatively measure errors and distortions of the mirror surface. The scatter 

plate interferom eter belongs to the family of com mon-path interferometers, so called 

because the reference wavefront and the one under m easurem ent follow the same 

optical path. This is very im portant for the accuracy of the test: in this setup 

the common path ensures tha t air turbulence, vibrations and other environm ental 

effects do not change the fringe pattern. Both wavefronts, following the same path, 

will be affected in the same way, so th a t these unwanted effects will cancel out when 

the fringe pattern  is formed. The experimental setup for the scatter plate test is 

shown in fig. 6.20.
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Figure 6.20; Experim ental setup for the scatter plate interferometer. A CCD cam era 

was used to record the fringe pattern . The interference is produced after the second 

passage through the scatter plate by a reference wavefront (generated by scattering 

of a laser beam) and the wavefront under measurement. The scrambling disc is 

introduced to elim inate laser speckle, which would disrupt the fringe pattern . A 

cam era objective is used to focus the fringe pattern  on the CCD.

6.5 .2 . 1  S ca tte r P la te  In te rferom etry

In the scatter p late interferometer, a laser beam is directed onto a transm itting  

scattering plate. In my experim ent the scatter plate consisted in a photographic 

image of laser speckle. This produces a randomly distributed set of intensity m ax­

im a w ithin the emulsion of the plate which can be used as scattering centres [120]. 

W hen the laser hits the scatter plate a fraction of the light is simply transm itted , 

while the rest is scattered. The purpose of the scatter plate is therefore to generate 

a spherical wavefront which uniformly illuminates the optical surface under m ea­

surem ent. The wavefront generated at the scatter plate then hits the surface under 

test (the collimator) and is slightly distorted by the surface irregularities. At the
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same time, a fraction of the laser beam propagates unperturbed as a narrow pencil 

of light through the scatter plate and the rest of the optics. After the reflection from 

the flat mirror, the testing wavefront is refocused by the collimator. Provided that 

the scatter plate is in the focal plane of the collimator, the testing wavefront will be 

refocused on the scatter plate.

The laser beam will also hit the scatter plate again. This is the basic idea behind the 

common-path interferometer: the laser follows the same path as the testing beam 

and provides a reference wavefront when it hits the scatter plate a second time. 

The scatter plate is made of two specular photographic images of the same speckle 

pattern, so if the system is properly aligned, the laser beam will be scattered by the 

same scattering points to produce a reference spherical wavefront. This reference 

wavefront will be identical to the testing wavefront but for the fact that it has not 

been distorted by irregularities in the mirror surface. The two wavefronts can then 

interfere with each other and generate a fringe pattern. The interference fringes are 

produced by defocus and tilt between the two spherical wavefronts and they form 

a circular pattern. In the test they appear straight and parallel, but they are just 

concentric circles with a very large radius. Only when the scattering point is exactly 

in the focal plane the defocus is removed and the fringes are truly parallel.

In this test the interference pattern is generated by the the light which is scattered 

only once by the scatter plates. The light which is not scattered by either passage 

through the plates gives rise to a bright spot in the centre of the aperture. The 

light which is scattered twice simply adds to the background level and decreases 

the contrast in the fringe pattern [121]. In the setup for the test of the collimator 

paraboloid, the surface under test is used in double pass, so the testing accuracy 

is effectively doubled. The generation of fringes from the interference of the two 

wavefronts can be calculated. The intensity of the reference (unperturbed) spherical 

wavefront (R) can be expressed in complex notation as follows [122]:

/„ (r)  =  ae'tr (6.18)

Here k = 27t/A is the wave vector normal to the wavefront, r  is the radius of the 

wavefront and a the amplitude. If we indicate with w(x, y) the deviation from an 

ideal spherical surface due to the distortions on the testing surface and tilt and
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defocus between the wavefronts, then the testing wavefront (T) can be written as:

=  (6.19)

The intensity of the fringe pattern will be:

=  | / r  +  / t | ^  ( 6 . 2 0 )

Consequently:

Where:

I{x,  y) = 1 -jr'y cos kw{x,y)  (6 .2 1 )

The interference produces a pattern of alternating bright and dark fringes. The 

parameter 7  is called fringe visibility, and it is maximum when the amplitudes of 

the two wavefronts is the same. In this discussion the contribution from the light 

scattered twice by the plates is not considered. The function w{x^ y) will determine 

the shape of the fringes, so fringe analysis software can reconstruct the mirror surface 

directly from the fringe pattern.

6.5.2.2 Experim ental Setup

In the practical setup of fig. 6.20 I used a low power He-Ne laser source. I introduced 

a translucent scrambling disc to eliminate laser speckle and further reduce the laser 

intensity. The intensity of the laser beam is an important issue because the double 

transmission of the beam through the scatter plate produces a very bright spot at 

the center of the fringe pattern. The size and intensity of this spot need to be 

minimized because it destroys the fringe pattern in the centre of the aperture. The 

pinhole placed after the scrambling disc has exactly this purpose. A small lens is 

used to focus the beam on the scatter plate. The scatter plate itself is mounted on 

a micrometric carriage for fine adjustment of the position. The collimator is placed 

in the standard auto-collimation setup in which the parallel beam reflected off the 

collimator hits a flat mirror, is reflected back and refocused by the collimator. The 

ISIS collimator is an off-axis paraboloid with a angle of 5°, so the the angle between 

the flat, the collimator and the scatter plate needs to be set to this value. I found 

that the scatter plate test was extremely sensitive to this angle and that great care
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was needed to accurately match it with the ofF-axis angle. If the angle was only 

a fraction of a degree bigger or smaller than the correct value, optical aberrations 

(astigmatism) were introduced.

I used a reference laser beam to finely adjust the position of the collimator and of the 

flat in the setup. I found that the vertical (i.e. orthogonal to the plane of the off-axis 

angle) tilt of the collimator was also a critical parameter. A CCD camera recorded 

the fringe pattern which was then saved as a screen video file with a frame grabber. 

Wyko Phase II software was used to analyze the fringe pattern and to determine the 

mirror shape. The use of the CCD camera and the Phase II software for recording 

the fringe pattern allowed me to increase the fringe contrast by subtracting some 

of the background light. The software can also eliminate the central area from the 

fringe pattern, thus reducing the impact of the central bright spot in the image. 

This limits the surface measurement to a ring, rather than the whole aperture. The 

central obscuration however, is quite small (its diameter is roughly 1/5 of the full 

aperture) and most of the mirror surface is included in the measurement.

Once the system is properly aligned and the scatter plate suitably tilted, the fringe 

pattern consists of a series of parallel fringes equally spaced. The density of fringes 

can be varied by changing the tilt of the two wavefronts; this is done by moving the 

position of the scatter plate. I found that by reducing the number of fringes in the 

image the accuracy of the analysis software could be improved. This is because the 

software analyzes the pattern to find the center of each fringe, so when the fringe is 

thicker, the error is smaller. The collimator was used in double pass, which meant 

each bright fringe is effectively separated by a quarter of a wavelength in terms of of 

surface inaccuracies (Fringes are normally separated by half a wavelength, since the 

maxima of 7(z, y) correspond to u; =  A/2 ). In fact, in this case the function w{x, y) 

is determined by two reflections at the mirror, thus a surface feature that stretches 

from one bright fringe to another corresponds to a bump or a hole a quarter of a 

wavelength deep (158.2nm at A =  632.Snm).

6.5.2.3 Collim ator Surface M easurements

The collimator mirror was tested for surface accuracy both inside and outside the 

cell. The measurements outside the cell give the figuring accuracy of the mirror
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and a reference to which the measurements inside the cell could be compared. A 

typical fringe pattern from the scatter plate interferometer is shown in fig. 6 .2 1 . 

The fringe pattern is analyzed via software to determine surface inaccuracies. The 

software produces a 3-D map of surface deviation from the paraboloid shape (or 

more precisely, the deviation from an ideal spherical wavefront in the testing beam). 

Wyko fringe analysis system was the software tool used: the program gives a peak to 

valley and r.m.s. error in surface accuracy after subtracting wavefront tilts. For the 

mirror outside the cell, the software produced a peak to valley error of 0.077±0.018A 

or 49 ±  lln m . This is better than the specified value of 1/10 of a wavelength. The 

surface error map is shown in fig. 6.22. The result I got for the surface accuracy 

of the mirror outside the cell is also consistent with the measurements made by 

D. Brooks one year earlier after finishing the figuring: he obtained a peak to valley 

error of 0.067A. I then put the collimator back in the cell and I repeated the test 

above with the actuators at zero expansion. The result is shown in fig. 6.23. The 

peak to valley error amounts to 0.063 ±  0.014A or 40 ±  9nm, which is, within the 

errors, the same as obtained with the mirror outside the cell. It is also interesting to 

note that the shape of the distorted wavefront is very similar to the one of fig. 6 .2 2 . 

These results provide a convincing proof that no additional stress is introduced on 

the collimator as a result of the mechanical mounting inside the cell.

As a further test I checked that by pushing the actuators to the maximum expansion 

the surface accuracy remained the same. I tried both pushing all three actuators at 

the same time or just one to maximum expansion (figure 6.24 shows the surface errors 

when V I  = SV). The problem is that, particularly in the latter case, the optical 

alignment of the test is disrupted by the change in position of the collimator. In the 

first test, when all the actuator are expanded by the same amount, the collimator 

surface is simply translated parallel to the optical axis. Nonetheless, even this simple 

movement slightly disrupts the optimization of the scatter plate test. The change 

was small enough to be able to measure the surface accuracy without readjusting 

the setup, however. In this case I obtained a peak to valley error of 0.104 ±  0.016A 

or 6 6  ±  lOnm. This result is only slightly worse than the one for the actuators at 

zero expansion and might simply be due to the fact that the testing setup was not 

re-optimized for the new collimator position. Even so, the accuracy is still within 

specification and since the alignment procedure is very time consuming, I did not
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Figure 6.21: Video image of the fringe pattern from the scatter plate interferometric 

test. The data was recorded using a CCD camera and analyzed with Wyko fringe 

analysis software. Each fringe is effectively separated by a quarter of a wavelength 

or 158.2nm in terms of surface measurements.
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consider necessary to try to further improve on this result. In the test when only 

one actuator is expanded, the change in the alignment is such that re-optimization 

is unavoidable. The fringe pattern actually disappears after the actuator moves by 

around 4//m, corresponding to a tilt of the mirror of 5arcsec. This is also a more 

interesting test, because of the asymmetric movement of the collimator within the 

cell. Figure 6.24 shows the surface accuracy when one actuator is driven by V = SV 

and the others are kept to zero. The peak to valley error in this case was reduced to 

0.039 ±  0.006A or 25 ±  inm.  This error is lower than the one taken with actuators 

at zero expansion, but it is probably due to a slightly better optical alignment.

6.5.3 M easurem ent of the Off-Axis A ngle

The off-axis angle was measured by shining a laser normal to the collimator and 

detecting the reflected beam at long distance (to improve accuracy). To be sure the 

collimator and the laser were in the correct positions (that is the beam was normal 

to the surface), I used the auto-collimation setup of fig. 6.20 to check that beam was 

really reflected at the off-axis angle. Once the collimator is in auto-collimation, the 

knife-edge test can be used to check the astigmatism produced by the misalignment. 

By minimizing astigmatism, it is ensured the mirror is placed at the true off-axis 

angle. I then removed the flat mirror that was folding the beam back and I measured 

the distance between incident and reflected beams 2 .8 m away from the collimator. 

The off-axis angle proved to be o; = 5°10' ±  2% which is within the specified value.

6.6 C old  R oom  Tests

As a final laboratory test of the collimator performance, I wanted to check how the 

system responded to changes in the room temperature, to simulate the environmen­

tal conditions on the telescope in La Palma. In particular, since the temperatures on 

the mountain can be as low as — lO^C (see chapter 4), I needed a cold room for the 

experiment. I was allowed to use the facilities at the Royal Greenwich Observatory, 

where a large cold room is in operation. The test was aimed at verifying that the 

expansion of the actuators and the functioning of the electronics was not affected by 

the low temperatures. For practical reasons, it was not possible to test the mirror
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Figure 6.25: Variation (in j-im) of the dummy mirror movement for tem peratures 

between 0°C and — LVDT sensors were used to measure the motion of the

dum m y mirror inside the cell. A therm om eter/hygrom eter monitored the tem pera­

ture and relative humidity changes.

optically inside the cold room, so I had to rely on the less accurate mechanical test 

with the dummy aluminium mirror and LVDT sensors. The test was therefore more 

a qualitative rather than a quantitative one. Nonetheless, the test was significant in 

tha t no measurable change in performance was detected over more than 10°C  tem ­

perature change. The variation in the dummy m irror movement inside the cell as a 

function of the room tem perature is shown in fig. 6.25. A therm om eter/hygrom eter 

monitored the tem perature and relative hum idity changes. The graph shows tha t 

over the tem perature range covered the motion remained practically unaffected. Un­

fortunately I could not extend the range even further because of the tim e it takes 

for the cold room to change its tem perature. It is worth noticing th a t the relative 

hum idity levels were quite high: between 50% and 60%. This did not affect the 

performance of the actuation system either.
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C hapter 7

F lexure C om pensation in ISIS

7.1 In trod u ction

In July 1995 we were given a week of telescope daytime to test ISAAC at the 

William Herschel Telescope (WHT). During this week the active collimator needed 

to be installed and calibrated, reducing the time available for flexure compensation 

testing. Moreover telescope maintenance work had priority over the testing, limiting 

our time even further. The whole experiment, including installation and calibration 

had to be carefully planned in advance to avoid wasting time. For these reasons, the 

instrument was designed in a modular format (collimator cell, electronics rack, etc.) 

with simple connections between each component. The software was also written so 

as to be easy to modify, with a very simple user interface and with key calibration 

parameters stored in separate files. In my visit to the telescope I was accompanied 

by Mark Dryburgh, the mechanical engineer and, a few days later, by Dr. David 

Walker, head of OSL.

The WHT telescope has a 4.2m primary mirror, / / I I  focal ratio, with an alt az­

imuthal mount. ISIS sits at the Cassegrain focus, connected with a flange to a 

rotating turntable at the back of the primary mirror support. The picture in fig. 7.1 

shows ISIS mounted on the telescope. Both ISIS and the telescope are controlled 

from Vax workstations. Their operation is fairly intuitive and, in the case of ISIS, 

it is facilitated by an interactive (“Mimic”) display. The display shows the position 

and status of all the major components in the spectrograph and in the acquisition
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Figure 7.1: Picture of ISIS mounted at the Cassegrain focus of the William Herschel 

Telescope. The white rectangular box in the front on the right is the external case 

containing the two collimator arms of the spectrograph.
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and guiding area. By simple direct commands it is possible to configure and operate 

the spectrograph from a single console. After getting acquainted with this software, 

Mark and I were able to operate both the telescope and the spectrograph without 

assistance.

7.2 In sta lla tio n  o f  ISA A C

From the point of view of mechanical installation, ISAAC consists of two main 

parts: the collimator cell and the electronics box. In both cases the installation on 

the spectrograph was fairly straightforward. The mirror cell could fit in the mount 

for the existing cell and it did not require any particular mechanical adjustment. 

A picture of the housing of the two collimators in ISIS is shown in fig. 7.2. The 

electronics is housed in a standard “19 in” rack-size case, so it could be placed in an 

empty slot in the existing racks on the Cassegrain turntable. Some care is needed in 

controlling the weight of this case not to unbalance the weight distribution on the 

turntable. However, after discussion with the telescope staff, it became clear that 

was not a problem either. To be able to run connecting cables from the collimator cell 

to the control electronics and to avoid modifying the existing spectrograph external 

case, we also built a new cover panel for the collimator arms. A small connection 

box was inserted in this panel, so that the cover panel itself could be detached from 

both the collimator cell and the control electronics. Six LEMO coaxial cables carried 

the signals for the actuators and the strain gauge sensors to the control electronics. 

This in turn is connected to the mains supply on the telescope turntable and to the 

computer room via a RS-232 serial link. During the experiment on the telescope, 

we used a spare connection normally reserved for CCD control electronics.

7.2.1 A lignm ent and Focusing

The normal procedure for aligning the collimator position involves adjusting the 

detector and collimator tilts with fine threaded screws and then the focus with the 

Hartmann shutters. However, since the collimator and the detector were already 

aligned before putting the active collimator in place, no adjustment of the CCD 

tilt was necessary. Therefore, after the collimator was replaced, I observed the
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Figure 7.2: Picture of the support system for the collimators in ISIS.
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spectrograph slit illuminated by a continuum tungsten lamp. The match between 

the active collimator cell and the previous one was good enough so that the slit was 

already imaged on the CCD, even if near one corner. This facilitated the alignment 

of the collimator, since it was possible to tilt the mirror cell with the appropriate 

screws and immediately check the effect on the CCD image. After a few adjustments, 

the image of the full slit was roughly centered on the CCD (that is the detector was 

almost uniformly illuminated).

Then, a finer centering of the slit on the detector was performed separately in 

spectral and spatial direction. In the former case, which corresponds to left/ right 

tilts of the collimator cell, the central wavelength of the grating was set to coincide 

with a strong emission line of a CuNe lamp. The position of the collimator could 

then be changed until the line was in the center of the CCD. For the spatial direction 

centering (i.e. top/bottom  collimator tilt) the slit was observed through a narrow 

dekker and illuminated with the tungsten continuum lamp. This produces a narrow 

bright line along the grating dispersion, which can be centered in the same way as 

a spectral line.

Once the collimator is properly aligned, it can be focused by moving the whole 

cell parallel to the optical axis with stepper motors. The exact focus position can 

be measured with a Hartmann test. The principle of focusing with an Hartmann 

shutter is illustrated in fig. 7.3. In this test one (or several) spectral line is imaged 

on the CCD detector; a shutter then covers half the collimator alternatively and the 

position of the line is recorded. If the collimator is out of focus, the position of the 

same line will be different in the two cases. If instead, the collimator is at the exact 

focus, the line will not move. This happens because the rays contributing to one 

wing of the line are blocked by the shutter, and the centre of the line is effectively 

displaced. By measuring the shift of the line, the error in focus can be calculated. 

On ISIS this is done automatically by a software program that receives the left and 

right Hartmann shutter images as an input and it gives the Hartmann shifts and 

the required collimator position in the output. The program requires three spectral 

lines on which to calculate the shifts. After a few iterations, I obtained Hartmann 

shifts of X h = 0.04, 0.05 and —0.02 pixels on the three lines. These shifts are small 

enough to consider defocusing negligible. The Hartmann test can also calculate the
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Figure 7.3: Hartmann shutter procedure for finding the focus position of the spec­

trograph collimator. The shutter covers alternatively half the mirror while observing 

a spectral line (positions A and B). If the collimator is not in focus, the line will be 

shifted by switching from A to B.

collimator tilt (in spectral direction) by comparing the shift of a line at the center 

of the detector with one at the edge. This test measured a left/ right tilt of 0.072° 

(4arcmm). This result could also be produced by a curvature of the measured 

wavefront. However, I considered this tilt to be small enough to be neglected.

When the collimator is aligned and focused, the spectrum of a calibration lamp with 

a narrow slit gives an indication of the optical quality of the system. Alternatively, 

if the imaging quality of the spectrograph is known, the spectrum shows focusing 

errors. To check the correctness of the Hartmann tests and to compare the optical 

quality of the two collimators, I took a 20-second exposure of CuAr and CuNe 

calibration lamps with a slit 116fim wide (0 .5 arc 5 ec projected on the sky); the 

result is shown in fig. 7.4. If a spectral line is observed out of focus or the collimator 

introduces significant optical aberrations, the line will be broadened. For the ISIS 

spectrograph the minimum line width for a slit around 100fim wide, is 2 pixels [99]. 

As shown in fig. 7.4, the results with the active collimator are consistent with this 

value, indicating both that the collimator is not optically worse than the previous 

one and that it has been properly aligned.
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Figure 7.4: Spectrum of CuAr and CuNe calibration lamps with a narrow slit 116/im 

wide and the active collimator. The average line FWHM is around 2 pixels, as 

expected for a correctly focus spectrograph with the other collimator.

7.3 C alibration

The ISAAC system, as currently implemented, is designed to compensate flexure in 

open loop, using information from a flexure map. In an open loop system the motion 

of the collimator needs to be calibrated very accurately because, unlike the closed 

loop, it has not an optical reference which might detect slight calibration errors (in 

practice even a closed loop system also needs accurate calibration because of the 

finite time interval between updates). Therefore, as explained in chapter 5, I left 

a few calibration parameters to be determined experimentally. For the calibration 

I chose the same spectrograph setup as the one used for most of subsequent tests. 

The data was recorded with a 150/xm entrance slit [0.70arcsec on the sky) and 

with the low dispersion [15Slines jmm)  grating centered around A =  7000A. This 

central wavelength was chosen to provide a good S/N ratio in the calibration lamp 

spectra (and so reduce the exposure time). All the data were recorded using the 

same 1024 x 1024 Tektronix CCD with 24//m pixels (La Palma Tekl CCD).

The reference spectra were generated by observing an arc spectrum through a narrow
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Figure 7.5: CCD image of a calibration lamp spectrum  observed through a narrow 

dekker. Only a fraction of the slit is shown in the image. The dekker limits the 

image extension in spatial direction.
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dekker, so that each spectral line would produce an almost circular spot. An example 

of such spectra, as recorded by the CCD, is shown in fig. 7.5. The detector shifts 

(in spectral and spatial direction) were calculated by centroiding a single line in the 

spectrum. I checked this procedure with other lines in the spectrum which gave 

the same result within 0.05 pixels, confirming that this system was as effective as 

cross-correlating the whole spectrum (and much quicker). The centroiding technique 

itself gives an error of ±0.025 pixels on the shift measurements. The spectra were 

analyzed using IRAF data reduction software.

7.3.1 M ovem ent Calibration

The calibration of collimator movements has two main aims: to ensure that the 

tilting axes of the collimator coincide with the spectral and spatial directions on 

the CCD and to adjust the scale factors so that, in each direction, the motion 

produced by the tilt is of the right amount. The relation between detector shifts and 

actuator movements was calculated in chapter 5. When calibrating the instrument, 

the inverse relations are needed because the detector shifts are measured and the 

correct values for the actuator voltage vs expansion coefficients need calculating. 

Inverting equations 5.20 and 5.21, we obtain:

= 2Fcam(^?jsin7 +  î?fcCos7 ) (7.1)

V  = 2Fcam(^j COS 7 ~  siu 7 ) (7.2)

Then combining these with equations 5.22 and 5.23 and using the same notation, 

the relation between actuator input voltages and detector shifts becomes:

The free parameters are the scale factors K 2 and K 3 and the rotation angle 7 . 

To measure them it is necessary move the collimator by a known amount and see 

how this translates on the detector. The angle 7  can be determined by applying a 

voltage V  only to actuator #3  and measuring the (experimental) shifts Xq, Yo on 

the detector:

tan 7  =  (7.5)
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The scale factor for the third actuator can be determined, too; the equation is 

derived by imposing the distance from the origin to equate the calculated value 

(approximating the anamorphic factor (  =  1 ), that is:

Æ T Î ?  =  V x ^ + y ^  = (7.6)
r iKs

We can therefore calculate K 3 as:

K ,  =  -  (7.7)

The other two scale factors can be determined in a similar way by applying volt­

ages to the other two actuators. From the practical point of view, this implies a 

somewhat iterative process: first a few CCD frames were taken with the actuators 

in different positions, the data is analyzed and the free parameters calculated, then 

I took new exposures to check the result and repeated the same procedure until I 

obtained a satisfactory result. To check the accuracy of the calibration, the control 

software had a mode of operation in which I could input the coordinates on the 

detector directly. In this way the input value can be compared with the measured 

shift immediately, facilitating a finer adjustment of the calibration parameters. The 

calibration parameters I chose were 7  = 0  and the following values for Ki\

Ki  =  0.958

I<2 = 0.764 (7.8)

/C3 =  0.879

The above values were those that gave the most accurate (although not perfect) 

calibration. To have an idea of the accuracy of this calibration, in table 7.1 the 

measured shifts are compared with the input values. The data in the table show 

there was a residual error I could not compensate with the calibration. When 

moving the image along the X axis (spectral direction), a small positive shift along 

the Y axis (spatial direction) was also introduced. Since this happened for both 

positive and negative motions on the X axis, it could not be corrected with a simple 

rotation of the XY axes. The reason for the residual error is difficult to establish. 

One possibility is that it may be linked to optical layout of the spectrograph, since 

the collimator tilt changes the angle of incidence on the grating and the off-axis 

configuration. This may introduce optical aberrations that shift the centre of the
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Input Values Measurements

(//m) (nm)

X Y X Y

+40 0 +39.6 +  0.6 +3.4 ± 0 .6

-4 0 0 -39.4 ±  0.6 +3.8 ± 0 .6

0 +40 +0.7 ±  0.6 +41.8 ± 0 .6

0 -40 -0 .5  ±0 .6 -41.0 ± 0 .6

Table 7.1: Calibration of the movements of the active collimator on the ISIS spec­

trograph. The X axis corresponds to spectral direction, Y axis to spatial. The input 

values from the user are compared with the measured shifts on the CCD detector.

line in spatial direction. I excluded the mechanical support of the collimator as a 

possible explanation, because the laboratory tests did not show such errors.

To compensate for these small errors implies increasing the motion of the actuator at 

the top. However, this in turn implies having an excessive motion when displacing 

the image along the Y axis. A compromise was therefore necessary: I decided to 

have some residual error and a slightly larger displacement along the Y axis (as 

table 7.1 shows). Moreover, the errors were small enough not to compromise the 

active collimator performance: the maximum error was just 0.16 pixels for nearly 

two pixels of image motion and being almost entirely in spatial direction, it is even 

less important.

7.3.2 Tracking M odel Calibration

The tracking model calculates the spectrograph position during exposure given the 

equatorial coordinates of the observed object, the sidereal time and the required sky 

PA. The model is based on spherical coordinates transformations and it should not 

need calibration. However, apart from the necessity to check the correct functioning 

of the model, one parameter still missing to the model was the angle on the rotator 

corresponding to the slit direction (i.e. parallel to the slit length). The equation 

Ip = a — q that relates the turntable position angle ÿ , the slit position angle on the
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sky a  and the parallactic angle ç, assumes the slit is aligned with the position 0 ° on 

the rotator. As it happens, there is an offset Ü between the two positions, so that:

'ip ~  <7 — ri — q (7.9)

The value of this offset becomes apparent when, for example, the sky position angle 

is zero and the rotator position is compared with the parallactic angle. In this way 

I was able to determine that Q, = 9F37'.

7.4 F lexu re  M easurem ents in  ISIS

The first step towards the testing of ISAAC on the telescope was to study flexure in 

ISIS and to test the accuracy of the flexure model I developed. These measurements 

completed the ones I took on my earlier visit to the observatory and tested the hys­

teresis in the spectrograph. An automatic procedure for producing a flexure map 

that covers the whole range of telescope and spectrograph possible positions had 

already been developed by R. Rutten in La Palma. The procedure for obtaining a 

flexure map requires little interaction from the user: a program moves the telescope 

in elevation in 15° steps from zenith to z =  75°, then moves the telescope back 

to zenith, rotates the turntable by 45° and repeats the elevation stepping. This 

is repeated for 360° of turntable motion. A spectrum is acquired at every eleva­

tion/rotation setting. This not only speeds up the process considerably, but also 

assures that the data is taken always in the same way (with the same telescope 

motion and therefore same hysteresis).

7.4.1 Test of the Flexure M odel

When the active collimator was properly aligned and its motion calibrated, I decided 

to take a flexure test. My flexure data was more than a month old, and was not a 

reliable basis for the flexure model. Figure 7.6 shows the raw data from the flexure 

test which I used to build the model for the look-up table. Figure 7.7 is the modified 

flexure map obtained with the procedure described in chapter 4. As explained 

there, the raw data coming from the flexure test is not a reliable model, because 

of the large hysteresis introduced by the “unnatural” telescope movements during
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Figure 7.6: Flexure test on the ISIS spectrograph. D ata from the blue arm  with 

the 15Slinesfrnm grating at A =  700(M. Each “arm ” in the graph corresponds to 

a different turntable position angle (PA), while the points in one arm  correspond 

to different telescope elevation. Note that the points corresponding to the telescope 

pointing at zenith (and different PA) do not coincide. This is a ttribu ted  to hysteresis 

in the flexure measurement procedure.

the tests. During the testing at the William Hershel Telescope, it became clear 

tha t my assumptions concerning the spectrograph behaviour w ith respect to flexure 

were correct. In particular, I found evidence tha t the raw data  coming from the 

flexure test could not be used directly for the active corrections because of the large 

hysteresis present. Fig. 7.8 shows three sets of data  taken on three different days. 

Obviously flexure shows a reproducible pattern , even if translated in the CCD plane, 

but the data set, as it is, cannot be used for a flexure model. Moreover, since every 

“arm ” of the map has a starting point at zenith (with a different turn table angle), 

those point would be expected almost to  coincide, given tha t when the telescope 

is pointing at zenith a rotation of the Cassegrain turntable does not change the 

orientation of the spectrograph with respect to the gravity vector. The fact tha t 

they do not coincide can be attributed to hysteresis during the flexure measurem ent, 

since previous measurements [101] have shown tha t simply rotating the turntable

217



(/)
0)
X
3
c0
B
1 y

c5
CL(/)

l eC/D

3

2
PAO

PA-901

0
PA 2;

1 PA 45

2 PA f80
PA903

PA 135
4

5 -4 -3 -2 -1 0 1 2 3 4 5
Shift - Spectral direction (pixels)

Figure 7.7: Flexure map used in the model for open loop flexure compensation. This 

map was obtained from the flexure measurement data  by translating each arm  of the 

graph so that the zenith positions coincide with the origin. This procedure greatly 

reduces the im pact of hysteresis on the flexure model. The track for P A  =  —90° 

shows a sudden jum p when elevation 15° is reached. This is probably due to flipping 

over of a loose component in ISIS.

with the telescope pointing at zenith produces negligible flexure shifts.

The other im portant result I derived from the tests in La Palm a is th a t the modified 

flexure map I had envisaged gives a much more reliable flexure model and eliminates 

the greatest part of the hysteresis introduced by the large movements of the telescope 

during the flexure test. Fig. 7.9 shows the equivalent graph to fig. 7.8 for the modified 

flexure maps. The figure shows that the modified flexure map is highly reproducible 

on a timescale of around one week. The only exception is the turn table position angle 

of —90° where there was clearly something wrong in the ISIS structure, possibly a 

loose optical component which could suddenly flip from one position to another. 

Even if the reproducibility of the modified maps is quite remarkable if compared 

with the raw data  from which they are derived, the data  still show residual hysteresis 

which ultim ately limits the accuracy we can expect from open loop corrections. On
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Figure 7.8; Raw data  from flexure tests on three different days. The 10/07 and 11/07 
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Figure 7.9: Changes in the flexure model after flexure tests in three different days. 

Apart from the turntable position angle of —90° where there was clearly something 

wrong in the ISIS structure, the three maps show a remarkable reproducibility.
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the other hand the choice of the ISIS setup seems less important than expected: the 

data set taken on 18th of July had a different grating and spectrograph setup, but 

the corresponding flexure map is still similar to the other two.

7.4.2 M odel Analysis and Long-Term Stability

It is difficult to evaluate the information contained in a flexure map in a quantitative 

way and even such things as average flexure cannot be easily determined. In order 

to extract some information from the graphs, I produced some simulation software 

that allows to compare a map with another. The flexure map consists of a series of 

vectors in the plane of the detector identified by:

Vij = [Xij.Yij) (7.10)

The index i identifies the telescope elevation (or zenith distance) and the index j  

the turntable position, X  and Y  are the spectral and spatial directions on the CCD. 

When the telescope tracks a star, the spectrum moves between these points. To 

extract a rough estimate of a mean flexure from the graph, I considered the four 

nearest points to each point in the model (see figure 7.10) and assumed the spectrum 

would move between these points. This motion does not correspond to a real star 

track, but it is useful to quantify flexure. The four nearest points are identified by 

the indices (z +  1, j) ,  (z — 1, j) , (z, j  -f 1 ) and (z, j  — 1). Therefore, the spectrum shift 

between the starting point and, say, the first of the above points is another vector 

given by:

u i = V i + i j - V i j  (7.11)

By calculating the vectors for all the points in the flexure map (excluding z =  0° 

and z =  7 5 ° as a starting point for simplicity), it is possible to produce an histogram 

with the number of occurrences of a set of spectrum shifts. The graph of fig. 7.11 

shows one of such histograms for the map recorded on the 11/07/95 (figure 7.7). The 

graph simulates the effect of stepping the the telescope by 15° in elevation and 45° in 

the Cassegrain rotator angle. In this particular case the mean flexure shift produced 

is Ü =  0.73 pixels (ü =  17.5jum), but 65% of the points are below mean. This value 

is close enough to the average flexure in ISIS in one hour of tracking (we measured 

an average 1 2 /zm//zr), to give an indication of the flexure the spectrograph was
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Figure 7.10: Mathematical model for a flexure map. Two slightly different maps 

are shown, together with the residual error introduced by using the first map to 

correct the flexure in the second. Each point in the map is identified by the indices 

(i,j) which define the turntable PA (i) and the telescope zenith distance (j). For 

the simulation four vectors for each point were used to quantify the differences 

between the two maps. These vectors simulate a flexure shift when the telescope is 

tracking a star.
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Figure 7.11: Distribution of flexure shifts obtained by stepping the telescope by 15° 

in elevation and 45° in the Cassegrain rotator angle. This is a way of estimating 

the level of flexure errors that can be expected from the spectrograph. The flexure 

model used was the one taken on 11/07/95, after modification. In the graph the 

mean flexure is 0.73 pixels (17.5/um), but 65% of the points are below mean. The 

equivalent telescope tracking time that would produce such flexure is ~  90mm.
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Figure 7.12: Modified flexure map taken on 11/07/95 compared with the one taken 

one year earlier. The two models are visually still quite similar, but a flexure simu­

lation is needed to quantify the similarities.

experiencing when the flexure map was recorded. The equivalent telescope tracking 

tim e th a t would produce such flexure shifts is ~  90mni. The type of distribution 

of figure 7.11 is typical of ISIS in normal operation and it is useful to estim ate the 

long-term stability of the flexure model.

Since the simulation gave an encouraging result, I decided to use this system to 

estim ate the level of flexure shifts ISIS was experiencing in the past and to evaluate 

the effect of using an old flexure model for active compensation corrections (instead 

of using a model recorded only a few days earlier). As an example, I compared the 

flexure m ap taken on 11/07/95 with the measurement of the previous year taken 

on 31/07/94 by R. R utten, who was managing the ISIS spectrograph at the time. 

Figure 7.12 compares the two modified look-up tables. The data  from one year 

earlier seem to show slightly less flexure, and indeed this is confirmed if we apply 

the same procedure described above to the older data. A similar distribution of 

shifts as in fig. 7.11 gives a mean flexure w' =  0.65 pixels {ü' =  15.6/im).

To estim ate the level of flexure compensation we have to consider the effect of using
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Figure 7.13: Distribution of flexure residual errors after applying active compensa­

tion, but using a look-up table one year old. The mean residual is 8u = 0.27 pixels. 

The flexure maps from 11/07/95 and 31/07/94 were used. In the distribution 49.3% 

of the data is below mean.

a look-up table which does not represent the flexure in the spectrograph at the time. 

We can, for example, use the 11/07/95 map to correct flexure represented by the 

31/07/94 map (see fig 7.10). In our mathematical analysis of the flexure model, this 

corresponds to evaluating the differences between the vector shifts Uk in the first 

map (i.e. the shifts applied) to the shifts uj. in the second (i.e. the real spectrum 

shifts). The residual errors 8u after flexure compensation will be:

<5uk =  Uk -  uJt (7.12)

A distribution of flexure shifts can be produced in this case, too, to obtain the 

histogram of fig. 7.13 The graph shows that flexure has been significantly reduced: 

the mean flexure shift is now 8u = 0.27 pixels [8u =  6.5/im). Compared to the 

original v! =  0.65, flexure has been reduced by a factor 2.5. If we take two flexure 

maps at a short time interval, the improvement is even more marked. We can repeat 

the above procedure using two maps only one week apart, that is the 11/07/95 data 

and the 18/07/95 data. The distribution of residual errors in this case is shown in
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Figure 7.14: Distribution of flexure residual errors after applying active compensa­

tion, but using a look-up table one week old. The mean residual is 6u =  0.20 pixels. 

The flexure maps from 11/07/95 and 18/07/95 were used. In this distribution 71.7% 

of the data is below mean, indicating that apart from a few exceptional cases, the 

expected level of flexure is significantly lower than 0.2 pixels.

fig 7.14. The mean flexure shift is now 8u =  0.20 pixels {6u = 4.8//m), but even 

more importantly, the distribution is highly asymmetric, with 71.7% of the data 

below mean. This indicate that open loop flexure compensation can improve flexure 

in ISIS by a factor three or four. Indeed, it is interesting to observe how close 

the above estimates are to real residual errors measured during our experiments 

described later in the chapter. It is also clear that provided nothing goes wrong in 

the spectrograph, it is possible to achieve significant improvement in image stability 

even with a look-up table several months old.

7.4.3 H ysteresis in Flexure

In order to better evaluate the amount of hysteresis present in the spectrograph, I 

decided to produce a hysteresis curve by moving the telescope from zenith to hori­

zon and back while keeping the turntable position fixed. By taking a few flexure
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Figure 7.15: Hysteresis in flexure shifts on the detector as a function of telescope 

elevation for turntable position angle —90^. The telescope was moved starting  from 

zenith, down to elevation 15*̂  and back to zenith in angular steps of 15°. The 

hysteresis shown am ounts to around 15% of the total motion.

m easurem ents along the path followed by the telescope and comparing the positions 

on the detector, the am ount of hysteresis can be estim ated. Figure 7.15 shows the 

flexure shifts on the CCD detector for the rotator position angle of —90°. The graph 

definitively dem onstrates the presence of a significant hysteresis in the deformations 

of the spectrograph structure under gravity. The hysteresis in the figure is approx­

im ately 15% of the maximum flexure shift. The point corresponding to elevation 

15° suggests the presence of a loose component in the spectrograph th a t apparently 

flips suddenly between two distinct positions. When the telescope is lowered below 

a certain elevation (between 15° and 30°), the spectrum  suddenly jum ps by more 

than a pixel. However, if the telescope is again lifted above the critical point, the 

spectrum  reverts back to almost the same position.

During our testing at the telescope, we had time to produce only another hysteresis 

curve, for the rotator position angle —45°. The result is shown in fig. 7.16. This 

graph is more difficult to interpret than the previous one, because the curve is
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Figure 7.16: Hysteresis in flexure shifts on the detector as a function of telescope 

elevation for turntable position angle —45". The telescope was moved starting  from 

zenith, down to elevation 15" and back to zenith in angular steps of 15".

twisted. However, hysteresis is still clearly present, probably in a similar am ount 

(15% or more). Hysteresis in flexure shifts can result from a variety of causes, 

including stresses and non-uniformity in the spectrograph structure, joints and loose 

bearings. Hysteresis has been measured in other Cassegrain instrum ents, like the 

Low Dispersion Survey Spectrograph (LDSS-2) for the W illiam Herschel Telescope 

[102], even if the total flexure in that case was much less. Hysteresis is the main 

lim itation for an open loop flexure compensation system.

7.5 O pen Loop Flexure C om pensation

In order to test the performance of ISAAC in open loop, it was necessary to simulate 

the tracking of a star with the telescope (I only had daytim e access to the telescope). 

To avoid spending a long time tracking, I chose to calculate the telescope position at 

20 m inutes intervals when following the star motion in the sky. The telescope could 

then be stepped from one point to the next and at each point active compensation
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Figure 7.17: Image motion of an object with declination 6 =  45° on the CCD 

detector. The points in the track are 20 minutes apart and the whole track covers 7 

hours of telescope motion. The corresponding flexure map used for the simulating is 

shown as well. The object describes a track on the CCD detector because of flexure 

in the spectrograph. The track in the graph has been simulated from the flexure 

model shown, knowing the telescope position when tracking such a star.

applied. As a target for the telescope, I chose an object with declination 6 =  45°, 

for no particular reason apart from the fact tha t such an object produces a long 

track on the sky with large movements in telescope elevation and turn table rotation. 

Figure 7.17 shows the simulated image motion on the detector when following such 

an object, superimposed to the flexure map used to correct for it. The track was 

generated by calculating the telescope position when tracking the star and converting 

this into spectrum  shifts using the shown flexure map.

7.5.1 All-Sky Flexure Model

The experim ent consisted in stepping the telescope along a star track with and 

w ithout active compensation of flexure applied, and to compare the results. It was 

decided th a t it was better to take the two measurements in successive runs, to avoid
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Figure 7.18: Reduction of image motion on the detector by applying active com­

pensation with ISAAC. The flexure model used a look-up table covering the whole 

sky. Clearly, when active compensation is used, the motion of the image is lim ited 

to a much smaller area of the detector.

having to move the active collimator back and forwards at each telescope step. This 

was done to em ulate the behaviour of the active collimator in real astronom ical 

observation and to reduce the hysteresis in the m irror movements. Therefore, I 

first took a series of measurements along the track with active com pensation of 

flexure operational, then the collimator was reset to the rest position (with all the 

actuators at zero expansion) and the same set of m easurem ent was repeated. The 

active compensation used an all-sky look-up table, deriving the corrections from 

the flexure map covering the whole sky accessible with the telescope. The result of 

applying active compensation on the image motion on the detector and for spectral 

and spatial directions separately, are shown in figs. 7.18, 7.23 and 7.24.

The graphs clearly show a significant improvement in the spectrum  stability, partic­

ularly for long tracking times. Over more than 4 hours of tracking tim e, flexure was 

reduced from around 1.5 pixels (36/im) to less than 0.3 pixels (7.2^im) in spectral 

direction. In spatial direction the improvement was even greater, reducing flexure 

from 2.0 pixels to 0.25 pixels. This residual error of 20% of the total flexure is
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Figure 7.19: Displacement of two spectral lines of a CuAr +  CuNe calibration lamp 

due to flexure. The two spectra are relative to two telescope positions which are 

separated by 180mm of tracking. The shift of the lines is more than one pixel.

consistent with the 15% hysteresis measured earlier and with the expected level of 

inaccuracies in the flexure model. Indeed, the analysis of the behaviour of flexure in 

ISIS I performed before testing at the telescope (chapter 4), and the further analy­

sis described in this chapter, indicated maximum compensation errors to be around

0.25 pixels. The error on each measurement is given by the centroiding technique 

used to calculate the flexure shifts. This varies slightly with the intensity of the 

spectrum, but I estimated the algorithm produces the correct value within at least 

±0.025 pixels (0.6/im).

The direct effect of active compensation on the stability of the image on the detector 

can be better appreciated by showing the displacement of a spectral line on the CCD 

due to flexure, as in fig. 7.19. The graph shows the displacement on the CCD of two 

spectral lines of a combination of CuAr and CuNe calibration lamps. The equivalent 

time of tracking for the telescope motion involved is three hours, which produces a 

shift of more than one pixel. This tracking time is unrealistic for real astronomical 

observation, but I chose it to magnify the effect of flexure on the line position. On
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Figure 7.20: Displacement of two spectral lines of a CuAr +  CuNe calibration lamp 

after active compensation of flexure is applied. The two spectra are relative to two 

telescope positions which are separated by 180mm of tracking. The shift of the lines 

is around 0.2 pixels.

a shorter tracking time, the flexure shift is still astronomically very relevant, but it 

is more difficult to detect visually. When active compensation is applied, the two 

lines hardly move, as figure 7.20 shows. The shift of the lines can be measured to 

be 0.2 pixel with centroiding techniques.

This first experiment proved that spectrum stability can be improved with open loop 

active compensation by almost a factor 5 over several hours of telescope tracking. 

Over shorter tracking times, however, the improvement is less dramatic. During, 

say, one hour exposure, the total amount of instrument flexure to correct is much 

smaller, of the order of 0.5 pixels (12/zm), and the inaccuracies in the flexure model 

become more significant. This is already evident from fig. 7.18, but to have a better 

sampling, I repeated the first hour of the track stepping the telescope every 5 min­

utes of tracking time. The comparison between non-compensated and compensated 

tracking is shown in figs. 7.21 and 7.22 with the image drifts in spectral and spatial 

directions respectively. The graphs clearly show that in this case the improvement
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over one hour of telescope tracking. The second order correction is shown as well.
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in stability with respect to the total shift is much less, the reduction being a factor 

2 instead of 5. Nonetheless, the maximum spectrum drift with active compensation 

is around 0.15 pixels in spectral direction and 0.2 pixels in spatial. This second 

experiment indicated that the all-sky flexure model contains some intrinsic errors. 

Some of these errors are probably a consequence of the different type of telescope 

motion between tracking and taking a flexure map. The flexure model may then 

be improved if the elevation/ rotator position grid is replaced by a declination/ right 

ascension one, where the flexure map is constructed by moving the telescope along 

star tracks of different declinations. The following tests were designed to estimate 

the modelling errors and to explore the possibility of improving the pointing model.

7.5.2 M odelling Errors

To test the significance of the residual errors in the above experiments, I decided to 

repeat the same telescope track the next day, with exactly the same spectrograph 

setup. This is a direct way of separating the contributions from the errors in the 

model and those from hysteresis in the spectrograph. Figures 7.23 and 7.24 show 

the differences between the two runs, in spectral and spatial directions, for both 

the non-compensated flexure and the residual errors. Several conclusions can be 

drawn from these graphs: firstly, on a times cale of one or two days, the flexure in the 

spectrograph is highly reproducible, with maximum errors of less than 0.15 pixels 

(10% of the total). This is in good agreement with the 15% hysteresis measured, 

if we consider that in this case the telescope was moving in the same way. The 

high reproducibility of the instrument flexure implies that the greater part of the 

residual errors with active compensation is not due to the intrinsic behaviour of the 

structure. Even more interesting is the fact that also the residual errors after active 

compensation are highly reproducible. Since the error appears to be systematic, 

it indicates that the flexure model is the most likely cause and not the motion 

of the collimator within the cell. Indeed, if significant hysteresis was present in the 

collimator motions, the residuals would not be so accurately reproducible. Therefore, 

the clear result coming from this experiment was that the limiting factor in image 

stabilization with open loop active compensation was the accuracy of the flexure 

model.
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Figure 7.23; Reproducibility of flexure shifts and of the residual errors after active 

compensation in spectral direction. The data  were recorded on two consecutive days 

with telescope and spectrograph in the same conditions.

The inaccuracies of the flexure model are easy to understand: the data  in the all- 

sky flexure map were recorded by moving the telescope in a completely different 

way compared to tracking. The raw data was modified to reduce hysteresis, but no 

a ttem pt was made to account for the different telescope motion. I suggest tha t a 

possible improvement on the model would be to produce a flexure map by scanning 

the sky along star tracks of different declinations. The num ber of points in the 

model is also a lim itation, although not a serious one, considering th a t the linear 

interpolation provides a satisfying approxim ation of flexure between points in most 

cases.

7.5.3 Star-Track Flexure Model

To improve the flexure model, I decided to use the measured values of flexure shifts 

along a star track to build a look-up table for tha t particular track. This experim ent 

was designed to overcome the inaccuracies of the model originating from the fact 

tha t when recording the data  for the look-up table the telescope is moving in an
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Figure 7.24: Reproducibility of flexure shifts and of the residual errors after active 

com pensation in spatial direction. The data  were recorded on two consecutive days 
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“unnatura l” way, keeping the Cassegrain rotator fixed and moving up and down in 

elevation. Using the flexure along the star track for the model, implies the look-up 

table can be used only for tha t particular object. However, the model could be 

extended to cover the whole sky by generating several tracks, stepping in the object 

declination and tim e, instead of telescope elevation and turn table angle. There was 

obviously no tim e to create this all-sky model and I thought following a single track 

would give me enough information. Figures 7.25 and 7.26 compare the result with 

the star track flexure model, with the all-sky model and without compensation, 

both in spectral and spatial direction. As expected, the star track flexure model 

improves the stability of the spectrum  significantly when compared with the all-sky 

model. The residual image drift was 0.15 pixels (3.6/fm) over 1.5 pixels of flexure in 

spectral direction and 0.3 pixels over 2.0 pixels in spatial direction. The reduction of 

spectrum  motion was down to 10-15% of the non-compensated value. These errors 

are closer to the intrinsic lim it to open loop flexure compensation, as calculated 

from the levels of hysteresis in the ISIS structure. More im portantly, it seemed 

th a t the accuracy of the collimator itself was far higher than the one of the model.
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rection, The spectrum  shift was checked every 5 minutes by tacking a 20 second 
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consistently with the laboratory tests.

7.5.4 Compensation During Tracking

As a separate test, I also tried the effect of compensation during normal telescope 

tracking (instead of stepping the position and then applying compensation). In this 

case the telescope was moving continuously tracking a star and the active collimator 

was updating the compensation every minute. This is closer to the normal mode of 

operation of ISAAC during real astronomical observations, but for reasons of tim e 

the to tal tracking was limited to only 40 minutes. Again I found some improvement 

in the stability of the spectrum, even if, due to the short exposure time, it was less 

significant when compared to the non-compensated value. The result, in spectral 

and spatial directions is shown in figs. 7.27 and 7.28. During tracking, the shift 

of the spectrum  was checked by taking 20 second exposures of the arc lamps every 

5 minutes. Both graphs show an improvement on the non-compensated flexure, 

particularly towards the end of the exposure. Note th a t this tim e the telescope was
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Figure 7.28: Active compensation during normal telescope tracking (spatial direc­
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tracking a different object, with declination S =  20°, so a direct comparison with 

the previous measurements is not possible.

7.6 Im proving on the Open Loop F lexure M odel

The experiments in the previous section were concerned with exploring the possibil­

ities and the accuracy of an open loop flexure compensation system. Since all the 

tests showed tha t the model was always the lim iting element in the level of stability 

achievable, we conceived a way of testing the capabilities even further. The idea 

was to  take the residual errors in flexure compensation and feed them  back in the 

collim ator control system. W ith this simple procedure, it was possible to reduce the 

modelling errors to a minimum. Moreover this would elim inate any system atic error 

coming from the collimator or the spectrograph. In practice, this m eant having a 

double look-up table: the total correction is the sum of the the motion extrapolated 

from the standard flexure model and the position error derived from a previous
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Figure 7.29: Flexure compensation using an improved model which accounts for 

position errors of the standard all-sky flexure m ap by introducing second order 

corrections (spectral direction).

compensation experiment.

This type of second-order correction is obviously not practical for an open loop 

system, due to the extrem e complexity in deriving the corrections for any possible 

target. It is however relevant, because it simulates more closely the performance 

of a closed loop system, where the compensation errors are sensed directly, instead 

of being recorded in a second look-up table. Figures 7.29 and 7.30 com pare the 

second order flexure compensation technique with the standard all-sky model for 

both spectral and spatial direction.

As the graphs show, in this case the improvement is truly dram atic. The m axim um  

errors are reduced to 0.04 pixels in spectral direction (1.0/xm) and 0.15 pixels in 

spatial direction, over 4 hours of telescope tracking. Also, the slightly larger errors 

in spatial direction are produced in the last hour of tracking, so th a t the image 

motion remains well within 0.1 pixels in both directions for over three hours. The 

improvement in image stability with second order flexure corrections is even more 

apparent when spectral and spatial shifts are plotted together, as in fig. 7.31. This
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position errors of the standard all-sky flexure map by introducing second order 

corrections (spectral direction).

test dem onstrates the obvious advantage of a closed loop flexure compensation sys­

tem. More im portantly, however, it clearly shows tha t the active collimator in itself 

performed exceptionally well. In fact, the laboratory tests showed it was possible 

to control the collimator position so as to correct detector shifts as small as 0.4/̂ 772 

or 0.02 pixels. It seems the achieved stability of 0.1 pixels over 3-4 hours could 

be improved even further. Second order flexure compensation was tested also on a 

shorter tracking tim e of one hour. The result is shown in figs. 7.21 and 7.22. Again 

it was possible to lim it the total image motion within 0.1 pixel. The graphs seem 

to show some residual system atic errors which a real closed loop feedback would 

eliminate. The conclusion from these experiments is tha t the limit performance of 

the collimator has not yet been reached. Only a real closed loop experim ent on 

ISIS would allow to measure this limit. The open loop system however, has shown 

the potential for great improvement in the spectrum  stability in ISIS. Unfortunately 

the accuracy of the flexure model degrades slowly with time, and it is sensitive to 

changes in the spectrograph setup.
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Towards the end of the testing of ISAAC at the telescope, I took a set of m easure­

ments with both simple open loop active compensation and second-order corrections 

after a significant change in the spectrograph setup. I wanted to test how the flex­

ure look-up table relative to a different spectrograph setup would cope with these 

changes. The changes involved changing the grating to the 600/m es/m m  ruling and 

the central wavelength from 7000A to 4500Â. The observed object was also different, 

having a declination 6 =  —16°. The experim ent showed th a t the flexure model has 

some problems in coping with this new spectrograph setup, particularly in spectral 

direction. This is to be expected because a grating change is a substantial modifi­

cation of the setup. Nonetheless, active compensation was still effective in reducing 

flexure and the spectrum  stability was still significantly better when compensation 

was applied. As expected, the second order compensation coped very well, because 

the position errors are fed back to the collimator control system. Again, in theory, 

a closed loop compensation should at least m atch the performance of the second 

order correction.
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7.7 C onclusions

This experiment has proved that active compensation is a viable and effective way of 

reducing flexure in Cassegrain spectrographs. It has also shown that the collimator 

can be controlled with very high accuracy and it is a suitable element for applying 

active corrections. Another result is that ISAAC is capable of reducing flexure in 

ISIS significantly. During the time we spent at the telescope ISIS was showing an 

average spectrum drift of over 40/xm in 4 hours tracking time. By applying active 

compensation it was possible to reduce it to an average 4.8//m over 4 hours with 

an all-sky flexure map and to less than 2.4/im by applying second-order corrections. 

These results have several implications on the astronomical data the spectrograph 

can provide, not just in terms of better line profile measurements and reduced radial 

velocity errors. The reduction in flexure achieved is such that the time wasted in 

taking regular calibration arcs can be cut drastically. Moreover, this low flexure 

can allow longer exposure times and improved S/N ratio. The limiting factor in 

the length of exposures would be effectively shifted from flexure drifts to cosmic ray 

events rate.

As I already pointed out earlier, the experiment has also shown that the reduction in 

flexure we achieved was limited by the accuracy of the flexure model and not by the 

accuracy in the movement of the collimator. The laboratory tests had demonstrated 

that the collimator could handle movements as small as OAfim on the ISIS CCD, 

so it is conceivable that that flexure compensation could be improved even further 

with a more accurate model. Indeed, some other ways of modelling spectrograph 

flexure have been suggested [56], but these rely strongly on the absence of hysteresis 

in the spectrograph. In fact, another result was to prove the existence of a relatively 

large hysteresis in the spectrograph distortions. This is likely to put some severe 

constraints on the accuracy a flexure model can ultimately achieve. Moreover, we 

have to take into account the fact that to collect the data necessary for an accu­

rate flexure map takes considerable telescope (day) time, which is often needed for 

engineering and maintenance. ISAAC using an all-sky flexure map is therefore a 

compromise solution, balancing performance in image stability versus time required 

to achieve that.

It is clear however, that to exploit fully the potential of the active collimator itself,
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a different approach is needed. By closing the loop with an optical reference beam 

propagated through the spectrograph it is possible to avoid the problem of hysteresis 

altogether. The flexure shifts would be sensed in real time while the spectrograph 

is tracking and directly fed back into the collimator control. It also would avoid 

the need of producing several different flexure models for corresponding different 

spectrograph setups. How this may be achieved in practice on a new or an existing 

spectrograph, will be the subject of the next chapter.
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C hapter 8

Future D evelopm ents

8.1 ISA A C  O pen Loop

The ISAAC experiment has been successful in reducing flexure in ISIS and the La 

Palma Observatory, in cooperation with the Royal Greenwich Observatory, is now 

examining the possibility of having ISAAC permanently installed on the spectro­

graph and commissioning to OSL the construction of a second active collimator for 

the red arm. The prototype active collimator has already proven its effectiveness, 

but a permanent flexure compensation system can have an even better performance. 

In a recent meeting (July 1996) with Mick Johnson, the instrumentation manager at 

the Royal Greenwich Observatory, the first stage of this project was finally agreed. 

This stage will mainly involve integrating the active collimator control software with 

the telescope and spectrograph control system and improving the open loop mod­

elling of flexure in ISIS.

The first advantage of a common user active collimator is its being completely in­

tegrated with the telescope control system. Then, the collimator control system 

can access the telescope position directly, instead of relying on input from the user 

when changing the target. This saves time and may allow, for example, to con­

tinue compensating flexure between exposures, when observing nearby objects in 

the sky (for objects further apart, flexure may be too large and hysteresis becomes 

significant). This would reduce the need of calibration spectra exposures even fur­

ther. The recorded flexure data can be processed into a format accessible by the
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collimator control software, limiting the effort required from the telescope servicing 

staff. The procedure for producing a flexure map is already highly automated, so 

updating the flexure look-up table could be reduced to simply starting a computer 

routine for the telescope control system. This would allow much more frequent 

flexure measurements and consequently better accuracy in the flexure corrections.

The way flexure data is recorded can be modified as well. I explained earlier that 

stepping the telescope along ideal star tracks should reduce hysteresis in the flexure 

measurements themselves, producing a more accurate model. The whole sky could 

be covered by following tracks in, say, 15° steps in declination and 1 hour steps in 

hour angle. Such a routine would be slightly more complex than the existing one, 

but it would take a similar time to complete the measurement.

The operational scenario for an integrated flexure compensation system for ISIS is 

quite simple. One of the attractive features of such system is that the user does 

not need to know the details about its operation. A simple power on/off option 

in the ISIS control display could allow switching between active compensation to 

normal operation. The collimator control software would take care of everything 

else: synchronization with the start of the exposure, active corrections, resetting 

the system when changing target. The observing astronomer need only to be aware 

of the need to take new calibration spectra when changing target (to an object far 

away from the previous one). Since the collimator control would be integrated with 

ISIS, it would know the spectrograph setup, and choose the appropriate look-up 

table accordingly.

The servicing required from the telescope staff is also quite straightforward, even 

if somewhat time-consuming. Regular flexure measurements need to be taken, to 

keep the open loop performance to its best. When image stability is of particular 

importance for an astronomical observation, a new flexure map should be taken the 

same day or a few days earlier. This is not unreasonable, because an automated 

flexure measurement would take only 2 or 3 hours of telescope day time. In other 

cases, a look-up table a few weeks old would still achieve significant improvement. 

It would be advisable, however, to take a new measurement when the spectrograph 

setup is changed considerably, or after ISIS had been off the telescope for a while.

The prototype I tested on ISIS was able to reduce flexure by a factor 2 or more
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over one hour, and the average residual flexure was around 0.2 pixels or ~  bfxm. 

The original stability specification for ISIS was indeed bfim/hr  and ISAAC was 

able to meet that target. An integrated system, with a better flexure model and 

regular servicing, can be expected to improve that performance significantly, possibly 

reducing errors to 0.1 pixels on average. I believe the spectrograph would have large 

benefits form an open loop flexure compensation system permanently installed. A 

first stage in this development has already been approved by the Royal Greenwich 

Observatory and it is due to start soon. In this stage the control software for the 

active collimator would be transferred to the telescope control system, while the 

control electronics would be kept separate. In a second stage the electronics would 

need to be integrated as well.

8.2 IS A A C  C losed  Loop

While an open loop active collimator can significantly improve the image stability of 

the ISIS spectrograph, a few shortcomings have also been identified. The open loop 

system cannot handle hysteresis or occasional malfunctions, thus limiting the level 

of stability achievable. The goal of 0.1 pixels (2.4/zm) of average error is probably 

the maximum that such system can achieve. The mechanical tests of the active 

collimator showed however that, when installed on ISIS, it could potentially produce 

residual errors smaller than 0.4/xm on the spectrograph CCDs. Even taking Ijim  

as a more reasonable goal. This is more than a factor two improvement on what an 

open loop system may achieve and a factor 5 better than what ISAAC did. Stability 

at the level of 0.05 pixels is a reasonable target for a closed loop system.

An important advantage of a closed loop system is that it would drastically reduce 

the time spent in obtaining adequate flexure data, even if the closed loop was im­

plemented together with a lower accuracy open loop system. Moreover, the closed 

loop would even handle sudden jumps in the spectrum due to malfunctions, possibly 

helping to pinpoint the cause of such jumps and providing diagnostic information 

at a later stage, when the malfunction needs to be identified. Therefore, the closed 

loop compensation system, besides providing higher image stability, could also be 

used to measure and monitor flexure in the spectrograph, helping the understanding
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and the maintenance of the mechanical structure of ISIS.

After the tests of the active collimator on ISIS, David Walker conceived a simple 

experiment to proof the feasibility of a closed loop flexure compensation system for 

ISIS. The idea is to use one or more arc lamps (CuAr, CuNe) and to use these as the 

optical reference during the exposure. The light from these lamps would be injected 

in the spectrograph through an optical fibre which would terminate at one end of 

the slit, thus illuminating the first few (e.g. 10 or so) lines of the CCD close to the 

output register. The lamps would produce a narrow calibration spectrum at one 

end of the CCD. During the exposure the following process would be repeated:

• close CCD shutter

• read out ^  10 lines of data with the reference arc

• reverse the CCD vertical clocks for the same ~  10 vertical transfers to restore

the science data in the original position

• cross-correlate the arc with the one taken at the beginning of the exposure to 

derive the X-Y image shifts

• calculate the collimator actuator positions and update them

• open the shutter and continue the exposure

Staff at the Royal Greenwich Observatory have estimated the dead time for this 

procedure to be approximately 0.5sec. Therefore an update rate of one every 1 or 2 

minutes would not significantly affect the exposure time. This simple system would 

allow closed loop flexure compensation and would require only minimal modifications 

to the ISIS hardware to inject the optical reference. Moreover the top few lines of 

standard CCDs used on ISIS are hardly used for recording scientific data, being at 

the edges of the camera field of view, so the data collection capability would not be 

compromised. The largest CCDs are actually bigger than the camera field of view, 

so for a future common user instrument some modifications in the ISIS structure

would be necessary (e.g. decentering the CCD cryostat).

This experiment would be a crucial test for a closed loop system, and it would 

give essential information for the design of a flexure compensation system for new
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spectrographs, like HROS. A grant application has been submitted for this exper­

iment and the Royal Greenwich Observatory has already expressed willingness to 

cooperate with OSL in this project. The proposal has not yet been approved.

8.3  H R O S and G em ini

The High Resolution Optical Spectrograph is a cross-dispersed echelle spectrograph 

for the Cassegrain focus of the 8-metre Gemini telescope in Cerro Pachon, Chile. 

Once completed, it will probably become the most important instrument at the 

southern telescope, providing high resolution spectroscopy at optical wavelengths. 

The instrument performance has been defined by the Gemini Science Committee as 

follows [104]:

• Detector: 4096x4096 CCD array, 15//m pixels.

• Resolution: two modes having % = 50000 and 7  ̂=  120000.

• Sampling: 2.5 pixels per resolution element.

• Stability: 2//m//^r during tracking at Cassegrain.

Following these guidelines, the Optical Science Laboratory has produced a prelim­

inary design for the instrument [123]. It was decided that the spectrograph would 

have an echelle immersed in fused silica and that it would use prisms for cross dis­

persion. A schematic diagram of the spectrograph is shown in fig. 8.1. Here are the 

most relevant parameters in the design:

• Collimator: off-axis paraboloid, Fcoi =  2560mm.

• Cross dispersion: 3 prisms, 60° apex angle.

• Immersed Echelle: ruled at lOO/me^/mm, blaze angle 63.5°.

• Short camera: Fcam = 470mm giving TZ =  50000.

• Long camera: Fcam =  1135mm giving IZ = 120000.

• Spectral coverage: 300nm to llOOnm.
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Figure 8.1: Schematic diagram illustrating the main optical components in the op­

tical layout of the High Resolution Optical Spectrograph. Prisms are used for cross 

dispersion while an echelle immersed in fused silica gives the main spectral disper­

sion. The diagram does not reproduce the true geometry of the spectrograph or the 

components within.

Given the stringent requirement on the instrument stability of 2//m //ir, it was also 

decided that HROS will need a system for active compensation of flexure. The 

stability requirement is the driving force in this decision, particularly if we compare 

this target with the stability in other Cassegrain spectrographs of similar size, like 

the Keck LRIS or ISIS itself. The average flexure in ISIS is currently 12^m//ir, 

in the LRIS the median motion is quoted to be 13.5//m, with no indication on the 

timescale [28]. The maximum motion (as specified by Gemini) is much worse in 

both cases.

It is still not clear whether HROS will have only an open loop flexure compensation 

system or a closed loop one as well. However, the results from the ISAAC experiment 

on ISIS suggested that a simple open loop system may not be adequate, both in
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terms of achieving the target and of having a reasonable maintenance requirement. 

It is therefore necessary to investigate the implications of a closed loop system on

HROS.

8 .4  H R O S C losed  loop

W ith a closed-loop system, an optical reference is sensed directly, processed and the 

information used to control the active element. The analogy with the telescope con­

trol is the ‘autoguider’. In a spectrograph, a reference light source would propagate 

through the optical system, be spatially sensed, and the error signal fed back to 

correct the active element. Again, calling upon telescopes, the most precise correc­

tion is likely to be achieved by using the best available flexure model to remove the 

bulk of flexure, and closed-loop to provide second-order correction of residuals due 

to non-linear and non-repeatable effects. This is indeed our target for the HROS 

image stabilization system.

Ideally, for better accuracy, the optical reference should be propagated through 

the entire spectrograph optical system, in order to compensate for motions of all 

surfaces. The reference can be propagated forwards, with injection at the slit and 

detection in the camera focal plane, or backwards, with the reverse. In the latter 

case, the echelle spectrum is magnifled by the ratio of collimator and camera focal 

lengths. For HROS the magnification achieved in backward propagation is actually 

detrimental, because it makes the echelle spectrum size and the range of flexure 

shifts very large. Forward propagation is therefore a preferred option if the camera 

obstructions can be reduced to a minimum. This is the case if the science CCD 

can be used for detection of the optical reference. In this case the optical reference 

would be injected at the slit with an optical fibre and imaged on the few lines of the 

science CCD close to the output register. These CCD rows would be read regularly 

to provide the flexure measurement, in a similar way to that described for ISAAC 

in closed loop. There are however reasons why this may not be possible in HROS, 

in which case backward propagation would be necessary. The first problem to solve 

in designing a closed loop system for HROS is what to use for the light source to 

overcome the echelle dispersion.
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8.4.1 Scale Factors and the HROS Echelle Spectrum

As explained for ISIS, the scale factor between collimator tilts and image motion in 

the camera focal plane is essentially determined by the camera focal length. The 

relation is:

Ax =  2 F ,a n .A l 3 ^ ^  (8.1)
COS Vr

We need therefore to distinguish between the short and long camera options in 

HROS. The short camera has a focal length slightly shorter than the ISIS camera 

[Fcam = 500mm in ISIS), so for a given tilt the total motion is also smaller. However, 

the maximum collimator tilt is not critical, and can easily be extended by modifying 

the actuator system. The long camera poses more serious problems in terms of 

actuator absolute accuracy. Since the long camera has Fcam — 1135mm, more than 

twice the ISIS camera, to achieve the same position accuracy on the detector, the 

actuators need to be more than twice as accurate. The requirement for ISIS was 

A t = ±80nm, the corresponding value for HROS, keeping the different anamorphism 

into account, is A t  = ±23nm.

The other major difference between ISIS and HROS, from the point of view of 

flexure correction, is the spectral format. HROS produces an echelle spectrum in 

the camera focal plane, which has a characteristic shape and size. The size, in 

particular, depends on the camera focal length. Figure 8.2 shows the full spectrum 

between SOOnm and llOOnm and the corresponding size of the CCD detector. The 

CCD cannot cover the whole echelle spectrum in one exposure, so a tilt of the echelle 

is required to cover the whole spectral range. As explained earlier, the long camera 

magnifies the spectrum (and the flexure shifts) by the ratio of the two focal lengths:

M  = =  2.4 (8.2)

The scale between detector and echelle spectrum in this case is therefore multiplied 

by a factor 2.4, the spectrum becoming larger. In fig. 8.2 the CCD detector for 

the long camera is shown smaller to maintain proportions, even if it is the echelle 

spectrum which varies in size. Again it is the long camera that creates more problems 

for a flexure compensation system. The spectrum size and the high resolution impose 

severe constraints on the type of optical reference that can be used. Also, as the 

figure shows, relatively large tilts of the echelle are required to cover the whole
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Figure 8.2: HROS echelle spectrum between 300 — 1100n?72 and CCD detector in 

the focal plane of the short camera (Fcam =  470mm). The CCD detector (larger 

square) is 4096x4096 pixel array, its side 61.4??%m long. Some order numbers and the 

central wavelength for these orders are also shown. The smaller CCD square shows 

the scale factor for the long camera (Fcam =  1135mm). In this case the dimensions 

on X and Y axes need to be multiplied by a factor 2.4, since it is the spectrum , and 

not the CCD tha t changes size.

echelle spectrum  in this case. As an example, when changing between observing at 

the blue end of the spectrum and observing at the red end, the spectrum  needs to 

move by 120mm in spatial direction. To cover in full the longest orders (spectral 

direction), the motion is even larger: 156mm from one end to the other of the free 

spectral range.

8.4.2 A Reference Light Source for HROS

The spectrograph dispersing element(s) will deflect the reference beam depending on 

wavelength. If the reference were monochromatic, and the spectrograph configured 

for a different science wavelength, then the reference light may not reach a separate 

reference detector. In general, the problem of grating or echelle deviation could be
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overcome by mounting a separate rotatable mirror on the grating cell, from which 

the reference would be reflected. However, image-motion due e.g. to grating mount­

ing defects would not be compensated, and the mirror rotation might introduce 

its own problems. These factors render the simple monochromatic laser reference 

unattractive in most cases. For a prism cross-dispersed instrument such as Gemini 

HROS, the conflguring for different wavelengths requires scanning the prism angles. 

The resulting change in prismatic deviation of the reference is even more difficult 

accommodate.

There are several options for a reference light source for a closed loop flexure com­

pensation system. Many of these ideas were suggested in a study commissioned to 

OSL by Gemini [52]; the main possibilities can be summarized as follows:

1. Laser operating at a single wavelength (or a few).

2. Continuum lamp -f monochromator.

3. Emission line source + monochromator.

4. Tunable laser.

5. Continuum lamp -f Fabry-Perot.

The main problem each of these options have to solve is how to overcome echelle 

and prism dispersion to ensure a reference spot of the right size hits the detector 

in the right place. It is also necessary to avoid contamination of the science data 

by the optical reference. We need to start from the analysis of the echelle spectrum 

with the long camera. Here are the most relevant parameters:

•  Spectrum length (300 to llOOzzm): 180mm in spatial direction.

• Longest orders: 216mm in spectral direction {F SR  = 40nm).

• Shortest orders: 60mm in spectral direction {F SR  = 3.5nm).

• Maximum order separation: 4.8mm at 300nm.

• Minimum order separation: 2.4mm at llOOnm.
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It is also worth mentioning that the CCD covers the wavelength range from SOOnm 

to 350nm when at the blue end of the spectrum and it covers (only partially) the 

range from 510nm to llOOnm when at the red end. By comparison, with the short 

camera it is possible to cover the region between SOOnm and 650nm in the blue and 

between SSOnm and llOOnm in the red. 1 will now analyze each option in detail.

8.4.2.1 Single-m ode Laser

When using a source at a fixed wavelength, the direction of the beam after going 

through the prisms and the echelle, can vary by a very large amount. Suppose using 

a wavelength A =  400nm, which is in the middle of the spectrum (in cross dispersion 

terms) in the order m =  65. The reference spot will be shifted by diGOmm when 

the echelle spectrum is scanned in cross dispersion. In theory, it is be possible to 

compensate for these shifts by changing the angle of incidence (and consequently the 

defiection) on the cross dispersing prisms. This can be done by moving the reference 

in the slit plane. If we displace the source by s in the focal plane of the collimator, 

the beam leaving the collimator will be deflected by an angle Acr given by:

A<t =  ^  (8.3)

With a camera focal length Fcam =  llS5mm, the shift in its focal plane of ±60mm 

subtends an angle of Ae =  ±S°. The relation between the angle of incidence and the 

defiection of a prism is approximately linear near minimum deviation. Therefore it is 

necessary to change the angle of incidence on the prism by roughly the same amount, 

to account for the different spectrograph setup. Thus we can equate A ct ~  Ae to 

obtain:

6  ~  FcoiAe ~  ±140mm (8.4)

The amount of motion needed to ensure the reference hits the detector in the cor­

rect position is clearly too large. It is therefore impractical to use a single fixed 

monochromatic source as optical reference. An improvement could be to use more 

than one source or a laser that works at more than one wavelength.

A possibility is to use a Nd:YAG laser with second and third harmonic generator. 

This laser has a fundamental output wavelength of 1064nm, which can be reduced to 

5S2nm with frequency doubling and to S55nm through frequency tripling. The laser
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has a linewidth of 0.08A at 1064nm, which becomes narrower at shorter wavelengths 

(0.04A at 532nm). The three laser wavelengths are well suited for imaging at the 

edge of the detector, provided that reading from both ends of the CCD is possible. 

In this case the maximum motion required is probably only half the CCD size, or 

±30mm. The motion in the slit plane would be reduced to:

s ±70mm (8.5)

This range of motion is easier to accommodate in the slit area. Moreover, the use 

of two sources at either end of the slit may reduce the total motion even further, so 

this option may be viable. The fibre need not to be positioned extremely accurately, 

an error of one pixel on the CCD can be tolerated, when the reference needs to be 

within a 10 pixel range. This translates to an error in the slit plane of As ±40/zm, 

which is a reasonable target. The main problem in this option may be obstruction 

from the post-slit components (filters, polarimetry, etc.) and the cost of the laser.

8.4.2.2 Continuum lamp -f- M onochrom ator

A variable monochromatic source can be produced by filtering a white light lamp 

through a monochromator. The continuum lamp can be, for example, a Quartz 

Tungsten Halogen (QTH) lamp and can be, if necessary, very luminous (up to 

lOOOIV). The main problem in this option is the resolution of the monochromator 

compared to the echelle. With the long camera, HROS reaches a resolution of 120000 

and in the blue a whole order, covering 60mm (4000 pixels) can be only 3.5nm 

wide in spectral terms. Also, the order extends 4.8mm in spatial direction (that 

is 320 pixels) because of the tilting introduced by cross dispersion. A commercial 

monochromator using a 1 2 0 0 /ines/m m  grating and with an output slit only 10/im 

wide has a bandpass of O.lnm. This means that in the focal plane of the HROS 

camera it would produce a spot of 115 pixels in spectral direction and 9 pixels in 

spatial direction. Using a double monochromator would halve the above values, but 

it would also reduce the throughput.

It is not clear if a 9x115 pixel (or a 5x57 pixel) spot is viable as an optical reference. 

Centroiding techniques can determine small shifts of very large images, provided the 

shape remains stable. If the science detector is used to record the reference position.
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at least 20 CCD rows need to be reserved for this purpose. The monochromator 

throughput may be critical, too, particularly if we consider that it will need to be 

coupled with an optical fibre to deliver the source to the slit plane. Ultimately, 

however, the main objection to this option is the stability of the monochromator 

output. Since its resolution is much smaller than the one of the echelle, thermal 

effects or even flexure within the monochromator become extremely critical. Since 

the output slit width of 10/fm correspond to 115 pixels, a shift of 0.1 pixels on 

the HROS CCD corresponds to only 9 nm at the output slit, which is probably 

impossible to achieve.

To overcome the resolution gap, an étalon could be used in series with the monochro­

mator. This, however, makes the optical source very complicated and it is likely that 

the stability between the monochromator and étalon position would become a main 

source of errors. Most of the discussion above is still valid even if the optical refer­

ence is imaged on the red end of the CCD, because at 350nm the FSR is still 4.8nm 

and the order separation is only slightly less.

8.4.2.3 Arc lamp +  M onochrom ator

The use of an emission line lamp in place of the continuum source would solve the 

problem of the monochromator stability because the emission lines would provide 

the reference, rather than the monochromator bandpass. A wider output slit could 

be used, because the reference spectrum could cover a whole echelle order. It is 

possible to obtain a bandpass between 3.5 and 5.0nm with an output slit width 

between 0.5 and 1.5mm. Moreover the position of the arc lines would not be affected 

by temperature and flexure within the monochromator. These reasons make this 

option very attractive.

The problem in this case is to find a spectral source with sufficiently dense emission 

lines. Most arc lamps have a very low emission at the blue end of the spectrum, so 

the detection on the HROS CCD (or on a separate detector) may have to occur on 

the top red end side or even on both sides. I will assume detection either on the 

science CCD or on a separate detector with similar pixel size, roughly 10 pixel by 

3-4 thousand. In this case the spectral source will have to cover at least the range 

between 350nm and llOOnm (red end) or between 300nm and 550nm (blue end)
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Figure 8.3: Reference spectrum projected on few lines close to the output register 

of the science CCD (or on a separate detector of similar size). Since only a small 

num ber of lines can be used and the orders are tilted with respect to the CCD, only 

a fraction of the echelle order can be used for the reference. The reference is assumed 

to project onto T pixels in cross dispersion direction. This graph assumes the CCD 

output register is almost parallel to the echelle orders. This may actually be not 

true in the case of the HROS CCDs, so a separate detector would be necessary.

with very dense lines. If the red end is chosen, the critical point is likely to be the 

density of lines around 350nm. The order separation at tha t point is still about 

4.0mm or 260 pixels. Therefore, if 10 pixels are reserved for the optical reference, 

they will cover a small fraction of the order, corresponding to only I.SA for an ideal 

point source (figure 8.3). In practice however, the source will extend over T pixels in 

cross dispersion direction, the exact value depending on the size of the input fibre. 

For an extended source, projecting onto T pixels in cross dispersion direction, the 

range would be only slightly larger:

lOp +  T
AA(T) -

I Op
AA(lOp) (8 .6 )

If we take T =  2 pixels, then the range is extended to 2.2À.  This is the worst case 

because it uses the maximum order separation and the m axim um  angular dispersion
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at the blue end of the spectrum. At the red end the wavelength dispersion is much 

smaller both in the echelle and the cross dispersion directions (roughly by a factor 

3 and 2 respectively). Nonetheless, approximately at least one spectral line every 

5-GA is required if only the first 10 pixels of the CCD can be used for the optical 

reference. This is not impossible to achieve, however, if a Th-Ar arc lamp is used as 

a source at the red end of the spectrum (probably a detector at both ends would be 

needed). The Th-Ar lamp has very dense emission lines, but some of them are very 

weak, so the throughput of the system becomes critical. The mean line separation 

for a Th-Ar lamp is 2 A and the maximum is 25A in the UV [124], so the chance 

of having at least one line on the detector should be fairly high. The Th-Ar lamp 

feeds the monochromator at the input slit and this coupling should be designed for 

maximum throughput. At the output the monochromator feeds an optical fibre, 

which should also be chosen for maximum transmission. Overall, this option looks 

viable, even though further research is necessary.

In the case of an arc lamp and monochromator backward propagation is also an 

attractive possibility. True, the echelle spectrum is magnified by more than a factor 

two in the slit plane, but in this case a larger detector can be used. In fact, this may 

be the best option for detection of the optical reference in HROS. This is because 

the use of the science CCD seems an increasingly unlikely option for detecting the 

reference. Following a conversation with T. Boroson from the Gemini project, I 

found out that the current design for the HROS detectors is a mosaic of two 2048 x 

4096 pixels CCDs with the output register on the 2K side. This means that the blind 

area at the junction between the two CCDs would be across the echelle orders if the 

output register needs to be parallel to them. Moreover, with the separation between 

the two CCDs parallel to the echelle orders it is possible to have a CCD optimized 

for blue light and one for the red, improving the spectrograph efficiency. Therefore, 

a separate detector for the optical reference would be needed. Since a separate 

detector increases the camera obstruction, the backward propagation becomes more 

competitive.

The full size of the echelle spectrum in the slit plane when the source is injected in 

the camera focal plane is shown in fig. 8.4. The spectrum is more than twice the 

size of the one in forward illumination. The magnification M  is given by the ratio of
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Figure 8.4: Echelle spectrum size in the slit plane when the optical reference for 

flexure compensation is propagated backwards in the HROS spectrograph. The 

filter wheel tha t obstruct some of the slit area is also shown. The figure shows 

the full echelle spectrum , but some of it may be cut off due to obstructions in the 

spectrograph. A detector 1ÛÜÜ pixels square (15//m pixels) is shown for comparison.

collim ator and cam era focal length, which for the long cam era gives M  =  2.3. The 

order separation would then vary between 5.5 and 11mm and the angular dispersion 

would also be increased. The implication is tha t a fixed detector at the slit would 

have to be fairly large to ensure that at least one or two spectral lines of the Th-Ar 

lamp can be detected. The advantage here is tha t the CCD can be placed parallel to 

the echelle orders, maximizing the spectral coverage. A detector 1000 pixels square 

with 15/^m pixels would have a sensitive area 15 x 15mm. This will ensure tha t 

at least one order is imaged on the detector and would cover between 4 and 9À  in 

spectral direction (depending on the wavelength). This should guarantee at least 

one spectral line can be used for reference. This detector could also be moved in the 

slit plane to increase the chance of a good sampling of the reference spectrum .

8 .4 .2 .4 Tunable Laser

The use of a tunable laser as a variable monochromatic source has the advantage of 

the very narrow spectral output with respect to the continuum lamp and monochro­
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mator combination. The laser output is usually very narrow in spectral terms, so 

it would not spread over several pixels like the monochromator output. The main 

problems with the tunable laser are the spectral range and the spectral stability. 

Most lasers are tunable only over a narrow wavelength range, making it impossible 

to use them as a single source for every spectrograph setup.

Dye lasers can cover a wide range of wavelengths, but they require tens of different 

dye compounds to achieve that coverage. The laser will need to be tunable between 

SOOnm and 550nm if it is to operate in the blue edge of the CCD. The range on the 

red edge is even wider, being between 350nm and llOOnm. The dye laser option 

may be still viable if it is possible to use a dye mixture that covers the whole range. 

The only other broadly tunable laser is a Ti: Sapphire type which covers the range 

between 695 and 950nm in first harmonic and between 350 and 470nm in second 

harmonic. The difficulty in both cases is to find a single laser that can be tuned on 

a broad wavelength range. Using more than one tunable laser makes the system too 

complicated and expensive. Therefore this option too, seems impractical, mainly 

because remote operation of the source of reference looks very difficult to achieve 

and the cost of such system would also be very high.

8.4.2.5 Continuum  source +  Etalon

In this option a continuum source could be used together with a Fabry-Perot étalon 

to produce narrow emission bands from the continuum spectrum. This is the least 

attractive option for two main reasons. Firstly, the system would still require fil­

tering, probably through a monochromator, to avoid contamination of the echelle 

spectrum and minimize stray light. Secondly, the étalon spectrum stability is very 

sensitive to temperature, while a powerful lamp close to the étalon would dissipate 

a lot of heat. For these reasons this option seems impractical.
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Conclusion

The work exposed in this thesis was based on the innovative concept of using an 

active optical system to try to solve the long-standing problem of flexure in large 

astronomical spectrographs at the Cassegrain focus of a telescope. This project, 

which was subsequently called ISAAC (ISIS Spectrograph Automatic Active Colli­

mator) involved designing, building and testing one of such active systems for the 

the ISIS spectrograph at the William Herschel Telescope.

Since this concept was almost completely new, I had to start from scratch: looking at 

other applications of active optics, reviewing modern actuators and position sensors 

and defining the goals and requirements for an active flexure compensation system. 

The characteristics and behaviour of flexure in ISIS had also to be investigated. My 

earlier visit to the La Palma Observatory was also designed to help me identify the 

technical challenges and to define the performance targets of the active collimator.

Then the system had to be designed and built, and here the challenge was not only 

from the stringent requirements for the position accuracy of the tip-tilt collimator 

mirror, but also from the need to be compatible and easily interchangeable with 

the existing collimator in ISIS. During this thesis I was responsible for the entire 

project and for most of the experimental work, including the overall system design. 

As project manager I delegated some aspects to specialists and in this respect, the 

mechanical design done by Mark Dry burgh, the mirror polishing by David Brooks 

and the electronics design by Gil Nixon and Heshmat Jamshidi has been invaluable 

help. I was also helped by David Brooks and Francisco Diego with the alignment 

and design of the optical test bench and with the polishing of the flat mirror test 

sample and by Heshmat Jamshidi with the writing of the control software. The 

physics mechanical workshop produced most of the metal work, while Brian Humm 

helped with the mirror cutting and aluminizing.

Once the prototype was completed, I had to thoroughly test it in the laboratory, 

both in its optical and mechanical performance, to verify that it would meet the
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specifications. These tests needed not only to convince myself, but also the techni­

cal staff at the La Palma Observatory that the active collimator was fully reliable 

and performing as expected. Finally, on July 1995, I had a chance to test ISAAC 

at the William Herschel Telescope. The experiment was a very successful: active 

compensation of flexure proved to be a viable and effective way of reducing flexure 

in large Cassegrain spectrographs.

The success of the experiment in fact opened the way for several new potential 

developments, including having a flexure active compensation system permanently 

installed on ISIS and one included in the design of HROS from the beginning. The 

Gemini Multi-Object Spectrograph (CMOS) [53] and the DEIMOS and ESI spectro­

graphs for the Keck II telescope [54, 55] will also probably include an active flexure 

compensation system in their design. It seems that the idea of active compensation 

of flexure is gaining increasing support among spectrograph designers. This is prob­

ably because active flexure compensation makes the design of a spectrograph much 

simpler, and the instrument cheaper and lighter.

I hope that this thesis will contribute to the construction of better instruments. 

The research described in the thesis is however far from concluded: I am currently 

investigating the possibility of a closed loop compensation system, which would 

improve the performance of a simple open loop one. In the last year I also examined 

various possibilities for a closed loop flexure compensation system for HROS, which 

would greatly simplify its mechanical design and would allow for the first time high 

resolution spectroscopy at the Cassegrain focus of a large telescope. I believe the 

understanding of flexure in Cassegrain spectrographs has been increased, by some 

detailed measurements on ISIS I performed in cooperation with Rene’ Rutten at the 

La Palma Observatory. This information can be very useful to the design of future 

Cassegrain instrumentation.

I hope that the work in this thesis would add some contribution to the design of mod­

ern instrumentation for new ground-based telescopes and, in doing so, ultimately to 

our knowledge of the universe.
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A ppendix A  

Calculation of A ctuator  

Expansions

The software controlling the active collimator needs to calculate three actuator ex­

pansions (Li, L21 Ls) from two shifts (AX , A Y )  on the CCD detector of the ISIS

spectrograph. The software initially translates these two shifts into collimator tilts 

('âj, 'âk)- Following the notation of section 5.4.3.2,1 will identify the collimator plane 

with (j, k) and assume that this is parallel to the detector plane when the actuators 

are at zero expansion. If we indicate with 7  the angle between the cartesian axes 

( j ,k)  and (X,Y), then it is possible to calculate the shifts ( A J , A K )  by a simple 

transformation of coordinates. The anamorphism of the grating (  is accounted for 

by substituting the shift A X  with the “anamorphized” f  AA. Thus:

A J  =  (A A  cos 7  — A y  sin 7  (A.l)

AA  = (A A  sin 7  +  AY cos 7  (A.2)

The collimator tilts can then be derived by imposing that the tilt should restore the 

image to the starting position (the origin). The tilting angle is determined by the 

camera focal length Fcam and the shifts in the (j, k) plane. Since the angles are very 

small and I indicated with the tilt about the j-axis, we obtain:

^  (A.3)
cam

= ^  (A-4)
cam

264



The factor 2 in the equations above is due to the fact that the light coming from the 

spectrograph slit is reflected by the collimator and if this were tilted by an angle 

the beam would be deflected by an angle 2f3. Combining these equations with the 

expression for A J  and A K  we obtain:

"âj = —̂7— ((A% sin 7  +  A Y  cos 7 ) (A.5)
cam

'âk = ■— — (f AX COS 7  — A y  sin 7 ) (A.6 )
cam

When the collimator tilts are known, it is possible to calculate the actuator expan­

sions which would produce that tilt. Following the conventions of fig. 5.15, we can

see that:

ÿj =  ~  (A.7)

(A.8 )

We obtain therefore a system for the three unknowns Li, L 2 and L3:

2h'dj — L\ T  L2 — 2T3

bd k = L\ — L 2
(A.9)

Since there are three unknowns and only two equations, we have freedom in choosing 

one of the unknowns. I chose to set to zero the expansion of the actuator with the

lowest position. Which actuator has the lowest position will depend on the sign

and value of the two tilting angles. Following again fig. 5.15, we can calculate this 

explicitly. First we notice that L\ =  L 2 when dk = 0. Also we have:

L\ = Lz => (A.10)

L 2 = L3 => i9k = (A.11)

Therefore we can identify three different cases:

1. If < 0 and < 0 or if > 0 and 'Ok < — the actuator # 1  will be the

one with the lowest position, so we can impose Li = 0 .

2. If 'dj < 0  and > 0 or if > 0 and i k̂ > the actuator # 2  will be the

one with the lowest position, so we can impose L 2 = 0 .
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3. In every other case the actuator with the lowest position would be #3 , so we 

can impose L3 = 0 .

For each one of the above cases the system is then reduced to two unknowns and two 

equations and can be solved to derive the actuator expansions. Note that since the 

expansion of the actuator with the lowest position is set to zero, the expansions of 

the other two actuators will be always positive. This is important because it ensures 

that only positive voltages are applied to the actuators.
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A ppendix B

Publications

B . l  L ist o f  P u b lish ed  P ap ers
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• B.C. Bigelow, D.D. Walker, R.G. Bingham, P. D’Arrigo, “A deformable sec­

ondary mirror for adaptive optics,” Proc. ICO-16 Satellite Conference on 

Active and Adaptive Optics, G arching/ Muni ch, Germany, 2-5 August 1993,

pp. 261-266.

• P. D’Arrigo, F. Diego, D.D. Walker, “Active Compensation of Flexure on 

ISIS,” Spectrum, Newsletter of the Royal Observatory, No. 9, March 1996, 

pp. 25-27.

• D.D. Walker and P. D’Arrigo, “On the stability of Cassegrain spectrographs,” 

Mon. Not. R. Astron. Soc. 281, 673-678 (1996).
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A DEFORMABLE SECONDARY MIRROR FOR ADAPTIVE OPTICS

Bruce C. Bigelow \  David D. Walker *. Richard G. Bingham Paolo D’Arrigo ^

* Optical Science Laboratory, University College London 
* Royal Greenwich Observatory. Madingley Rd, Cambridge

Abstract

The design of a proposed deformable Cassegrain secondary mirror for adaptive optics is 
presented. The 1-m diameter thin meniscus mirror is supported on 90 actuators, and is designed 
for use in a Gemini d-m telescope. In addition to the adaptive function, the mirror design also 
provides the capability for vibration balanced IR chopping within the unit. The mirror geometry, 
materials, actuators, and finite element analysis are described.

1 Introduction

Adaptive optical systems are rapidly changing from R&D exercises to indispensible facilities for 
modern telescopes. Most systems currently described in the literature are of equal or greater 
complexity than many instruments on a telescope, involve reflective losses at many surfaces, 
and do not provide a corrected wavefront to most telescope focal planes. Applying an adaptive 
correction at the secondary mirror has been suggested by several authors (Dunn. 1991, and 
Beckers. 1993), and was proposed in the Technical Description for the NOAO (Gemini) 8-m 
Telescopes(5], 1989. There are many advantages to this approach: the correction is made at an 
existing surface, precluding the need for extra mirrors and reflective losses; T ip/tilt and low- 
order corrections are provided at one surface; adaptive correction is provided for all Secondary 
foci; and existing telescopes can be retrofitted. The design also provides chopping for IR sky 
subtraction as an extension of the tip/tilt capability. A companion paper (this symposium) 
describes the implications of adaptive correction at the secondary in terms of wavelength, guide 
stars, and image improvements. This paper describes the conceptual design and zmalysis of a 
1-m thin meniscus deformable secondary mirror, suitable for the Gemini 8-m telescopes, and 
discusses the mirror specifications, geometry, materials, actuators, detail design, failure modes, 
and finite element analyses of the mirror substrate.

2 Perform ance Specifications

The objective was to devise a realistic option to the traditional chopping secondary mirror, which 
could zdso provide partial adaptive correction for the Gemini Telescopes. Consequently, the 
parameters of the mirror and its performance were optimized for that project. The dimensions 
of the Gemini f/16 IR Secondariesibi ( 1992) are as follows: radius of curvature =  4193.0685 mm, 
clear aperture = 1023.6 mm (outeri. 180.7 mm (inner).

The adaptive requirements are: tip/tilt mirror angular throw: ± 1 Arc-sec (for 90% of a t­
mospheric tilt); tip /tilt frequency response: 20-30 Hz; higher order frequency response: lOOHz 
minimum. iKHz goal: vibration control: 95% vibration balanced.

Chopping for IR sky subtraction is a low-frequency rigid body rotation of the mirror, with 
the angular throw limited by the travel of the actuators. The following specifications were taken 
from the Gemini Science Requirements!7]: Chopping Mode 1: mirror angular throw: ±  30 arc- 
sec; frequency response: 10 Hz: Duty Cycle: 80%. Chopping Mode 2: mirror angular throw: ±  
60 arc-sec: frequency response: 5 Hz Duty Cycle: 80%
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3 Mirror Geom etry

One figure of meric for chopping mirrors is the angular moment of inertia, which determines 
how much energy is required to vibrate the mirror, and places practical limits on the duty cycle. 
For a thin fiat disc, the moment of inertia scales directly with mass and quadratically with the 
radius and thickness. For a meniscus secondary mirror, approximated by a thin disc of fixed 
diameter, the mass and thickness can be minimized in order to minimize the power requirement 
and maximize the duty cycle. Higher order corrections require that the mirror be sufiSciently 
fiexible that it can be rapidly deformed to the desired shape. This fiexibility also allows the 
mirror figure to be updated many times during each chopping cycle, given a reference. Both 
the low angular inertia and fiexural requirements are well suited by thin meniscus construction. 
Typically, a mirror needs to be stiff enough to hold its figure during grinding and polishing. 
However, as this mirror is inherently deformable, smoothness is probably more important than 
the unsupported figure. In this case, a lO-mm thick mirror was analysed and found to combine 
sufficient stiffness under gravity, with acceptable fiexibility for adaptive correction.

4 Mirror M aterials

Traditional deformable mirrors have been small (on the order of 100 to 200 mm in diameter) and 
have used materials such as silicon or molybdenum, as well as more common optical glasses such 
as ULE. fused silica, and Zerodur. .\ variety of issues drive the selection of the substrate material, 
such as elastic strength (modulus of elasticity), thermal properties (coefficients of expansion and 
conductivity), durability (resistance to fracture) fatigue life (critical for an adaptive mirror that 
will experience billions of cycles per year), ease of fabrication (optical and mechanical), surface 
finish quality, and resistance to corrosion.

A thin deformable mirror will thermalize quickly, and its figure can be corrected, via the 
wavefront sensor, for errors due to thermal gradients. Consequently, the thermal properties of 
the mirror appear to be relatively unimportant. Stress-cycling fatigue life, or endurance limit, 
is more critical. A deformable mirror operating at 500 Hz, 8 hours per day, 300 days per year, 
will experience 4.3 billion stress cycles annually, but endurance limit testing typically specifies 
allowable stresses for 50-500 million cycles. However, results from finite element analyses indicate 
peak stresses 10 times less than the fatigue limits of the candidate materials, so although fatigue 
life is important, it does not appear to dictate the choice of material. The final choice will 
probably hinge on the ease of fabrication. Figuring and polishing of aluminum mirrors is well 
understood, and aluminum could be used in nearly all the mirror mechanical components. In 
terms of mechanical simphcity, a metallic mirror, which can be be tapped for threaded fasteners, 
and which is relatively resistant to damage or breakage, seems to provide the best balance of 
features. However, attachment points are conunonly bonded to glass mirrors, and large optics 
must be handled carefully regardless of material, so Zerodur or ULE are viable alternatives.

5 A ctuators

The actuators will provide support under gravity, and displacement for adaptive correction 
and chopping. These functions place differing requirements on the travel, force, and frequency 
response of the actuators. Chopping places the most stringent displacement requirement on the 
actuators. Chopping of 7.5 and 15 arc-sec at the focal plane corresponds to secondary mirror 
tilts of ±  30 and ± 60 arc-sec respectively. Given those tilts, the resulting displacement ranges 
for the extreme edge of the mirror are ±72^m and ±145/im. Results from the finite element 
analyses indicate that the required actuator forces are less than 3 N for gravity support and 40 
N for 2.2/im of adaptive deformation. The force values required for chopping are dependent on
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the duty cycle, which defines the acceleration required to move a given mass element supported 
by one actuator at the edge of the mirror. These forces are less than 1 N for both chopping 
modes. The frequency response requirement will be determined by the adaptive correction, 
previously mentioned to be lOOHz minimum (iKHz goal), for higher order corrections. This 
value could increase substantially without causing a problem for the actuators, most of which 
can be operated at kilohertz rates.

Historically, P iezo-electric actuators have been the standard choice for adaptive mirrors. 
The high hysteresis and temperature sensitivity of PZT materials can be effectively controlled 
by the addition of displacement sensors, which will be required regardless of actuator type. 
Although standard models with 100/xm of travel are common, no PZT actuator has been found 
which can meet the 300/xm stroke requirement. The longest travel available in commercial PZT 
actuators appears to be ISO^m. which corresponds to a chopping angle of ±  37 arc-sec. Lifetime 
is a concern for PZT actuators, as it is counted in millions, rather than billions of cycles required 
for a year of mirror operation. The limitations in stroke and lifetime appear to eliminate PZT 
actuators.

E lec tro -S tric tiv e  Actuators in variety of stroke and force combinations are commercially 
available. However, there do not appear to be standard ES actuators with strokes as high as 
±145/im. and the long strokes are limited to operation above IOC. Below IOC, the electro­
strictive effect is dropping while hysteresis is rising. The primary advantage of ES actuators 
over PZT's is lower hysteresis, but this can be compensated with position sensors in either case. 
For this application, there is no advantage in using ES actuators.

Two types of M agneto-Strictive (MS) actuators have been identified, each of which has 
the potential to meet all of the actuator specifications. The first is a MS “Elastic Wave Motor" 
(EWM) with a range of 100 m m . manufactured by DynaMotive[3]. This actuator can generate 
long travel, low frequency motion as a stepper motor, and short travel, high frequency motion 
as a simple actuator. The actuator has high static and dynamic axial stiffness, together with 
low mass and relatively small dimensions. Its dual mode operation provides long travel and low 
power dissipation. The second type is a conventional actuator, available from Hull University[8] 
and Edge Technologies Inc. (ETI)[4]. .According to ETI. “Terfenol-D does not fatigue”, and 
they have tested actuators to 10*° cycles. In both cases, resolution is mainly limited by the 
displacement sensor used, making MS actuators the preferred type for the deformable secondary.

6 Mirror D etail Design

Support of thin mirrors has been a challenge for large telescopes such as the VLT and the 
two Kecks, which use high aspect ratio primaries. Nelson et al.[9] examined plate deflection 
on point supports, derived expressions for the efficiency of hexagonal, square, and triangular 
support grids, and optimized the locations of support points for various numbers of supports on 
round plates. They conclude that a modified triangular grid provides the lowest RMS deflection, 
and that deflections are extremely sensitive to the location of the support points. For the case 
of a 1 meter diameter. 10mm thick, aluminum (or Zerodur) mirror, and a 30nm maximum 
allowable gravity deflection, a solution utiUzing 90 support points has been found. The layout 
of the support points, though not mathematically optimized, was developed following Nelson's 
guidelines and iterated via FEA models to the 30nm specification.

The adaptive secondary mirror concept scales up traditional adaptive mirror construction, 
and consists of a flexible face-sheet supported on a structured aluminum mounting plate via an 
array of 90 actuators (Figure 2). Counter balances on the opposite side of the mounting plate 
are supported by additional actuators, located iu line with the connections to the telescope 
top-end ring. The counter-balance control signals can be derived from computations based on 
the signals sent to the mirror actuators, or from high frequency load cells incorporated in the 
telescope attachment, which would allow vibration to be sensed and compensated directly.
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Chopping is accomplished by driving the actuators simultaneously, so as to rotate the mirror 
as a rigid body about its center ot gravity. Linear momentum is conserved and angular momen­
tum compensation is provided by driving the reaction masses about their composite center of 
gravity. This arrangement provides several advantages. First, the low mass meniscus reduces the 
weight of the chopping mirror, and allows for higher duty cycles and lower power consumption. 
Second, the moment of inertia for the meniscus is much lower than that of a monohthic mirror, 
thus reducing the resultant torque to be compensated by the reaction mass(es). Reducing the 
weight of the reaction masses also reduces the force requirement for their actuators, providing 
further weight and cost savings. The adaptive secondary with less mass, smaller moment of 
inertia, and many actuators, is inherently easier to chop than a monolithic mirror, and less 
subject to figure errors due to chopping forces. With an adaptive correction running at a higher 
frequency than the chopping function, the wavefront could be corrected many times during each 
chop cycle.

7 Failure Modes

For graceful loss of functionality after failure, three capabilities should be present: first, the 
secondary must operate with a failed actuator, and its loss should only marginally reduce per­
formance: second, no actuator or control error should be able to damage the mirror: and finally, 
replacement of failed actuators must be simple, avoiding both disassembly of the secondary mir­
ror system and removal from the telescope. The loss of an actuator will affect the ability of 
the mirror to maintain its figure, but as each actuator drives roughly 1% of the mirror, a single 
failure should have a minimal effect on performance. Nevertheless, concepts have been developed 
for a clamp mounting for the actuators (mechanical or electro-mechanical), which will permit an 
actuator to be released from the mirror. This will not eliminate errors caused by the loss of the 
actuator, but could minimize the eifect until the actuator could be replaced. The greatest threat 
to the mirror would be a control error which caused one actuator to generate maximum stroke 
or force, while its neighbors were driven to the opposite extreme. This has been examined for a 
130/im stroke, using the finite element model, and found to produce stresses sixty times smaller 
than the yield stress of aluminum iGOGl-TG). Nevertheless, a force-hmiting assembly utilizing a 
spring concept is proposed, which would absorb excess stroke or force in the event of a control 
failure. This assembly acts as a stiff link up to a given preload, after which the springs compress, 
absorbing further travel. This link will be carefully designed in order to provide a margin of 
:.afety. while avoiding reduction of the resonant frequency of the actuator. For rehability, actua­
tor failures should not require a complete disassembly of the secondary mirror. Various methods 
for removing and replacing actuators have been described, including the destruction of a fiexural 
link(2l. and separable magnetic attachmentsflU]. The pre\iously mentioned clamps should allow 
the actuators to be installed on the mirror without excessively deforming it. but this would 
require a test, possibly using the signal from the wavefront sensor, to verify the quality of the 
power-off figure.

8 Finite Element Analyses

.Approximately 25 finite element models were analysed, for estimating static defiection. actuator 
forces, optimizing support locations, and predicting resonant frequencies and mode shapes. The 
models used 1500 4-node shell elements, with 9000 degrees of freedom. All modelling was 
performed using the .ANSYS finite element analysis package. .A summary of the results indicates 
that an aluminum (or Zerodur I meniscus, supported on 90 points, will have static defiections 
(zenith pointing) on the order 40nm P-\'. and ITnm RMS (Figure 1). Defiections on horizon 
pointing are a factor of 10 less. .Actuator forces of 3.7 N generate a displacement of 0.20/rm at
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any actuator and scale linearly. The maximum stresses at 2.0/im defiection are less than 1 MPa. 
Dynamic analyses show that the first mode looks like the inter-actuator sag under gravity, with 
a resonant frequency in excess of 1200 Hz. To conclude, the finite element analyses indicate that 
modest forces are required to deform the meniscus for adaptive correction, bending stresses are 
negligible, and the resonant frequencies of the mirror are at least 20% higher than the estimated 
peak operating frequency.

9 Conclusions

This work has shown the mechanical feasibility of providing adaptive wavefront correction and 
IR Chopping with a deformable cassegrain secondary mirror. A survey of mirror substrate mate­
rials suggests that aluminum, ULE, and Zerodur are possible choices, with aluminum preferred 
for simplicity of attachment and mechanical durability. Magneto strictive actuators appear to 
provide the best combination of travel, stiffness, frequency response, and durability. Finite el­
ement analyses show that static defiection, actuator forces, and dynamic response are all well 
within achievable values. The next two tasks in this work will be to fit Zemike polynomials to 
the FEA results, in order to define the optical limits of adaptive correction with the deformable 
secondary, and to begin detailed preparations for building a mirror for an 8-m telescope.
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Active Compensation of Flexure on iSiS

ISAAC (ISIS Spectrograph Automatic 
Active Collimator; was developed at 

the Optical Science Laboratory, 
University College London, as an exper­
imental system for active compensation 
of flexure. Whilst the basic motivation 
was a proof-of-concept for the Gemini 
High Resolution Optical Spectrograph 
(HROS). it was clear that ISIS exhibited 
flexure at a level where it could benefit 
from the active collimator approach we 
had proposed.

ISAAC is based on the concept of active 
compensation, where spectrum drifts 
due to the spectrograph flexing under the 
effect of gravity are compensated by the 
movement of an active optical element. 
The active component in ISAAC is a 
fine steering tip-tilt collimator mirror, 
optically an exact replica of the existing 
one. It was successfully tested on the 
spectrograph on July 1995. The experi­
ment shows that active compensation 
can reduce flexure to less than 3pm over 
four hours of telescope motion, dramati­
cally improving the spectrograph perfor­
mance.

The traditional method of coping with 
flexure, which involved building bulkier 
and stiHer structures, is reaching its lim­
its. In recent yean flexure has proven to 
be an issue difficult to solve in 
Cassegrain spectrographs. Active com­
pensation offen a new approach in 
which the image shifts on the detector 
are constantly corrected through motions 
of an active element within the spectro­
graph. Flexure compensation can be 
achieved either with an open-loop sys­
tem. where the drifts are accurately mea­
sured and stored in a look up table or 
with a closed-loop one. where spectrum 
shifts are sensed directly using an appro­
priate optical reference and fed back to 
the active element control.

The ISAAC project was conceived as an 
open-loop system for active compensa­
tion of flexure in ISIS. To achieve this 
the collimator is finely steered with three 
piezoelectric acniators pushing against 
its back surface. The open-loop system 
involves controlling and sensing the col­
limator position, knowing the orienta­
tion in space of the spectrograph, and 
correcting the corresponding flexure

shifts using the data stored in the look­
up table. The instrument as well as 
being the first step towards a closed-loop 
system, is also the baseline solution for 
the Gemini High Resolution Optical 
Spectrograph (HROS).

Experiment on ISIS

On July 1995 we obtained access to ISIS 
for daytime tests at the William Herschel 
Telescope. The aim was to study flexure 
in ISIS, monitor it effectively and then 
prove that we could compensate it with

the active collimator. The ISAAC colli­
mator was installed on the ISIS blue arm 
and its focus and dit were adjusted using 
the standard Hartmatm shutter. The opti­
cal quality was checked by imaging a 
narrow slit illuminated by CuAr and 
CuNe calibration lamps. The results 
were at least as good as those obtained 
with original collimator.

The fine calibration of the mirror move­
ments was performed with the collima­
tor optically aligned in the spectrograph. 
The three actuators were moved in turn
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and in different combinations and the 
corresponding detector shifts recorded. 
From this the parameters relating the 
actuator voltages to detector shifts were 
calculated. The reference spectra were 
generated by observing an arc spectrum 
through a short dekker. so that each 
spectral line would produce an almost 
circular spot, which could be centroided 
to give the spectrum shifts (in spectral 
and spatial direction).

The flexure look-up table was produced 
using an automated procedure developed 
by René Rutten to monitor flexure in 
ISIS. The resulting map covers the 
whole range of possible telescope eleva­
tions and spectrograph positions on the 
turntable. The flexure map thus obtained 
was reformatted to reduce the impact on 
the flexure model of hysteresis in the 
telescope movements. The flexure mea­
surements and all the tests for active 
compensation were performed during 
the daytime, using the calibration lamps 
to feed the spectrograph.

In our first experiment we simulated a 
star track by moving the telescope in 20 
arcminute steps following the motion of 
a virtual star on the sky. In this way we 
managed to compress more than four 
hours of effective tracking into less than 
one hour of measurements. We compen­
sated for the flexure shifts using the all­
sky look-up table and then repeated the 
same track without compensation. We 
also repeated the same measurements 
the following day to check how repro­
ducible were these results. The compen­
sated and uncompensated spectrum 
shifts are shown in figures I and 2 for 
the spectral and spatial directions.

Several conclusions can be drawn from 
the graphs. Firstly, that on average, 
active compensation of flexure can 
reduce spectral drifts to within 0.2 pixels 
(worst case 0.3 pixels) over more than 
four hours tracking. We must stress here 
that the exposure time during astronom­
ical observations is anyway limited to 
around one hour by accumulation of cos­
mic ray events on the CCD. Our experi­
ment of compensating flexure over sev­
eral hours effective tracking proves that 
large amount of flexure can be corrected 
with the same accuracy. This is highly 
relevant both for HROS. which may 
experience such large spectrum shifts, 
and for ISIS, by potentially reducing the

need of frequent calibration arcs 
between exposures.

The image stability is a significant 
improvement on the existing situation, 
with typical drifts of 1.5 -  2.0 pixels dur­
ing the same tracking time. The graphs 
also show that the improvement is more 
relevant for longer tracking time. This is 
because the uncompensated flexure usu­
ally increases fairly smoothly (at an 
average rate of lOpm/hr). whereas the 
inaccuracy in compensation depends 
mostly on residual errors and very little 
on the amount of flexure to correct.

Finally, the graphs prove that when the 
uncompensated flexure is reproducible, 
the curve representing the residual errors 
is also highly reproducible indicating 
that these erron are mostly due to inac­
curacies in the flexure model and not in 
the collimator movements.

This last point induced us to refine the 
look-up table, to see if we could improve 
image stability even further. For the 
same track, we calculated the tesidual 
erron and fed them back into the active 
collimator control system as second 
order corrections. In practice the proce-
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dure involved stepping along a track 
with active compensation on. record the 
residual shifts, conven them into actua­
tor voltage corrections and then run 
along the same track again applying the 
corrected voltages. Results using these 
second order corrections are shown in 
figures 3 and 4 compared with the stan­
dard all-sky compensation. The 
improvement is quite remarkable. Once 
the errors in the flexure model are cor­
rected. the spectrum drifts can be con­
tained within 0.1 pixel for nearly four 
hours of effective tracking time (more 
than four hours in the spectral direction).

Future developments

This experiment has proved that active 
compensation is a viable and effective 
way of reducing flexure in ISIS. It has 
also shown that the collimator can be 
controlled with very high accuracy and it 
is a suitable element for applying active 
corrections. The improvement in imag­
ing stability is indeed significant: during 
our experiment ISIS was showing an 
average spectrum drift of over 40/im in 
four hours tracking time. By applying 
active compensation we were able to 
reduce it to an average 4.8/im over four 
hours with an all-sky flexure map and to 
less than 2.4pm with a flexure look up 
table modelled for that particular obser­
vation.

These results have several implications 
on the astronomical data the spectro­
graph can provide, not just in terms of 
increased spectral resolution and 
reduced radial velocity errors. The 
reduction in flexure we achieved is such

that the time wasted in taking regular 
calibration arcs can be cut drastically. 
Moreover, this low flexure can allow 
longer exposure times and improved sig- 
nal-to-noise ratio. The limiting factor in 
the length of exposures would be effec­
tively shifted from flexure drifts to cos­
mic ray events rate. Our laboratory tests 
had demonstrated that the collimator 
could provide movements as small as 
0.4pm on the detector and we could 
expect that flexure compensation could 
be improved even further with a more 
accurate model. Another result of our 
experiment was to prove the existence of 
a relatively large hysteresis in the spec­
trograph distortions. This is likely to put 
severe constraints on the accuracy a 
flexure model can ultimately achieve. 
Moreover, we have to take into account 
that to collect the dam necessary for an 
accurate flexure map takes considerable 
telescope (day) time, which is often 
needed for engineering and mainte­
nance. ISAAC in combination with an 
all-sky flexure map is therefore a com­
promise solution, balancing perfor­
mance in image stability versus time 
required to achieve that. Even so. it is 
clear that ISIS can benefit from having 
ISAAC permanently installed as a com­
mon user instrument. We are currently 
discussing this possibility with staff at 
the Royal Greenwich Observatory and at 
the Isaac Newton Group of telescopes.

It is clear however, that to exploit fully 
the potential of the active collimator 
itself, a different approach is needed. By 
closing the loop with an optical refer­
ence beam propagated through the spec­
trograph it is possible to avoid the prob­

lem of hysteresis altogether. The flexure 
shifts would be sensed in reel time while 
the spectrograph is tracking and directly 
fed back into the collimator conooL It 
also would avoid the need of producing 
several different flexure models for cor­
responding different spectrograph 
setups.

We have submitted a grant proposal for 
a closed loop experimem on ISIS. The 
optical reference would be provided by a 
calibration lamp source, injected with an 
optical fibre at one end of the entrance 
slit so as to be imaged at one end of tbe 
science CCD. The few lines close to the 
output register of tbe CCD where the 
reference is imaged would be read peri­
odically during an exposure (say every I 
-  2 minutes) with the shutter closed. 
After reading these few Unes. tbe verti­
cal clocks of the CCD would be reversed 
to restore the charge in the science 
image to its original position. The expo­
sure would be continued.

We can conclude that our recent experi­
ment has shown that active compensa­
tion of flexure is a real option in design­
ing a new spectrograph or in improving 
the image stability of existing 
Cassegrain instruments. The open loop 
approach can drastically improve the 
stability of the spectrum on the detector 
even with its limitations. We believe that 
a closed loop system can improve this 
even further, possibly opening the way 
for new astronomical research with 
Cassegrain spectrographs.

Paolo D'Arrigo. Franciaco Diago and 
David Walkar, 

Univarsity Collaga London
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A B STR A C T
Gravity-induced flexure has been a long standing challenge in Cassegrain 
spectrographs at 4-m class telescopes; it is more so on the scale of 8-m telescopes. 
This is of particular concern for the Gemini High Resolution Optical Spectrograph, 
which will be Cassegrain-mounted for its routine mode of operation. In this paper 
we address the general flexure problem and make specific recommendations. In a 
companion paper we present results on experimental compensation for flexure in a 
specific CasMgrain spectrograph -  ISIS on the 4.2-m William Herschel Telescope 
(WHT).

Key words: instrumentation; spectrographs -  telescopes.

1 IN T R O D U C T IO N -T H E  FL E X U R E  
P R O B L E M

An important problem that afflicts large astronomical 
instruments mounted at Cassegrain foci of modem tele­
scopes is structural flexure. The instrument and its support­
ing structure flex under their own weight while the telescope 
is traddng a star and the optical alignment is disrupted. The 
problem is potentially serious because flexure produces 
spectrum shifts at the detector which degrade the quality of 
the data. The issue is becoming more critical as telescopes, 
and spectrographs, grow in size. The gravitational bending 
of a structural beam of length L  is proportional to Ü  
(Venkatraman & Patel 1970) and flexure can be expected to 
follow a similar scaling law. Our work is the development of 
the High Resolution Optical Spectrograph (HROS) which 
has emphasized the flexure problem and led to the ideas 
presented in this paper.

As a telescope tracks, a Cassegrain spectrograph is sub­
ject (in its local coordinate frame) to a varying gravity vec­
tor. In the case of an alt azimuth mounting, this results from 
the combination of altitude motion and Cassegrain turn­
table rotation. The spectrograph will also be subject to 
second-order effects owing to the varying accelerations of 
all three telescope motions, which add small vector compo­
nents to pure gravity. The result on image motion of these 
effects a ill be different, depending on whether the slit is 
maintained at the parallactic angle (i.e. pointing at the 
zenith), or at a fixed position angle (PA) on the sky.

The spectrograph structure and components within it 
must at some level deform as the telescope tracks. Also,
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some internal components may move bodily and suddenly, 
as the sign of the gravity vector in the component frame of 
reference reverses. For example, this may occur as the plane 
of a mirror surface passes through the zenith and the mirror 
‘flips’ in its mount; or a bearing-mounted mechanism may 
rock from one side to the other owing to bearing play. 
Qamping moveable components can stress parts of a mech­
anism or structure, and the stresses can suddenly and unpre- 
dictably be relieved as the local gravity vector changes.

Deformations in the overall instrument structure, or the 
subunits within it, may be elastic or non-elastic. Non-elastic 
deformations (i.e. hysteresis) in the structure can result 
from a variety of causes, from microscopic motions and 
rubbing within bolted joints, through subtleties of the crystal 
structure of the structural material, to the build up and 
release of structures with it.

The combination of all the non-linear processes has the 
effect that the current image position on the detector 
depends not only on the current instrument orientation in 
space but on its recent history as well. ‘History’ includes the 
direction, speed of motion and acceleration to which the 
instrument was subject in reaching its current orientation, 
and also includes temperature changes.

In general, the above linear and non-linear effects con­
trive to produce some or all of the following: a secular 
(smooth) image motion on the detector, modulated by 
higher fiuquen^ "wobbles’ and sudden jumps’. The results 
of image motion include (i) reduction in spectral and spatial 
resolution, (ii) degradation of line profiles and radial veloci­
ties, and (iii) imperfect registration of flat fields. This last 
effect degrades the effectiveness of flat-field division in
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compensating for CCD pixel to-pixel sensitivity variations, 
and for fringing in the red.

If the spectrum drifts on the detector during the exposure 
by 0.1 resolution element (typically 0.2 pixels), then the 
spectrum is smeared and the spectral resolution is reduced 
by approximately 10 per cent. Consider a perfect spectro­
graph with a uniformly illuminated slit. To achieve the same 
(degraded) resolving power as the flexing spectrograph, the 
slit could have been opened by 10 per cent, admitting 10 per 
cent more light! [In the case of a star image (seeing disc) the 
additional light admitted will be <  10 per cent.] Therefore, 
flexure can be expressed as a loss in throughput as well. If 
the spectrograph flexes in the spatial direction, then not 
only is spatial resolution of extended objects (or crowded 
fields) impaired, but the contrast against the sky of a com­
pact source is also reduced, degrading the signal-to-noise 
(S/N) ratio in the sky-subtracted spectrum.

The case of the very large Low Resolution Imaging Spec­
trometer (LRIS) for the Keck telescope is particularly 
interesting. It had a very ambitious design goal of < 10 pm 
image drift for telescope movements of 60* in elevation. 
After commissioning it showed worst case flexure shifts of 
110 to 140 pm over the whole sky (elevation 20* to 90*) (see 
Oke et al. 1994, 1995). We believe that the problems 
encountered in designing and constructing LRIS using a 
traditional passive approach, in particular the constraints of 
the mass budget and space envelope, can be expected for 
most of the Cassegrain instrumentation for 8-m tele­
scopes.

Even in spectrographs for smaller telescopes flexure 
has been a major issue. The echelle spectrograph for the 
McDonald Observatory, for example, showed more than 1.0 
pixel of flexure (27-pm pixel size) over 60*, a value much 
greater than expected on theoretical grounds. It was only 
after several months of work, which included adding stiffen­
ing supports, that the flexure could be reduced to 0.3-0.4 
pixel for the same telescope motion (McCarthy et al. 1993). 
Other recent instruments have had fewer problems: the 
CFHT multi-object spectrograph (MOS/SIS) currently has 
around 10 pm h ' spectrum drifts, and it is anticipated that 
this should improve to ~ 4 p m h " ' once the guiding system 
for the spectrograph is completed (Le Fevre et al. 1994). 
Even some smaller instruments, like the LPL (Lunar & 
Planetary Lab) echelle spectrograph which is 1.22 m long, 
have shown significant flexure: the LPL spectrograph has up 
to 25 pm h " ' drifts (Hunten et al. 1991).

2.1 Passive compeasatioB

The classical Serrurier truss maintains to first order the 
parallelism of its end rings whilst flexing under gravity. The 
truss therefore introduces decentration without tilt. The 
primary and secondary supporting trusses of a conventional 
telescope are designed to decentre equally with respect to 
the telescope centre cube, thereby giving passive compensa­
tion and maintaining the primary and secondary mirrors in 
alignment. [Note that Gemini departs from this; the truss is 
unbalanced and the secondary-mirror centration is actively 
servoed to compensate (Raybould et al. 1994).]

A conventional parallel k rru rie r  truss in an instrument 
could lend itself to the support of optics which are flat (e.g. 
grating, folding mirrors). In general, decentration in the 
plane of the optical surface has, to first order, no effect on 
final image position, since there is no tilt error introduced. 
In the special case of illumination with parallel light, trans­
lation in any direction without rotation has no effect either. 
We now present an extension of this. If a truss were instead 
made non-parallel (i.e. converging or diverging), it can be 
designed so that, when under gravity deflection, it rotates an 
optical element about an arbitrary point in space. Fig. 1 
shows a schematic non-parallel truss. The geometry of the 
truss is such that it rotates (by small angles) about a virtual 
centre at a distance R  from the mirror, when

sin ( 1)

where a is the convergence of the truss and r  the radius of 
the mirror. For support of a concave mirror (e g. camera or 
collimator mirror), this point would be chosen as the centre 
of curvature of the optical surface. Flexure is then passively 
compensated to first order as the surface rotates around its 
centre.

Another relevant factor is the interface between tele­
scope and spectrograph. The custom of mechanically refer­
encing the slit, to the interface by which the top of the 
spectrograph is attached to the telescope, may not be ideal. 
The whole weight of the spectrograph hangs off the inter­
face, maximizing the motion of the slit with respect to the 
spectrograph optics. Since the spectrum basically comprises 
monochromatic images of the slit, the image motion at the 
detector will tend to be maximized. We advocate referenc­
ing the slit separately to the part of the structure which

2 A P H IL O S O P H Y  FO R FU TU R E 
IN S T R U M E N T S

The challenge of controlling flexure in a spectrograph is 
remarkably similar to that of a telescope, albeit on a smaller 
scale. Therefore, it behoves us to learn from, and apply, the 
methods successfully applied to telescopes. With many tele­
scopes, there is a hierarchical approach, embodying (i) pas­
sive compensation in the Serrurier trusses, (ii) application 
of an open-loop pointing model and (iii) closed-loop com­
pensation of residuals using an autoguider. With large 
modem telescopes weighing tens of tonnes, this has proved 
spectacularly successful. We advocate applying the same 
ideas to Cassegrain spectrographs.

Miiror
Truss

C ofC

Mouadng ring

End ling

Figure 1, Exaggerated view of a'diverging trn a  supporting a 
concave mirror.

0 1996 RAS, MNRAS 211,673-678

278



supports the optics. The slit/optical system may then move 
bodily with respect to the mounting interface, but this can 
be taken out by guiding the telescope. Note that there are 
then implications on the acquisition and guiding system of 
the telescope, and the telescope pointing model, which have 
to handle the resulting offsets. However, this should be 
considered preferable to drifts of the spectrum on the 
detector, which degrades the science. In the case of Gemini, 
each instrument will include a wavefront sensor. By refer­
encing this mechanically to the spectrograph slit, the advo­
cated configuration will naturally compensate the telescope 
offsets (off-slit guiding has the same effect).

An alternative strategy would be to adopt a Cassegrain 
mounting method which has been used on the Palomar S-m 
telescope. In this case, the centre of the instrument is 
mounted in trunnions fixed to the underside of a massive 
pair of forks attached to the Cassegrain turntable (Fig. 2). 
The instrument is balanced about the trunnions, and the top 
of the instrument is free (and accessible), except for an arm 
which prevents rotation in the trunnions. This concept 
immediately reduces flexure compared with the same 
instrument mounted from the top. This is because the scale- 
length of the structure with respect to flexure is effectively 
halved, and flexure tends to go as the third power of scale- 
length. A spectrograph based on this concept might 
resemble a classical telescope, with the spectrograph centre 
cube’ mounted off the trunnions, and the upper and lower 
Serrurier trusses supporting the slit and collimator respec­
tively. Since the grating is in parallel light, it would naturally 
be mounted off the upper ring. We therefore achieve pas­
sive compensation for the slit-collimator-grating system. 
This can be extended to include the camera, if its spherical 
mirror were supported by another Serrurier truss, mounted 
off the cube, with the truss diverging to give rotation about 
the centre of curvature of the mirror.

SUT

OOLUMAIDR

Figure 2. Schematic Serrurier trust spectrograph in fork mounting 
at Cassegrain.
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The above hypothetical example illustrates the types of 
approach which may be directed towards spectrograph 
structures. In reality, the entire structure must of course be 
modelled; the trusses themselves must be supported from 
some other structure such as the central cube, which itself 
will be subject to flexure. However, if the truss-cube inter­
face deflects by angle 9, then the angle of convergence or 
divergence of the truss can in principle be chosen to ofhet 
the effect at least to first order.

2 J  The principle of open loop correction

We contend that it is probably inherently impossible to 
achieve adequate stability of a large Cassegrain spectro­
graph for an 8-m telescope with purely passive means and 
within a reasonable mass, space and cost budget; also, to 
maintain this for different configurations, and through 
maintenance cycles over the instrument lifetime. In an 
active system, an adjustable element within the spectro­
graph corrects the flexure shifts by deflecting the optical 
path of the light from the telescope during the exposure. 
Active control is a novel approach to flexure, which has 
recently been envisaged for the Gemini Multi Object Spec­
trographs (‘GMOS’) (Allington-Smith & Davidge 1994), 
following our study for Gemini (Walker, Dryburgh & 
Bigelow 1992) and our work on HROS. Some kind of active 
compensation involving correction at the grating has also 
been proposed (Bhatia 1994) as a way of improving per­
formance and reducing the cost of astronomical spectro­
graphs for the new generation of telescopes.

Following the analogy with a telescope, the next level of 
compensation after passive is that of the open-loop pointing 
model. That is, the telescope is moved to cover the sky in 
steps (only elevation and Cassegrain rotation for an alt­
azimuth). An image of an arc spectrum using a very narrow 
Dekker (or circular aperture) is recorded on the detector 
for each step. The resulting spectra are cross-correlated (or 
centroided) to give the two orthogonal components of 
image motion, for each of the steps. The results are em­
bodied in a look up table, and subsequently interpolated to 
provide flexure predictions for any orientation of the spec­
trograph. An element of the spectrograph is servoed during 
the exposure to compensate for the image motion.

The active motion could be provided, for example, by (i) 
tilting the grating, collimator, a folding mirror, or a wobbler 
(plane-parallel) plate; (ii) translating the slit, image slicer, a 
fibre feed, a lens, or the detector itself. All of these, with the 
exception of translating the slit or image slicer, give the 
capability to compensate for flexure in two orthogonal 
directions. The baseline for Gemini HROS is to tilt the 
collimator mirror, for GMOS, which has transmission 
optics, to translate the CCD (Gemini Multi-Object Spectro­
graph 1995). The collimator has proved to be an effective 
and simple way of compensating spectrograph flexure in our 
experiment on ISIS at the William Herschel Telescope 
(WHT: see D’Arrigo, Diego & Walker 1996, hereafter 
Paper II). However, a necessary check when the correction 
is applied at the collimator is that the correction has a 
minimal effect on the spectrum format geometry.

The tilting of the coUimatca, to compensate for flexure, 
changes the angle of incidence on the grating, albeit by a 
very small amount. It is necessary, therefore, to check that
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the correction at the edges of the CCD is practically the 
same as the one in the centre, so that the flexure compensa­
tion works for the whole spectrum. This can be done by 
calculating how the small change in the angle diffracted ly  
the grating A9, due to flexure correction, depends on the 
angle of diffraction itself, 3,. The correction in the dif­
fracted angle is given by twice the collimator tilt y, times the 
anamorphic factor of the grating, that is

AS, =  2<p
cos 3. 
cos 3,

(2)

The effect on the spectrum format is obtained by differen­
tiating the previous equation with respect to 3,.

A(49,).2,co,9,A |^^ 

Therefore.

—  (A3,) »  A3, tan 3„ 
u3.

(3)

(4)

d(A 3,)-d3 ,A 3 ,tan3 ,. (5)

The flexure correction can be expressed in terms of the 
spectrum motion on the detector Ax as

A3, =  -
Ax (6)

where is the camera focal length. If we want to calculate 
the effect of the flexure correction at the edge of the 
detector, then the angle d3, is half the angular dimension of 
the CCD. If we indicate by 2L the CCD length: then.

d3 ,-Z ./f„ (7)

Combining the last three equations and indicating by 
Ax.d„ =  F«md(A3,) the motion of the spectrum at the edge 
of the CCD relative to spectrum at the centre, we obtain

Ax
LAx  ̂

edic—~—  tan 3,. (8)

For the ISIS Tex detector L =500 pixel (12 mm), ^,«.=500 
mm and almost always tan 3, < 1. Therefore, even for large 
flexure corrections of Ax = 4 pixel, the stretching' of the 
spectrum at the edge of the detector is very small:

Ax,d,,<0.1 pixel. (9)

For HROS we have 1  = 30 mm and 3,=57T4. For the 
R =50000 mode with the short camera {F„=A50  mm) 
Ax= 4  pixel produces A x ,^~ 0 .4  pixel. Hence we can still 
achieve a factor of 10 improvement in flexure performance 
using an active collimator. With the long camera 
( f „ „ =  1080 mm) the corresponding motion is Ax,*,~0.17 
pixel, giving a factor of 24 improvement. Since the long 
focal-length camera effectively magnifies the spectrum and 
its motion by 2.4 times with respect to the short one, the 
effective correction in both cases is the same. In principle.

image motion at the detector centre, and the fin t order of 
differential motion, can both be compensated using two 
active elements (e.g. collimator and grating). In practice this 
level of refinement is unlikely to be required and would 
unduly complicate analysis of the feedback data.

23  The impact of hysteresis and other considerations

The key point concerning open-loop correction is that 
hysteresis, not the raw flexure, is the factor that limits the 
precision with which image motion can be compensated. 
Low hysteresis must be considered as the primary goal for 
future open-loop active spectrographs. This will impact on 
spectrograph design at all levels, from the telescope inter­
face, through the structural design, to the individual mech­
anisms and mounts. Some very general conclusions from 
experience may be drawn as follows.

(i) If structural units must be bolted, then the bolting 
interfaces should be carefully relieved to minimize the build 
up of stresses and microscopic ‘stick-slip*.

(ii) Welded fabrications are likely to be superior to bolted 
structures.

(iii) Structures with continuous, uniform internal crystal­
line structure with low internal stresses are likely to give 
lowest hysteresis. Alloys should be selected for low hyster­
esis, and heat treated (annealed) to minimize internal 
stresses. It may be worth using forged alloys, as developed 
for the substrates of large and stable telescope metal mir- 
ron  (Ruch 1992; Morette, Dupont & Rozelot 1992).

(iv) Mechanisms utilizing flexures rather than rolling- 
clement bearings are almost always superior, assuming that 
sufficient motion can be obtained from a flexure. Optics can 
be mounted in cells using cemented flexures rather than 
mechanically clamped ones.

(v) For motions requiring large angular or linear range 
(particularly grating turrets or slides) we propose that the 
cells for the optics be compliantly mounted on a simple 
interchange mechanism to which no particular attention is 
given to minimize flexure. The selected subassembly is then 
pushed forwards by a separate mechanism against a refer­
ence embodied within the spectrograph structure. This 
desensitizes the turret or slide, which can be lightweight, 
and which no longer requires high-precision bearings carry­
ing large masses.

This was the solution proposed by UCL for the Keck 
LRIS grating turrent. The selected grating cell would be 
pushed against a single grating-angle mechanism on the 
structure. This mechanism and associated clamps could be 
built much more robustly (and expensively!) than the five 
separate adjusters required on a rotating turret. This philo­
sophy was not adopted by the project because of the critical 
space constraints and additional complexity of interfaces 
between turret and structure. The turret as built was a ‘clas­
sical’ rotating structure some 1 m in diameter, and indeed 
contributed flexure to the spectrograph.

What can be learnt is the need to consider spectrograph 
stability as a "systems' problem, not a collection of func­
tional modules bolted together. If hysteresis can be reduced 
to low levels, then other sources of instabilities can be com­
pensated actively and by open-loop from a pointing model 
or look up table. However, there are complications. The
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look-up table will in general be different for different instru­
ment configurations, disturbed by maintenance and thermal 
drifts etc., and may require frequent updating. This has led 
us to the third level of flexure compensation described 
below.

3 t h e  f u t u r e - c l o s e d  l o o p  f l e x u r e
C O M PE N S A T IO N

The third-level analogy with telescope control is the ‘auto­
guider’. In a spectrograph, a reference light source would 
propagate through the optical system, be spatially sensed, 
and the error signal would be fed back to correct the active 
element. Again, calling upon telescopes, the most precise 
correction is likely to be achieved by using the best available 
flexure model to remove the bulk of flexure, and closed- 
loop to provide second-order correction of residuals due to 
non-linear and unrepeatable effects.

A simple and highly effective closed-loop experiment was 
performed by Lowne & Bingham (private communication) 
on the coude spectrograph of the 2.5-m Isaac Newton Tele­
scope when it was located at Herstmonceux. This spectro­
graph suffered large thermal drifts. Lowne & Bingham 
propagated a H e-N e laser through the spectrograph optics, 
sensed the laser spot by a quadrant photodiode, and used 
the offset signals to control a transmission wobbler plate 
behind the slit.

3.1 The light path of the reference beam

We recommend that the reference should be propagated 
through the entire spectrograph optical system, in order to 
compensate for motions of all surfaces. The light can be (i) 
monochromatic (fixed wavelength, e.g. later, or program­
mable using a continuum lamp and monochromator); (ii) 
emission-line source; (iii) continuum; or (iv) continuum 
with absorption lines superimposed from, e.g., a Fabry- 
Perot étalon.

The reference beam can be propagated through the spec­
trograph as a narrow pencil of light (e.g. laser). Alterna­
tively it can be a diverging cone to fill or partially fill the 
optics. In principle both methods should work. A laser beam 
through an optical system with a central obstruction would 
need to be propagated off-axis. Ghosting might be a prob­
lem since the optics are illuminated at different local angles 
from the science beam. More importantly, for an off-axis 
laser beam, a focus shift is indistinguishable from an image 
shift. Also, the spot to be sensed with be -m m  rather than 
~ pm in diameter, which impacts on the size of detector 
required. Overall, the filled beam more closely emulates the 
science beam and therefore in principle is considered 
preferable.

The reference can be propagated forwards, with injection 
at the slit and detection in the camera focal plane, or back­
wards, with the reverse. The latter has an advantage in that 
the usual case of conveniently magnifies the
motion to be sensed. A reference might be injected into the 
optical system as follows.

(i) In the slit plane (e.g. via a fibre), and sensed by a small 
CCD or quadrant photodiode adjacent to the science 
CCD.
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(ii) At one end of the slit, and sensed by the science CCD. 
In tlUs case the reference may be projected on to the —10 
rows adjacent to the readout register. The procedure, which 
is repeated during the exposure, is as follows;

close shutter;
clock out - 1 0  rows encompassing the reference;
reverse vertical clock by 10 rows to restore science 

image to original pixels;
centroid or cross-correlate reference and update active 

element;
open shutter and continue integration.

This method is analogous to the photographic spectro­
scopic procedure of exposing an arc either side of the 
science spectrum, the difference being that we propose to 
detect the reference repeatedly during the exposure. This 
method has been proposed as a closed-loop extension of the 
open-loop experiment conducted on the ISIS spectrograph, 
as described in Paper II.

(iii) At the science CCD. In this case, the light source 
could be fibre fed, with the fibre output being in the camera 
focal plane, but pointing towards the collimator and suitably 
baffled. The reference would propagate through the spec­
trograph backwards, being sensed on a small CCD or quad­
rant photodiode in the vicinity of the slit. In the case where 
it is impractical to shutter the CCD separately from the 
fibre source, care would need to be taken to analyse the 
ghosting of the optics for the reverse path in order to avoid 
contamination of the science image.

32  RefeRBce light source

The spectrograph dispening element(s) will deflect the 
reference beam depending on wavelength. If the reference 
were monochromatic, and the spectrograph configured for a 
different science wavelength (e.g. by rotating the grating), 
then the reference light may not reach a separate reference 
detector. An interesting -  and extreme -  possibility would 
be to choose an infrared wavelength for a visible spectro­
graph, to avoid stray-light contamination of the science 
data. In general, the problem of grating deviation could be 
overcome by mounting a separate rotatable mirror on the 
grating cell, from which the reference would be reflected. 
However, image-motion owing, e g., to grating mounting 
defects would not be compensated, and the mirror rotation 
might introduce its own problems. For very low-resolution 
spectrographs, it might be possible to move the reference 
detector laterally, but thereby its fixed geometry with 
respect to the slit or science detector will be lost. These 
factors render the simple laser reference unattractive in 
most cases. For a prism cross-dispersed instrument such as 
Gemini HROS, the configuration for different wavelengths 
requires scanning the prism angles. The resulting change in 
prismatic deviation of the reference is even more difficult to 
accommodate.

The recommended solution is to use an optical light pro­
jector, fed from a continuum source or arc lamps, and a 
tuneable monochromator. The monochromator could then 
be turned according to the spectrograph setting to ensure 
that the reference beam always hits the detector. If the light 
from the monochromator were# fibre fed to the slit plane of 
the spectrograph, the reference could fill the optics and still
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be able to  reach  the  reference  d e tec to r for every grating 
(and  p rism ) setup .

O ne  o r  m ore  arc lam ps can be chosen to  provide emission 
lines on  th e  re fe rence  d e tec to r w hatever the spectrograph 
configuration . A lternatively , a con tinuum  lamp and étalon 
provides conven ien t equally  spaced absorption  features, but 
a t the  expense o f  filling the  spec trograph  with unnecessary 
(an d  stray-light inducing) continuum  light. H ence the arc" 
is in general the  p re fe rred  source.

A special case is the  m ethod  described  in the previous 
section  o f  using the  science C C D  with reverse clocking as 
the  re fe rence  de tecto r. T he arc  w ould be fibre fed at one 
e n d  o f the  slit, giving a beam  m atching tha t of the telescope. 
W ith a s ingle-d ispersed  spectrograph , the  reference spec­
trum  cou ld  be 2 o r 3 pixels wide, contain  many lines, and 
span the  full w idth o f the  C CD . Each line would be very 
fain t, w ith the  precision o f de term in ing  image m otion being 
achieved by cross-correlation . H owever, with the cross­
d ispersed  in strum en t such as H R O S this will not work, since 
arc spec tra  w ould b racket every order, reducing the (already 
p ressed ) in te r-o rd e r spacing available for the science data. 
In this case two possible solu tions are envisaged: (i) use o f a 
w hite light source and tuneab le  m onochrom ator, producing 
one  b righ t spot at the top  o f the science C CD  near the 
am plifier: o r (ii) use o f an arc and m onochrom ator, produc­
ing a lim ited  range o f fa in te r lines spanning in wavelength 
no m ore th an  one free spectra l range o f the echelle. The 
la tte r is cu rren tly  the  favoured  option  since instabilities in 
the  m o n o ch ro m ato r are  o f less consequence,

4 C O N C L U S I O N

Im age m otion  in large C assegrain spectrographs is a long­
stand ing  p rob lem  w hich has becom e acute at the scale of 
iS-m te lescopes. A 10 p e r cen t degradation  in resolution is 
significant in te rm s o f d a ta  science con ten t, yet this trans­
la tes to  a m ere  ~ 3 p m  o f im age m otion during an exposure 
which m ay be o n e  ho u r o r  m ore long. We have em phasized 
the  difficulty in achieving even this m odest scientific goal for 
a large in s trum en t, due to  flexure and non-elastic effects. 
T h e  analogy w ith te lescope engineering  is o f profound signi­
ficance an d  leads us to  propose a new fiicrarchical approach

o f passive, open -loop  active and  c losed-loop com pensa tion  
in fu tu re  spectrographs. W e recom m end  th is  shou ld  be 
adop ted  for all m ajor new  spec trographs. In P ap er II. we 
dem onstra te  how open -lo o p  active com pensa tion  can be 
successfully app lied  a lso to  existing spectrographs.
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ABSTRA CT
ISIS Spectrograph Automatic Active Collimator (ISAAC) was developed at the 
Optical Science Lab, University College London, as an experimental system to 
improve the image stability on the detectors of the Intermediate-dispersion 
Spectroscopic and Imaging System (ISIS) at the William Herschel Telescope 
(WHT). It is based on the concept of active compensation, where spectrum drifts, 
owing to the spectrograph flexing under the effect of gravity, are compensated by the 
movement of an active optical element. ISAAC is a fine-steering tip-tilt collimator 
mirror; it was tested on the spectrograph in 1995 July. Here we report the details of 
the design and the laboratory tests together with the results of the experiment on 
ISIS at the WHT. The experiment shows that active compensation can reduce 
flexure down to less than 3 pm over 4 h of telescope motions, dramatically improving 
the spectrograph performance. A way of implementing ISAAC as a common user 
facility is briefly discussed, together with a study of the characteristics of flexure in 
ISIS.

Key words: instrumentation: spectrographs -  telescopes.

1 IN T R O D U C T IO N

As described in the companion to this paper (Walker & 
D’Arrigo 1996, hereafter paper I), flexure in spectrographs 
is an important issue, and one that particularly concerns the 
designers of instruments for very large telescopes. The 
approach we adopted was to employ active optics as a way of 
solving this problem. With active compensation of flexure 
the image shifts on the detector are repeatedly compen­
sated through motions of an active optical element within 
the instrument.

An active flexure compensation system is currently being 
investigated for the Gemini Multi-Object Spectrograph 
(GMOS) (Allington-Smith & Davidge 1994), following a 
commissioned study of the problem performed under con­
tract to Gemini in this laboratory (Walker, Dryburgh & 
Bigelow 1992). In this case, since GMOS has transmission 
optics, the detector motion was chosen as the active ele­
ment. Recently this concept has also been proposed by 
Bhatia ( 1994) as a way of easing the pressure on the mech­
anical design, improving the instrument performance and 
even reducing optical aberrations. Bhatia, however, pro­
poses to apply higher order corrections and at much higher 
rate, to improve the image quality and not just the stability. 
This implies that the active corrections need to be applied

0 1 9 9 6  RAS

with a thin deformable grating. The technical challenge in 
producing such a system seems to be the major obstacle in 
this approach. Before the experiment described in this 
paper, active compensation of flexure had never been 
attempted on a Caûegrain spectrograph.

Active flexure compensation can be achieved either with:
(i) an open-loop system, where the drifts are accurately 
measured and stored in a look-up table from which the 
active element is controlled; or (ii) with a closed-loop sys­
tem, where an optical reference is sensed directly and fed 
back to the control of the active element. Having decided 
that active flexure compensation was the right way forward, 
we saw an opportunity of developing an active system for 
the Intermediate-dispersion Spectroscopic and Imaging 
System (ISIS) spectrograph at the 4.2-m William Herschel 
Telescope (WHTT). Whilst the basic motivation was a proof 
of concept for the Gemini High Resolution Optical Spectro­
graph (HROS), it was clear that ISIS exhibited flexure at a 
level where it could benefit from the active collimator 
approach we had proposed.

2 IS IS  AND T H E  ISA AC P R O JE C T

ISIS is a double-beam spectrograph designed and built by 
the Royal Greenwich Observatory and has been in opera-
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(ion a t th e  C assegrain  focus o f the W H T  for several years. 
System atic  m easu rem en ts  o f  the  position o f  the spectrum  as 
a func tion  o f  zen ith  d istance and ro ta tion  angles o f the 
C asseg rain  tu rn tab le  have shown evidence o f flexure in the  
ISIS s tru c tu re  a n d  probably  in its supporting  flange system 
(R u tte n . p rivate  com m unication). ISIS is one o f the  largest 
C asseg rain  ins trum en ts  currently  in opera tion  on  a 4-m 
class te lescope , and  th e re fo re  one w here imaging stability is 
m ost critical. It is a lso a very popular instrum ent in the 
astronom ical com m unity  for its versatility and overall p e r­
fo rm ance . T hese  reasons m ake it an a lm ost ideal choice for 
the  testing  o f o u r novel system  of image stabilization.

T he  ISIS S pectrog raph  A utom atic  Active C ollim ator 
( IS A A C ) p ro jec t was originally conceived as an open-loop 
system  fo r active com pensa tion  o f flexure. The choice o f the  
active e lem en t fell on the  collim ator for two main reasons: it 
was easy to  con tro l w ith rear-m oun ted  actuato rs to  provide 
tip /tilt active corrections, and given its position in the 
sp ec tro g rap h , it could be accessed and  replaced easily. 
M oreover, the  co llim ato r is a natural choice for flexure 
com p en sa tio n , being  in place for every spectrograph  setup  
and  p roduc ing  significant im age shifts on  the  d e tecto r with 
relatively small tilts. T he  last is im portan t in avoiding optical 
ab erra tio n s  w hich could be in troduced  if the correction  sig­
nificantly d is tu rbed  the  optical geom etry. The blue arm  was 
chosen  because, w hen we s tarted  this pro ject, it was experi­
encing  la rg e r flexure.

F lexure com pensa tion  w ith an active collim ator is based  
o n  a  sim ple concept: w hen the  spectrum  position on  the  
d e te c to r  d rifts  during  tracking, the collim ator is slightly 
tilted , thus deflecting  the  reflected  beam  and restoring  the 
im age to  the  original position. The active collim ator 
rep laces the  existing co llim ator in the spectrograph  and it is 
o p e ra te d  rem ote ly  with a com puter. Fig. I shows a schem a­
tic draw ing o f  ISA A C  illustrating the m ajor com ponents 
an d  com m unication  links in the system. T be collim ator is 
finely s tee red  w ith th ree  piezoelectric actuato rs  pushing 
against its back. T he  am oun t o f tilt requ ired  is calculated 
from  the  spec trog raph  geom etry  and a previous set o f flex­
u re  m easu rem en ts . T he o rien ta tion  in space of the  spectro-

: ISIS
! Spectrognpii
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I3-Î- LEMO Coaxial Cables
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Telescope Control Room ;

Figure I. Schematic diagram of the ISAAC flexure compensation 
system.

graph  is calcu la ted  from  th e  eq u ato ria l co o rd in a te s  o f  the  
observed object, the  s idereal tim e a t th e  s ta rt o f  th e  e x p o ­
sure , the  e lapsed  tim e and  the  position  angle o f  th e  slit on  
th e  sky.

3 M E C H A N IC A L  D E SIG N  AND 
C O N ST R U C T IO N

T he m echanical design o f  the  active co llim a to r was driven  
by two m ajor objectives: to  m ake it com patib le  an d  easy  to  
in terchange w ith the  existing co llim a to r fo r the  IS IS b lue  
a rm . and to  m inim ize hysteresis. T he  la tte r  is re q u ire d  to  
avoid in troducing  new sources o f im age shifts d u rin g  the  
correction  process. H ysteresis in the  co llim ato r m ovem en ts 
w ould affect th e  accuracy w ith which th e  spec trum  position  
on the d e tec to r can be con tro lled  and cou ld  m ake th e  active 
com pensation  ineffective. T h e  resu lting  design is show n in 
Fig. 2 is an exploded view. T h ree  p iezoelectric  a c tu a to rs  a re  
fitted w ith strain-gauge position  sensors. T hs c o m b in a tio n  
of ac tu a to r and  sensor allows a very fine con tro l o f  the  
collim ator d isp lacem ent, w ith a nom inal accuracy b e tte r  
than  75 nm  over tem p e ra tu re  excursions up  to  20" (P hysik  
Instrum ente  G m bH , private com m unication). T h e  a c tu a ­
tors have a to ta l expansion  o f  15 pm  a n d  a lifetim e o f  m o re  
than  IQ'* cycles. T he re a r  actuato rs  in com bina tion  w ith 
th ree  neop rene  pads on  the  m irro r fron t edge a lso p rov ide

PZT
ACTUATORS

SPACERS

UO

FLEXURE

HARDENED 
STAINLESS 
STEEL PADS

MIRROR

NEOPRENE
PADS

MIRROR CELL

ACTIVE COLLIMATOR FOR ISIS

Figure 2. Exploded view of the active collimator cell. The m irror is 
roughly 4 cm thick. The flexure provides radial support through a 
small Invar cylinder inserted in the back of the m irror (not 
shown).
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d e te c to r  as sm all as 0.4 ± 0 .1  (corresponding to  a tilt o f 
only 0.4 p rad).

T h e  w avefront from  the  co llim ator m irro r was m easured  
using  a sca tte r p la te  in te rfe ro m ete r w ith W yko C orp. Phase 
II fringe analysis softw are. M easurem ents w ere m ade with 
th e  m irro r bo th  inside and  outside the  cell. Peak-to-valley 
e r ro r  w as 0.067/. (H e -N e  632.8 nm ) ou tside  (unstressed) 
an d  0 .0 7 7 / inside, showing tha t no significant stress was 
in tro d u ced . Even w hen one actuato r was maximally 
ex ten d ed , th e  peak-to-valley e rro r was only 0 .097/. T he 
ac tu a to r  p e rfo rm ance  was tested  in variable environm ental 
co nd ition . By o pera ting  the actuato rs  in a  cold room  with 
tem p e ra tu re s  as low as -  IO°C. we w ere able to  prove tha t 
no  m easu rab le  deg rad atio n  o f perform ance occurs. T he 
a c tu a to rs  w ere  a lso w orking correctly  w ith relative hum idity 
levels as high as 7 0 -8 0  p e r cent.

6 T H E  E X P E R I M E N T  O N  I S I S

O nly 1995 July we ob ta in ed  access to  ISIS for day-tim e tests 
a t the  W H T. T he  aim  was to  study Oexurc in ISIS, m onito r 
it effectively and  then  prove tha t we could com pensate  it 
w ith the  active collim ator. The ISAA C collim ator was 
insta lled  on  the  ISIS b lue arm  and its focus and tilt were 
ad ju sted  using the  s tandard  H artm ann  shu tter. T he optical 
quality  w as checked by im aging a narrow  slit illum inated 
w ith C u -N e  and  C u -A r  calibration  lamps. T he results were 
at least as good as those ob ta ined  with the  original collim a­
tor. M ost o f  o u r subsequen t tests were perfo rm ed  w ith a 
150-pm slit and  w ith the low -dispersion (158 line mm ') 
g ra ting  c en tred  a ro u n d  /  =  7000 A. This value was chosen to  
prov ide a good S/N ra tio  in the  calibration  lam p spectra. All 
th e  d a ta  w ere reco rded  using the sam e 1024 x 1024 T ek ­
tronix  C C D  with 24 x 24 pm" pixels (L a Palm a T ek l 
C C D ).

T he  fine calib ra tion  o f the  m irror m ovem ents was pe r­
fo rm ed  w ith  the  co llim ator optically a ligned in the spectro ­
grap h . T h e  th ree  actuato rs  w ere m oved in tu rn  and in 
d iffe ren t com binations, and  the corresponding  d e tecto r 
shifts reco rd ed . F rom  this the param eters  re lating the 
ac tu a to r  voltages to  d e tec to r shifts w ere calculated. T he 
re fe ren c e  sp ec tra  w ere  gen era ted  by observing an arc spec­
tru m  th ro u g h  a sho rt dekker. so that each  spectral line 
w ould p ro d u ce  an a lm ost c ircular spot. T he d e tec to r shifts 
(in  sp ec tra l and  spatial d irec tion) were calculated  by cen- 
tro id ing  a single line in the  spectrum . W e checked this 
p ro ced u re  w ith o th e r  lines in the  spectrum  th a t gave the 
sam e resu lt to  w ithin 0.05 pixel, confirm ing tha t this system 
w as as effective fo r this application  as cross-correlating the 
w hole sp ec tru m  (and  m uch quicker).

T o  achieve effective open-loop  com pensation , flexure 
n eeds  to  b e  m easu red  and  m odelled  very accurately. For the 
p u rp o se  o f  flexure m easu rem en ts the spectrograph  o rien ta ­
tion  in space  is defined  by only two param eters; the  zenith 
d is tan ce  z o f  the  te lescope (o r the  e levation =  90" - : )  and 
the  p o sition  angle o f  the  C assegrain  tu rn tab le  on which ISIS 
is m o u n ted . T he  te lescope azim uth ro ta tion  does not 
change  th e  position  w ith respect to  the gravity vector and  is 
irre levan t. F lexure is m easu red  by recording the  shifts on 
the  C C D  d e tec to r o f  a poin t-source for the  d ifferent o ri­
en ta tio n s  in space. A  po in t -source is c rea ted  by observing

a spectra l line th rough  the  sh o rt dekker. F lexure  shifts are  
m easured  by cen tro id ing  spec tra  tak en  in d iffe ren t in s tru ­
m ent positions.

R u tten  (private  com m unication ) has g en era ted  an a u to ­
m atic p rocedu re  fo r p roducing  a  flexure m ap  th a t covers the 
whole range o f te lescope and  spec trog raph  possib le  posi­
tions. A program  m oves the  te lescope in e levation  in 15° 
steps from  zenith  to  z *  75°. th en  m oves the  te lescope  back 
to  zenith , ro ta te s  th e  tu rn tab le  45° and  repeats  the  e levation  
stepping. This is rep ea ted  fo r 360° o f tu rn tab le  m otion . A 
spectrum  is acquired  a t every e levation /ro ta tion  setting . The 
au tom ation  not only speeds up  th e  p rocess considerably  but 
also assures th a t the  d a ta  is tak en  always in the  sam e way 
(w ith the  sam e te lescope m otion  and  th e re fo re  sam e hyster­
esis). A typical flexure m ap  thus p roduced  is show n in 
Fig. 4.

W e found  tha t the  raw d a ta  com ing from  this m easu re ­
m ent w ere nut a reliab le m odel fo r o u r active co rrec tions  
because o f  the  large hysteresis p resen t. Fig. 5 shows th ree  
sets o f d a ta  taken  on  th ree  d ifferen t days. F lexure shows a 
reproducible  pa tte rn , although  tran s la ted  in the  C C D  
plane.

M oreover, since every arm  o f the  m ap  has a s tarting  
point a t zen ith  (w ith a d ifferen t tu rn tab le  ang le), those 
points w ould be expected  to  coincide, given th a t w hen  the  
telescope is poin ting  a t the  zen ith  a ro ta tio n  o f the  C asse ­
grain tu rn tab le  does not change the  o rie n ta tio n  o f  the 
spectrograph  with respect to  the  gravity  vector. T h e  fact that 
they do  no t coincide can he a ttr ib u te d  to  hysteresis during  
the  flexure m easu rem en t p rocedu re , since p revious m eas­
urem ents (R u tten . private  com m unication ) have show n th t 
simply ro ta ting  th e  tu rn tab le  w ith the  te lescope  po in ting  at 
zenith  produces negligible flexure shifts.

For these reasons, we m odified th e  raw  flexure m ap  by 
transla ting  every arm  so th a t the  zen ith  po in ts co incide, and  
used this as o u r flexure m odel. T he result is shown in Fig. 6. 
W ith this sim ple artifice the  flexure m ap  becom es eas ie r to

3

2
P A -901

0
PA 225

.PA1
2

PA 90
3

PA 135
4

5 -4 -3 -2 -1 0 1 2 3 4 5
Shift - Spectral direction (pixels)

Figure 4, Map of the flexure shifts on the blue detector of ISIS. 
Each arm represents a different turntable position angle (PA), 
while the points in one arm correspond to  different telescope 
elevation (from zenith to 15* above horizon in 15° steps). Note that 
the points corresponding to the telescope pointing at zenith (and 
different PA) do not coincide. This is attributed to hysteresis in the 
flexure measurement procedure. '
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the  axial su p p o rt fo r the  m irror. T hese pads are  located 
exactly o p p o s ite  the  ac tu a to rs  to  avoid introducing bending 
m om en ts, and  act as springs to  p roduce the  necessary re tu rn  
force fo r th e  sm all tilting  o f the  m irror. T he overall m ove­
m en t is very sm all: the  m axim um  tilting angle is about 17 
urcscc ( 10 "* rad ) w hen the  actuato rs  a rc  at full travel. This 
co rre sp o n d s  to  im age m otions o f 80 pm  or 3.4 pixel at the 
c am era  focal p lane  (24-pm  pixels). T he radial support is 
p ro v id ed  by a Hexural e lem en t connected  to the external cell 
and  b o lted  to  a sm all Invar block inserted  in a blind hole in 
the  hack o f  the  Z e ro d u r m irror. This system was chosen to  
m inim ize the rm al stresses betw een the m irror and the 
m irro r cell.

T he  m irro r, an off-axis parabolo id , is an exact replica o f 
the  existing  ISIS b lue collim ator. The surface was polished 
and  figured  by D. B rooks at the Optical Science Laboratory  
(O S L ) to  b e tte r  than  o n e-ten th  o f a wavelength (at 628 nm ) 
peak-to-valley . and its focus was m easured  to  be within 
2 m m  o f the  ta rge t value. The elastic characteristic  o f n eo ­
p ren e  pads  was also m easured , in o rd e r to  estim ate the 
op tim al level o f com pression  that would hold the  m irro r 
firmly in place  w ithou t in troducing  d istortions on its surface. 
F in ite  e lem en t analysis show ed that by applying a force o f 
IIX) N w ith each  actuato r, the  m irro r surface distortion  was 
sm aller th an  the  poli.shing accuracy (61) nm). This force is 
m ore th an  sufficient to  keep  the m irror, which weighs 
a ro u n d  50 N. in its axial position wiihin the cell for all 
o r ie n ta tio n s  o f  the spec trograph  while in service.

4 C O N T R O L  S Y S T E M

T he in s trum en t hardw are consists o f th ree  separate  sub­
system s. T he m irro r cell and  actuato r system arc connected  
th ro u g h  coaxial cables to  the  actuato r d river which sits in 
the  in s trum en ta tion  rack on the telescope. This in turn  is 
co n n ec te d  via a serial link to  a standard  lap top  486 PC in 
the  con tro l room , which runs the main softw are (Fig. I). 
D uring  o u r experim ent the  user interface was the lap-top 
PC. T h is was com pletely separate  from  the ISIS control 
system , as d em anded  by the  La Palma O bservatory as a 
con d itio n  for conducting  the experim ent. The ac tu a to r 
d river con ta in s the pow er supplies and am plifiers for the 
ac tu a to rs  and  the  sensors. It also contains a local m icro­
p ro cesso r which com m unicates with the PC  in the  control 
room  and  sends signals to  the  12-bit d igital-to-analog con ­
v e rte r w hich contro ls the  drivers for the p iezoelectric 
actuato rs.

In its m ain  m ode o f opera tion , the softw are takes the 
co o rd in a te s  o f the  observed object, the required  slit position 
angle on  the  sky and the  sidereal tim e at the  start o f the 
exposu re , as keyboard input. It calculates the  spectrograph 
o rie n ta tio n  in space during  tracking (in term s o f  telescope 
zen ith  d istance  and C assegrain ro ta to r position angle). 
A lternatively , the o rien ta tio n  in space can be given directly. 
T h e  sp ec tro g rap h  position  is used to  predict the flexure 
sh ifts from  flexure d a ta  in a look-up table. T he flexure data  
a re  s to red  in two m atrices (spectral and spatial d irection  
sh ifts) w ith rows and  colum ns representing  telescope eleva­
tion  (o r  zen ith  distance : )  and Cassegrain tu rn tab le  position 
ang le  (P A ). G iven the  spectrograph  position, the softw are 
in te rp o la te s  the  look-up table  to  calculate the  requ ired  c o r­
rec tio n  a t the  collim ator. This correction  is transla ted  in to

IW6 RAS. MNRAS 281. h7V-h8h

actuato r voltages and  sen t (in  d igital fo rm ) to  th e  local 
processor.

5 LABORA TO RY T E ST S

The labora to ry  tests verified th a t the  m ovem en t accuracy  
and repeatab ility  fo r the  co llim ato r con fo rm ed  to  specifica­
tion. O u r goal was to  co rrec t d e tec to r sh ifts w ith in  Ax =  Ü. I 
pixel, which for the  24-pm  T ek  C C D  in ISIS, m eans 2.4 pm  
at the  cam era  focal plane. T he  co rrespond ing  co llim a to r tilt 
(neglecting anam orph ism ) is given by

Au 2: A.r
(I)

Given the cam era  focal length  F. =  500 m m . this tran s la tes  
to  collim ator tilts as small as 0.5 arcsec o r 2 prad.

The m irro r was set up  in au toco llim ation  against a re fe r ­
ence Mat. and  used to  form  an im age o f  an illum inated  
25-pm pinhole. A re-im aging lens p ro jec ted  a m agnified 
( X 10) im age o f the  p inho le  on  to  a C C D . W hen  the  colli­
m ator is tilted , the  p inho le  im age m oves on  th e  C C D  and 
the shift is m easured  by cen tro id ing  o r cro ss-co rrela ting  the  
two C C D  images.

To check accuracy and  repeatab ility  we drove th e  a c tu a ­
tors to  near m axim um  expansion  and  th en  back to  zero , to 
produce the hysteresis curve o f  Fig. 3. N o te  th a t the  figure 
represen ts  the  to ta l hysteresis in the  m o tion  o f  the  active 
collim ator, not just the  a c tu a to r hysteresis. T he  residual 
hysteresis shown in Fig. 3 is the  m ajor source o f  inaccuracy 
in the system. Even so. the  effect is very sm all: if this is 
m easured  as a percen tage  o f  the  to ta l m otion , o u r  w orst 
case result was a hysteresis o f 2 p e r cent o f  the  travel. By 
applying these  results to  the  perfo rm ance  o f  the  instrum ent 
on ISIS we can see th a t in te rm s o f d e te c to r shifts this m eans 
that over a to tal im age m otion  o f 72 pm  (3 pixel), the 
maximum e rro r  is only 1.44 pm on the  d e te c to r  (Ü.06 pixel), 
b e tte r than o u r target value. The test a lso show ed th a t the  
collim ator can be con tro lled  and  resolve m ovem ents a t the

250
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Actuator Expansion (urn)

Figure 3. Residual hysteresis in the collimator movements within 
(he cell. A single actuator was expanded in steps and then brought 
hack to zero expansion to produce a hysteresis curve. The graph 
shows the sum of actuator and mirror support hysteresis. Hyster­
esis is measured as a percentage of the total motion.
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Figure 6. Modified flexure map. Comparison of three modified 
maps used for modelling flexure in ISIS. This flexure modei clearly 
is more reproducible than the data in Fig. 5. The maps were pro­
duced hv translating the tracks corresponding to different turntable 
positions so that the starting points (telescope at zenith) for each 
track coincide. This reduces the impact of hysteresis on the flexure 
model. The track for PA = -  uo" is repeated. The sudden jump in 
this track for an elevation of I.'' is probablv due to flipping of a 
loose component in ISIS.

un d ers tan d : the  amount o f flexure (relative to zenith) is 
essentia lly  a function  o f telescope elevation, while the direc­
tion o f  flexure mainly depends on the turn table  position. 
M oreover, the  m ap  becom es m uch m ore reproducible: the 
figure shows the  th ree  d ifferen t m aps o f Fig. 5. after they 
have b e en  m odified in this way.

Even so. hysteresis is intrinsic in the spectrograph struc­
tu re  an d  m echanism s, and  is difficult to  elim inate. A sim ilar 
hystere tic  effect has been  observed in o the r Cassegrain 
sp ec tro g rap h s  (A llington-Sm ith  e t al. 1994). T he presence 
o f hysteresis is proved by the  graph of Fig. 7. w here the 
te lescope  was m oved from  zen ith  to  horizon and back k eep ­
ing the  ro ta to r  position  angle (P.A) fixed. A classical hyster­
esis curve w as produced .

I) IWb RAS. MNRAS 281. h79-h«6
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Figure 7. Hysteresis in the flexure shifts in ISIS. The curve was 
produced by stepping the telescope from zenith to horizon and 
hack while keeping the turntable position fixed. The hysteresis 
shown IS roughly 15 per cent of the total motion.

The flexure m odel developed  increases the  rep ro d u c i­
bility of the flexure shifts. W e n eed  to  stress, how ever, that 
the  flexure m ap  is qutte  sensitive to  changes in th e  sp ec tro ­
graph settings (grating, cen tra l w avelength , p resence  of 
dichroic. etc .). D uring  o u r  tests we tried  th e  e ffect o f  ch an g ­
ing the grating ruling from  15K line m m  ' to  b(X) line m m  ' 
and  using red  and  b lue arm s a t the  sam e tim e. W e found 
th a t if we com pensa ted  flexure w ithou t u pda ting  the  look ­
up  table, we could  still im prove on  the  u n co m p en sa ted  da ta , 
bu t the im provem ent was reduced  by nearly  a fac to r o f 2. 
M oreover, flexure changes w ith tim e, so th a t over o n e  o r 
two m onths, the  d a ta  (even if taken  w ith the  sam e settings) 
can look appreciably  d ifferen t. As a re ference. Fig. 8 shows 
a flexure m ap  taken  one  m onth  earlie r w ith the  p revious 
blue collim ator. T he g raph  shows th a t flexure in ISIS was 
clearly larger in June  than  w hen we took  o u r m easu rem en ts  
in July, so if th e  look-up tab le  w ere  n o t u p d a ted , flexure 
could be overestim ated  (o r  u n d erestim ated ). H ow ever, it is 
necessary to  m en tion  th a t ear lie r in the  spring  o f 1995 ISIS 
was taken o ff the  telescope and  d ism antled  to  have som e o f 
its optics re -coa ted . It is possible th a t th is m ay explain the 
la rger flexure observed in June. T he  next e a r lie r flexure 
m easurem ent available was taken  one y ear ear lie r in 1994 
July. In this case the  am o u n t o f  flexure is o f  the  sam e o rd e r  
of m agnitude as the  one  observed in 1995. b u t the  tracks in 
the  m odel a re  som ew hat d ifferen t, so c om pensa tion  e rro rs  
can still be expected.

T o  evaluate the  long-term  stability  o f  flexure in ISIS, 
regular m easurem ents w ould be necessary. T he  m ain ten ­
ance work on  the  spec trog raph  shou ld  a lso be taken  in to  
account. W ith the  extrem ely lim ited  d a ta  available, ou r 
rough estim ate  is th a t th e  in s trum en t flexure could  still be 
reduced by a fac to r betw een 1.3 and  2 w ith  a look-up tab le 
o f a few m onths old. This m ay also be im proved  if the  d a ta  
for the  m odel w ere taken  in a  d ifferen t way. as exp lained  in 
Section 8. H ow ever, since th e  p ro ced u re  fo r tak ing  a flexure 
m ap takes only 2 -3  h o f te lescope daytim e, we w ould 
recom m end th a t w henever flexure is a sensitive issue fo r a 
particular astronom ical o b sew ation . a new set o f da ta  
should be recorded .
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Figure 8. Changes in the Mcxurc model over one month. The data 
taken during our tests in La Palma is compared with the Mesure 
map obtained from data taken one month earlier by R. Rutten with 
the old collimator.

7 A C T I V E  C O M P E N S A T I O N  O F  F L E X U R E

T he tests  to r active com pensation  o f flexure were per- 
fo rm eJ  d u ring  the  daytim e, using the calibration lamps to 
feed  the  spec trog raph . In o u r first experim ent we sim ulated 
a s ta r track  by m oving the  telescope in 2()-min steps follow­
ing the  m o tion  o f a virtual s ta r  on the sky. In this way we 
com p ressed  m ore than  4 h o f tracking into less than I h of 
m easu rem en ts . W e com pensated  for the flexure shifts using 
an all-sky look-up tab le  obtained  with the procedure 
desc ribed  earlie r, and then  we repeated  the same track 
w ithou t com pensa tion . We also took the same m easure­
m ents th e  following day to  check how reproducible these 
resu lts  w ere . T he com pensated  and uncom pensated spec­
tru m  sh ifts  a re  shown in Figs 9 and 10 for the spectral and 
spatia l d irections.

Several conclusions can be drawn from these graphs. 
F irst, th a t on  average, active com pensation of flexure can 
reduce  spec tra l drifts to  0.2 pixel o r less (0.3 pixel worst 
case ) fo r m ore  than  4 h o f tracking. We must stress here that 
the  ex posu re  tim e during  astronom ical observations is. 
anyway, lim ited  to  a ro u n d  I h by accum ulation o f cosmic ray 
events on  the  C C D . O u r experim ent o f com pensating flex­
ure over several hours proves that large am ounts of flexure 
can  be co rrec ted  w ith the  sam e accuracy. This may not have 
m uch im pact on  the  length o f  exposures, but it is relevant in 
th a t it show s tha t active com pensation  can potentially avoid 
the  n e ed  fo r freq u en t calibration  arcs between exposures, 
saving te lescope  tim e. It is also highly relevant to new 
in s tru m en ts  for S-m class telescopes.

T he  im age stability we achieved is a significant im prove­
m en t on  the  existing situation , with typical drifts of 1.5 -2 .0  
pixel d u rin g  the  sam e tim e. The graph also shows that the 
im provem en t is m ore relevant for longer tracking times. 
T h is is because  the  uncom pensated  flexure usually increases 
fairly sm oothly  (a t an average ra te  o f 10 pm h '). w hereas 
the  inaccuracy in com pensation  depends mostly on residual 
e rro rs  an d  very little on  the  am ount o f  flexure to correct. 
Finally , the  g raphs prove th a t when the uncom pensated 
flexure is rep roducib le , the  curve representing  the residual
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Figure ». Flexure compensation with all-sky look-up table (spec­
tral direction I. The same star track was repealed twice both with 
<ind without flexure compensation to check the reproducibility.
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Figure 10. Flexure compensation with all-sky look-up table 
(spatial direction I. The same star track was repeated twice both 
with and without flexure compensation to check the reproduci- 
bilitv.

erro rs  is also highly reproducib le  indicating  tha t these  
e rro rs  are  m ostly due  to  inaccuracies in the  flexure m odel 
and  not to  co llim ator m ovem ents.

This last po in t induced  us to  a ttem p t to  refine the  look-up 
table , to  see if we could  im prove im age stability  even fu r­
ther. For the  sam e track , we calcu la ted  the  residual e rro rs  
and  fed them  back in to  th e  active co llim ato r con tro l system  
as second-order co rrec tions. In prac tice  the  p rocedu re  
involved stepp ing  a long  a track  w ith active com pensation  
on . recording  the  residual shifts, converting  them  in to  
actuato r voltage co rrec tions  and  th en  runn ing  a long the 
sam e track  again applying the  co rrec ted  voltages. T hese  
second-order correc tions, fo r spectra l and  spatial d irec ­
tions. are shown in Figs II  and  12. co m pared  with the  
standard  all-sky com pensa tion . T he  im provem ent is qu ite  
rem arkable: once the  e rro rs  in the  flexure m odel are  c o r­
rected . the spec trum  d rifts  can  be co n ta ined  w ithin 0.1 pixel 
for nearly 4 h o f  equ iva len t track ing  tim e (m ore  th an  4 h in 
spectral d irection).
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Figure 12. Second-order Hexure compensation (spatial direction). 
The second-order corrections were obtained by feeding back to the 
control system the residuals from the all-sky compensation run.

8 D IS C U S S IO N  AND FU TU RE 
D E V E L O PM EN TS

T his experim en t has proved tha t active com pensation is a 
v iable an d  effective way o t reducing flexure in Cassegrain 
spec trog raphs . It has also shown that the  collim ator can he 
c o n tro lled  w ith very high accuracy and it is a suitable e le ­
m ent fo r applying active corrections. M ore importantly. 
ISA A C  proved  capable o f reducing flexure in ISIS signifi­
cantly. D uring  o u r experim ent in I W  July ISIS was show­
ing an average spectrum  drift o f over 40 pm in 4 h o f 
(racking  tim e. By applying active com pensation we were 
able to  reduce  it to  an average 4.S pm over 4 h with an all­
sky flexure m ap  and to  less than  2.4 pm with a flexure look­
up  tab le  m odelled  for tha t particu lar observation.

T hese  resu lts  have several im plications on the astronom i­
cal d a ta  th a t the  spec trograph  can provide, not only in term s 
o f increased  spectral reso lu tion  and reduced  radial velocity 
e rro rs . T h e  reduction  in flexure we achieved is such that the

tim e w asted  in tak ing  reg u la r calib ra tion  arcs can  be cut 
drastically. M oreover, this low flexure can  allow  lo n g er 
exposure tim es and  im proved  S/N ra tio : th e  lim iting fac to r 
in the  length  o f  exposures w ould  be effectively sh ifted  from  
the  flexure d rifts  to  th e  cosm ic ray even ts  ra te .

This experim ent has a lso  show n th a t the  red u c tio n  in 
flexure we achieved w as lim ited  by the  accuracy o f  the  flex­
ure m odel and  no t by th e  accuracy in the  m ovem ent o f  the  
collim ator. O u r labo ra to ry  tests  had d e m o n stra ted  th a t the  
collim ator could  prov ide m ovem ents as sm all as 0.4 pm  on 
the  ISIS C C D . W e m ay th e re fo re  an tic ipate  th a t flexure 
com pensation  could  be im proved even fu rth e r w ith a m ore 
accurate m odel. This m ay include a d ifferen t p ro c ed u re  for 
recording  flexure da ta , fo r exam ple by reco rd ing  several s ta r 
tracks at d ifferen t declinations until the  w hole sky is 
covered. Indeed, som e o th e r  ways o f  m odelling  sp ec tro ­
graph flexure, based  on  a polynom ial fit o f the  da ta , have 
been  suggested (M unari & Lattanzi 1992). a lthough  relying 
strongly on the  absence o f hysteresis in the sp ec trog raph .

A no ther result o f  o u r  experim ent was in fact the  c o n ­
firm ation o f  the  large hysteresis in the  spec trog raph . T h is  is 
likely to  place som e severe constra in ts  on  the  accuracy  a 
flexure m odel can u ltim ately  achieve. M oreover, to  co llect 
the  da ta  necessary fo r an accurate  flexure m ap takes  c o n ­
siderable te lescope (day) tim e, which is o ften  n e ed ed  for 
engineering  and  m a in tenance . ISAA C, using an all-sky flex­
ure m ap. is th e re fo re  a com prom ise  so lu tion , ba lancing  p e r ­
form ance in im age stability  versus tim e req u ired  to  achieve 
that. We are  curren tly  discussing w ith staff a t th e  Royal 
G reenw ich O bserva to ry  and  at the IN C  g roup  o f  te le scopes  
the  possibility o f  im plem enting  o u r system  as a com m on  
user instrum ent fo r ISIS. T he p lan is to  have an  active 
collim ator on  the  red  and  b lue arm s and  to  in teg ra te  the  
relative softw are and  hardw are  w ith the  contro l svstem  for 
ISIS.

It is clear, how ever, th a t to  exploit fully the  p o ten tia l o f 
the  active co llim ator, a  d ifferen t app roach  is n eeded . By 
closing the  loop w ith an  optical reference  beam  p ro p ag a ted  
th rough  the sp ec trog raph , it is possible to  avoid the p rob lem  
o f hysteresis a lto g e th er. T he  flexure shifts w ould be sensed  
in real tim e w hile the  spec trog raph  is tracking and  d irectly  
fed back in to  th e  co llim ato r contro l. It a lso w ould avoid the  
need  for p roducing  several d ifferen t flexure m odels for 
correspond ing  d ifferen t spec trog raph  setups.

F o r these reasons we have p roposed  a closed loop ex p eri­
m ent for ISIS. T he  ex perim en t is d iscussed  in m ore d e ta il in 
P aper I and  involves injecting  an op tical re fe rence  in to  the  
spectrograph  and  using the  C C D  with reverse clocking to  
sense the  re ference  m otion . W e can  conclude tha t o u r 
experim ent has shown th a t active com pensa tion  o f  flexure is 
an a ttractive op tion  in designing  a new spec trog raph  and  in 
im proving the  im age stability  o f existing C assegrain  in s tru ­
m ents. T he open -loop  ap p ro ach  can drastically  increase  the  
stability o f the spec trum  on  the  d e tec to r , even w ith its 
lim itations. W e believe th a t a closed-lix ip  system  can  
im prove this even fu rther.

T he experim ent re p o rte d  here, as well as being the  first 
s tep  tow ards a c losed-loop  system , has a lso proved the  key 
to  the G em in i H igh R eso lu tion  O ptica l S pec trog raph  
(H R O S ) (W alker e t al. 1992). T he  H R O S  pro ject is c u r­
rently in the  concep tua l design phase a n d  it is c lear th a t the  
instrum ent will n eed  som e form  of active flexure co m p en sa ­

te 1996 RAS. MNRAS 281. (>79-686
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(ion. At (his moment, (he plan is to build an active collima­
tor. based on the experience with ISIS.
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A ctive com pensation o f flexure on the High Resolution Optical Spectrograph for G em ini

P. D’Arrigo, F. Diego, D.D. W alker
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Gower Street, London W C IE  6B T

ABSTRACT

G r a v i t y - i n d u c e d  f lex u re  h a s  been a long-s tan d ing  challenge  in C a ss e g ra in  s p ec trograph s  at ^ - m e t r e  c la s s  t e le ­
sco p e s :  i t  IS the m o r e  s o  a t  the  scale  o f  8 -m e tr e  te lescopes.  T h is  is  o f  p a r t i c u la r  c o n cer n  f o r  th e  G e m i n i  H igh  
R e s o lu t io n  O p t i c a l  Spec trograph ,  which will  be C a ss e g ra in -m o u n te d  f o r  i t s  ro u t in e  m o d e  o f  o p e ra t io n .  In th i s  p a p e r  
we a d d r e s s  the g e n e r a l  f le x u r e  p rob lem ,  and how  to  solve  it w i th  the use o f  a c t iv e  op t ic s .  We also  p r e s e n t  the  r esu l ts  
o f  an  e x p e r i m e n t a l  a c t i v e  f le x u re  com pen sa t ion  s y s t e m  f o r  the I S IS  ( I n t e r m e d i a t e - d i s p e r s io n  S p e c t r o s c o p ic  a n d  
I m a g in g  S y s t e m )  sp ec tro g ra p h  on  the ^.'2m W il l iam  H ers ch e l  Te lescope ( W H T ) .  T h is  i n s t r u m e n t ,  ca l led  I S A A C  
( I S I S  S p e c t ro g r a p h  A u t o m a t i c  A c t i v e  C o l l im a to r ) ,  is based on  the c on cep t  o f  a c t i v e  co rr e c t io n ,  w h e re  s p e c t r u m  
d r i f t s ,  d u e  to  the sp ec tro g ra p h  f lex in g  un der  the effect o f  g r a v i t y ,  are  c o m p e n s a t e d  by  the m o v e m e n t  o f  an  a c t i v e  
o p t i c a l  e l e m e n t  ( in  th i s  case  a f in e  s teer ing  i ip - i i l i  c o l l im a to r  m i r r o r ) .  The  e x p e r im e n t  s h o w e d  th a t  a c t i v e  c o m ­
p e n s a t i o n  can reduce f le x u re  d o w n  to  less  than  3pm  o v e r  f o u r  hou rs  o f  t e le scope  m o t io n s ,  d r a m a t i c a l l y  im p r o v i n g  
the  s p e c tr o g ra p h  p e r f o r m a n c e .  Th e  results  o f  the e x p e r im e n t  are used to  d i s cu ss  a f le x u r e  c o m p e n s a t i o n  s y s t e m  
f o r  the H igh R e s o lu t io n  O p t i c a l  Spectrograph ( H R O S )  f o r  the  8 m  G e m i n i  te lescope .

K e y  W o rd s :  Spectrograph , Active Optics, Flexure, Cassegrain.

1. INTRODUCTION

As a  telescope tracks, a  Cassegrain spectrograph is sub ject to  a  varying gravity  vector. T he  spectrograph  
s tru c tu re  and com ponents w ithin it m ust a t some level deform  as the telescope tracks. Also, som e in ternal 
com ponen ts m ay move bodily  and suddenly, as the sign of the  gravity vector in the  com ponent fram e-of-reference 
reverses. For exam ple, th is m ay occur as the plane of a m irror surface passes th rough  the zen ith  and  the m irror 
■flips" in its m ount: or a bearing-m ounted mechanism m ay rock from  one side to  the  o ther due to  bearing-play. 

C lam p in g  m oveable com ponents can stress parts of a m echanism  or stru c tu re , and the  stresses can suddenly and 
iinpred ictab ly  he relieved as the locaLgravity vector changes. The results o f im age m otion include i) absolute 
ca lib ra tio n  errors ii) degradation  of line profiles and radial velocities, iii) reduction in spectra l and sp a tia l resolution 
and iv) im perfect reg is tra tion  of flat fields. Flexure has therefore a significant im pact both  on the  spectrograph  
perform ance and on the tim e wasted in frequent calibration arcs. T he issue is becom ing m ore critical as telescopes, 
and  spec trographs, grow in size. The gravitational bending^ of a  stru c tu ra l beam  of length L  is p ro p ortiona l to

and  flexure can be expected to  follow a sim ilar scaling law. In its current design, the  High R esolution O ptical 
S pectrog raph  (HRO S) for th e  Gem ini telescope, is going to  be one of the largest Cassegrain spec trog raphs in the 
world and  it is expected to  experience significant flexure shifts.
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2. THE CONCEPT OF ACTIVE COMPENSATION OF FLEXURE

T h e  challenge of controlling flexure in a spectrograph is rem arkably sim ilar to  th a t  of a  telescope, a lb e it on a 
sm aller scale. W ith  m any telescopes, there is a hierarchical approach, em bodying i) passive com pensa tion  in the  
Serrurier trusses, ii) application  of an open-loop pointing m odel and iii) closed-loop com pensation  o f residuals 
using an au to-gu ider. W ith large modern telescopes weighing tens of tonnes, th is has proved spec tacu larly  
successful. We advocate applying the same ideas to  Cassegrain spectrographs. We contend th a t  it is probab ly  
inheren tly  im possible to  achieve adequate stability  of a  large Cassegrain spectrograph  for an  8-m etre  telescope 
w ith  purely passive m eans and w ithin a reasonable mass, space and cost budget. Also to  m ain ta in  th is  for different 
configurations, and th rough  m aintenance cycles over the instrum ent lifetim e. An active optical system  offers a 
])ossible way forw ard. In an active system , an adjustable elem ent w ithin the spectrograph  corrects the  flexure 
sh ifts in real-tim e by deflecting the optical path  of the light from the telescope during  the  exposure.

. \n  active flexure com pensation system  is currently being investigated for the  G em ini M ulti-O bject Spectro ­
g raph  (G M O S)." following a commissioned study of the problem perform ed under con tract to  G em ini in th is 
L aboratory .^  In th is case, since GM OS has transmission optics, the detector m otion  was chosen as th e  active ele­
m ent. Recently th is concept has also been proposed by Bhatia^ as a way of easing th e  pressure on the  m echanical 
design, im proving the instrum en t perform ance and even reducing optical aberra tions. B hatia , however, proposes 
to  app ly  higher order corrections and a t much higher rate , to  improve the image q u a l i t y  and  no t ju s t  th e  s ia b i l i i y .  
T h is im plies the  active corrections need to be applied with a th in  deform able g rating . T he technical challenge 
in producing  such a system  seems the m ajor obstacle in this approach. Before the  experim ent described in th is 
paper, active com pensation  o f flexure had never been a ttem pted  on a Cassegrain spectrograph .

Following the  analogy w ith a telescope, open loop flexure correction is based on d a ta  from  a po in ting  m odel. 
T h a t  is. the  telescope is moved to  cover the sky in steps and flexure is m easured a t each po in t. T h e  resu lts are 
em bodied  in a look-up table, and subsequently interpolated to provide flexure predictions for any o rien ta tio n  of 
the spec trog raph . An elem ent of the spectrograph is servoed during the exposure to  com pensate for th e  im age 
m otion.

In a closed loop system  flexure is m easured directly during an exposure, so an optical reference th a t  p ro p ag ates 
th rough  the  spectrograph  needs to be added to the system. The flexure correction is not calculated  w ith  the  look­
up tab le , but it is m easured by the shifts of the optical reference as the exposure progresses. T he active com ponent 
can be the  sam e for both  system s. The active motion could be provided, for exam ple, by i) t i l t in g  th e  g ra tin g , 
co llim ato r, a folding m irror, or a  wobbler (plane-parallel) plate; or ii) t r a n s la t in g  the  slit, im age-slicer. a  fibre- 
feed. a  lens, or the  detector itself. All these, with the exception of tran s la tin g  the slit or im age-slicer, give the  
cap ab ility  o f com pensating  for flexure in two orthogonal directions. T he baseline for G em ini HRO S, following 
o u r experim en t on the ISIS spectrograph a t the W HT, is to  t ilt  the collim ator m irror. As described below, the 
co llim ato r has proved to  be an effective and simple way of com pensating spectrograph  flexure.

T h e  key po in t concerning open-loop correction is th a t h y s ter e s is  is the factor which lim its th e  precision w ith  
which im age-m otion can be com pensated, not the raw flexure. L o w  h y s t e r e s i s  m u s t  be c o n s id e r e d  as the  p r i m a r y  
g o a l  for fu ture  open-loop active spectrographs. For a  closed loop correction system  th e  stress would be m ore on 
reducing the  to ta l am ount of flexure in the spectrograph, so open and closed loop system s do no t exclude each 
o th er, b u t they are ideally suited to work together.

3. FLEXURE COMPENSATION SYSTEM FOR ISIS

Having decided th a t  active flexure compensation was the right way forward, we saw an o p p o rtu n ity  of devel­
oping an active system  for the ISIS (Interm ediate-dispersion Spectroscopic and Im aging System ) spectrograph  a t 
the 4.2m  W illiam  Herschel Telescope (W HT). W hilst the basic m otivation was a p roof of concept for the  G em ini
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High R esolution O ptical Spectrograph, it was also clear th a t ISIS exhibited flexure a t a  level where it  could benefit 
from  th e  active collim ator approach we had proposed.

System atic  m easurem ents of the position of the spectrum  as a function of zenith  d istance and  ro ta tio n  angles 
o f the C assegrain tu rn tab le  have shown evidence of flexure in the ISIS s tru c tu re  and probably  in its  su p p o rtin g  
flange system . ISIS is one of the largest Cassegrain instrum ents currently  in operation  on a  4-m  class telescope 
and therefore one where im aging stab ility  is m ost critical. It is also a  very p opu lar in stru m en t in the  astronom ical 
com m unity  for its versatility  and overall performance. These reasons m ade it an a lm ost ideal choice for th e  tes tin g  
o f our novel system  of im age stabilization.

T h e  ISIS Spectrograph A utom atic Active Collim ator (ISAAC) project was originally  conceived as an  open- 
loop system  for active com pensation of flexure. The choice of the active elem ent fell on th e  co llim ato r for two 
m ain  reasons: it was easy to  control with rear mounted actuators to provide t ip / t i l t  active corrections, and  given 
its position  in the  spectrograph, it could be accessed and replaced easily. M oreover, the  collim ator is a  n a tu ra l 
choice for flexure com pensation, being in place for every spectrograph setup and producing significant im age sh ifts 
on the  de tecto r w ith relatively sm all tilts. The last is im portan t in avoiding optical ab erra tions which could be 
in troduced  if the correction significantly disturbed the optical geometry.

Flexure com pensation  w ith an active collimator is based on a  sim ple concept: when the spec trum  position  on 
the  d e tecto r drifts during  tracking, the collimator is slightly tilted , thus deflecting the  reflected beam  and  resto ring  
th e  im age to  the  original position. The collimator is finely steered w ith three piezoelectric a c tu a to rs  pushing 
ag ainst its back. T he am oun t of t il t  required is calculated from the spectrograph  geom etry and a previous se t of 
flexure m easurem ents. T he orientation in space of the spectrograph is calculated  from  the equatoria l coo rd inates 
of the observed object, the sidereal tim e a t the s ta rt of the exposure, the elapsed tim e and the position  angle of 
the  slit on the sky.

T he in stru m en t hardw are consists of three separate sub systems. T he m irror cell and a c tu a to r system  are 
connected th rough  coaxial cables to the actuator driver which sits in the in strum en tation  rack on the  telescope. 
T h is ill tu rn  is connected via a  serial link to a  standard  lap-top 486 PC  in the control room , which runs th e  m ain  
softw are. D uring our experim ent the user interface was the lap-top PC . T his was com pletely separa te  from  the  
ISIS contro l system , as dem anded by the La Palm a Observatory as a condition for conducting the  experim en t.

3.1. M echanical design and construction

T h e  m echanical design of the active collimator was driven by two m ajo r objectives: to  m ake it com patib le  
and easy to  interchange w ith the existing collimator, and to  m inimize hysteresis. T he la tte r  is required  to  avoid 
in troducing  new sources of image shifts during the correction process. Hysteresis in the co llim ato r m ovem ents 
would affect the  accuracy w ith which the spectrum  position on the detector can be controlled and  could m ake 
the  active com pensation  ineffective. The resulting design is shown in fig. 3.1. in an exploded view.

T hree  piezoelectric ac tuato rs are fitted with strain  gauge position sensors. T h is  com bination  o f a c tu a to r  and 
sensor allows a  very fine control of the collimator displacem ent with a  nom inal accuracy b e tte r  th a n  75nm  over 
tem p era tu re  excursions up to 20®. T he actuators have a to ta l expansion of 15/im  and a  lifetim e o f m ore th an  10® 
cycles. T he rear ac tu ato rs in com bination with three neoprene pads on the  m irror front edge, also provide the  
axial su p p o rt of the  m irror. These pads are located exactly opposite the  a c tu a to rs  to  avoid in troducing  bending 
m om ents, and act as springs to  produce the necessary return force for the sm all tiltin g  of the  m irror. T h e  overall 
m ovem ent is very sm all: the m axim um  tilting  angle is about ITarcaec ( lO '^ ra d )  when the  a c tu a to rs  are a t full 
travel. T h is corresponds to  image m otions of SO/im or 3.4 pixels a t the cam era  focal plane (24/im  pixels). T he 
radial su p p o rt is provided by a flexural element connected to  the external cell and  bolted  to  a  sm all Invar block 
inserted  in a b lind hole in the  back of the Zerodur m irror. T h is system  was chosen to  m inim ize th erm al stresses 
between the  m irror and the  m irror cell.
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Figure 1: E xploded view of the active collim ator cell. 
T h e  m irro r is roughly 4cm thick. T he flexure pro­
vides rad ia l su p p o rt th rough a  sm all Invar cylinder 
inserted  in th e  back of the m irror (not shown).

3.2. Flexure m easurem ents on ISIS

On Ju ly  1995 we used ISIS for tes ts  a t  th e  W illiam  
Herschel Telescope. T he a im  was to  s tu d y  flexure in 
ISIS, m onito r it effectively and  then  prove th a t  we 
could com pensate it  w ith  th e  active co llim ato r. T he  
ISAAC collim ator was installed  on th e  ISIS blue a rm  
and its focus and t il t  were ad justed  using th e  s ta n ­
dard  H artm ann  sh u tter. T he o p tica l q u a lity  was 
checked by im aging a  narrow  slit illum inated  w ith 
Cu-Ne and C u-A r calib ra tion  lam ps. T he resu lts 
were a t least as good as those ob ta ined  w ith the  
original collim ator. M ost of our subsequent tests 
were perform ed w ith a  ISO/im slit and  w ith the  low 
dispersion (I5 8 /m e s /m m ) gra ting  centered around  
A =  7000A. T his value was chosen to  provide a 
good S /N  ra tio  in the calib ration  lam p spec tra . All 
the  d a ta  were recorded using th e  sam e 1024 x 1024 
T ektronix C C D  with 24 x 24/im  pixels (L a  P a lm a  
T ek l C C D ). T he  reference sp ec tra  were generated  by 
observing an arc spec trum  through  a  sho rt dekker, 
so th a t each spectra l line would produce an a lm ost 
circular spo t. T he detector shifts (in  spec tra l and 
spatia l direction) were calculated  by centro id ing a 
single line in the spectrum . We checked th is  proce­
dure w ith o ther lines in the  spec trum  which gave the  
sam e result w ithin 0.05 pixels, confirm ing th a t  th is 
system  was as effective for th is ap p lication  as cross- 
correlating the  whole spectrum  (and  m uch quicker).

To achieve effective open loop com pensation, flexure needs to  be m easured and  m odelled very accurately. For 
the  purpose of flexure m easurem ents the spectrograph orientation in space is defined by only two param eters: 
the  zen ith  d istance z  o f the telescope (or the elevation =  90" — z) and th e  position angle P A  of th e  C assegrain  
tu rn ta b le  on which ISIS is m ounted. T he telescope azim uth ro tation  does not change the  position  w ith  respect 
to  th e  g rav ity  vector and is irrelevant. Flexure is measured by recording the  shifts on the  C C D  detecto r o f a 
p o in t source for the  different orientations in space. R. R utten  a t the  La P a lm a  O bservatory has generated  an 
a u to m a tic  procedure for producing a flexure m ap th a t covers the whole range o f telescope an d  spec trog raph  
possible positions. A program  moves the telescope in elevation in 15" steps from  zenith  to  z =  75", then  moves 
the  telescope back to  zenith , ro tates the tu rn tab le  45" and repeats the  elevation stepping. T h is is rep ea ted  for 
.’5(30" of tu rn ta b le  m otion . A spectrum  is acquired a t every e levation /ro ta tion  se tting . T he a u to m a tio n  n o t only 
speeds up th e  process considerably, but also assures th a t the d a ta  is taken always in the  sam e way (w ith  the  sam e 
telescope m otion  and therefore sam e hysteresis).

We found t h a t the raw d a ta  coming from this m easurem ent were not a  reliable m odel for our active corrections 
because o f the large hysteresis present. Therefore, we modified the raw d a ta  by tran sla tin g  every track  corre- 
.sponding to  a  different tu rn tab le  position angle so th a t the zenith po in ts coincide, and  used th is  as o u r flexure 
m odel (fig. 2). W ith  th is sim ple artifice the flexure m ap is easy to  understand : the  a m o u n t  o f flexure (relative 
lo  zen ith ) is essentially  a function of telescope elevation, while the d ir ec t io n  o f flexure m ainly  depends on the 
t u rn tab le  position . Moreover, the m ap becomes much more reproducible: fig. 3 shows three m aps taken in three 
different days.

However, hysteresis is intrinsic in the spectrograph structu re  and m echanism s and difficult to  e lim inate. A
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T h is reduces the im pact of hysteresis on the flexure model. T he track  for P A  =  —90® is repeated . T h e  sudden 
ju m p  in th is  track  for el =  15® is probably due to flipping of a loose com ponent in ISIS.
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m otion .

sim ilar hysteretic  effect has been observed in other Cassegrain spectrographs.* T he presence of hysteresis is 
proved by the  g raph of fig. 4. where the telescope was moved from zenith to  horizon and back keeping th e  ro ta to r  
position  angle (PA ) fixed. A  classical hysteresis curve was produced.

T h e  flexure m odel developed increases the reproducibility of the flexure shifts. VVe need to  stress, however, 
(h a t th e  flexure m ap  is sensitive to  changes in the spectrograph settings (g rating , central w avelength, presence 
of dichroic. e tc .). Moreover flexure changes with tim e, so th a t  over one or two m onths, the  flexure m ap  (even 
if taken  w ith the sam e settings) can look appreciably different. Even so, w ith the  few d a ta  a t  o u r d isposal we 
e s tim a te d '' th a t  an im provem ent of a factor between 1.3 and 2 is still possible w ith a  m odel several m o n th s old.

3.3. A ctive com pensation experiment

T h e  tes ts for active com pensation of flexure were perform ed during the daytim e, using the  ca lib ra tion  lam ps to  
feed th e  spectrograph . In our first experiment we sim ulated  a  s ta r track by m oving th e  telescope in 20m tn  steps 
following the  m otion of a "v irtual’’ s ta r on the sky. In th is way we compressed m ore th an  4 h r s  track ing  in to  less 
ih an  one hour of m easurem ents. We compensated for th e  flexure shifts using an all-sky look-up tab le  ob ta ined  
w ith I he procedure described earlier and then we repeated the sam e track w ithout com pensation . We also took 
the sam e m easurem ents the following day to check how reproducible these results were. T he com pensated  and 
uncom pensa ted  spec trum  shifts are shown in fig. 5 for the  spectral and spa tia l d irections as a  function  of track ing  
tim e. T h e  sam e shifts are shown as they would appear on the CCD detector in figure 6

Several conclusions can be drawn from these graphs. Firstly, th a t on average, active com pensation  o f flexure 
can reduce spec tra l d rifts to  0.2 pixels or less (0.3 pixels worst case) for m ore th an  4 hours tracking. T h e  exposure 
tim e d u rin g  astronom ical observations is usually lim ited to  around one hour by accum ulation  o f cosm ic ray events 
on the  C C D  and not ju s t  by flexure. However, our experim ent of com pensating flexure over several hours proves 
th a t  large am o u n t of flexure can be corrected with the sam e accuracy. T his m ay no t have m uch im pact on the
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Figure 5: Flexure com pensation with all-sky look-up table; spectral direction (left) and sp a tia l d irection  (righ t). 
T he sam e sta r  track  was repeated twice both with and w ithout flexure com pensation to  check the  reproducibility .
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Figure (i: Flexure com pensation with an all-sky look-up table. X and Y shifts are p lo tted  together, as they  would 
appear on the (.'CD detector.
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Figure 7: Second-order flexure com pensation in spectral direction (left) and spa tia l direction (rig h t). T h e  second 
o rder corrections were ob tained by feeding back to  the control system  the residuals from  the all-sky com pensa tion  
run.

length  o f exposures, but it is relevant in th a t it shows th a t active com pensation can poten tially  avoid the  need 
for frequent calib ra tion  arcs between exposures, saving telescope tim e.

T h e  im age stab ility  we achieved is a significant im provem ent on the existing s itu a tio n , w ith typical d rifts  of 
1.0 — 2.0 pixels during  the  sam e tim e. The graph also shows th a t the im provem ent is m ore relevant for longer 
track ing  tim e. T his is because the uncompensated flexure usually increases fairly sm ooth ly  (a t an average ra te  
o f 10/(»n//ir). whereas the inaccuracy in compensation depends m ostly on residual errors and very little  on the  
a m o u n t o f flexure to  correct. Finally, the graphs prove th a t when the uncom pensated  flexure is reproducib le , th e  
curve representing  the  residual errors is also highly reproducible indicating th a t  these errors are m ostly  due to  
inaccuracies in the flexure m odel and not  to collimator movements.

T h is  last po in t induced us to a ttem p t to refine the look-up table, to  see if we could im prove im age s tab ility  
even fu rther. For the sam e track, we calculated the residual errors and fed them  back in to  th e  active co llim ato r 
contro l system  as second order corrections. In practice the  procedure involved stepping along a  track  w ith 
active com pensation  on. recording the residual shifts, converting them  into ac tu a to r voltage corrections and  then  
runn ing  along the sam e track again applying the corrected voltages. These second-order corrections, for spec tra l 
and  sp a tia l directions, are shown in fig. 7 compared with the standard  all-sky com pensation . T h e  im provem ent is 
q u ite  rem arkable: once the errors in the flexure model are corrected, the spectrum  drifts can be con tained  w ith in
0.1 pixels for nearly 4 hours of equivalent tracking tim e (m ore than  4 hours in spec tra l direction). F igure 8 shows 
the  d rift o f the  spectrum  on the CCD with and w ithout second-order flexure corrections.

T he high level of stab ility  achievable with second order flexure com pensation indicates th a t  the m ain  lim ita tio n  
of an open  loop system  is the accuracy of the flexure model. In fact, when applying second-order corrections, the  
com pensa tion  system  relied on two look-up tables for estim ating the spectrograph flexure. T he first, from  the  a ll­
sky flexure m odel, provided the bulk of the correction required, while the second, derived from  the  m easu rem en ts 
o f t he residual errors, gave the finer adjustm ents. T his type of flexure model would be probably  too  com plicated  
for p ract ical use. but the  residual errors could be measured in real tim e during the  astronom ical observation  w ith 
an op tica l feedback, and this could operate in conjunction with the sim pler flexure m odel. T h is type  o f closed 
loop system  seems the best way to achieve high spectral stability  in a Cassegrain instrum en t.
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Figure 8: Second order flexure com pensation. X and Y shifts are plo tted  together, as they would ap p ear on the 
C C D  detector. T he spectrum  shift is hardly detectable in this case.

4. FLEXURE COMPENSATION SYSTEM FOR HROS

4.1. The experience from ISAAC

T his experim ent has proved th a t active compensation is a  viable and effective way o f reducing flexure in 
C assegrain  spectrographs. It has also shown th at the collim ator can be controlled w ith  very high accuracy and 
it is a su itab le  elem ent for applying active corrections. More im portantly , ISAAC proved capable  of reducing 
flexure in ISIS significantly. These results have several im plications on th e  astronom ical d a ta  th e  spectrog raph  
ran  provide, not only in term s of increased spectral resolution and reduced rad ial velocity errors. T h e  reduction  
in flexure we achieved is such th a t the tim e wasted in taking regular calib ra tion  arcs can be cu t drastically . 
.Moreover, th is low flexure can allow longer exposure tim es and im proved S /N  ra tio : the  lim iting  facto r in the  
length  o f exposures would be effectively shifted from flexure drifts to  cosmic ray events ra te .

From  t he po in t of view of developing an active com pensation system  for HROS, here are th e  m ain  conclusions 
I h a t can be draw n from  the ISAAC experiment:

1. O pen loop flexure com pensation is very effective in reducing flexure in the  spectrograph , pa rticu la rly  over 
long tracking tim es. In ISIS flexure was reduced by roughly a factor 2 over I hour (from  ~  16/im to  ~  7 f im  
com bining X and V shifts) and by nearly a factor 8 over 3 hours (from  ~  46/im  to  ~  6/im ).

2. T h e  residual error after open loop correction does not depend on the am oun t of flexure (i.e. on the  track ing  
n in e ) or on the op to  mechanical performance of the active collim ator, b u t it is a  consequence of m odelling 
errors. O ur laboratory  tests had dem onstrated th a t the collim ator could provide m ovem ents as sm all as 
O A fxm  on the  ISIS CCD. Most of the residual errors proved to  be system atic  and we were able to  e lim ina te  
the  g reatest p a rt of them  by providing the collim ator with additional m odelling in form ation  (2nd order 
corrections). A fter the m odel was refined, the  residual flexure was reduced to  ~  3/im  after 1 hour and to  
~  4 ^m  after 3 hours.
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3. T h e  errors in th e  flexure m odel are essentially caused by hysteresis in the  flexure shifts. T h e  large telescope 
m ovem ents involved in the  m easurement of a flexure m ap covering the  whole sky suffered from  large hys­
teresis. We estim a ted  th is to be about 15% of the to ta l m ovem ent. As a  consequence th e  raw  d a ta  from  
a  flexure m easurem ent needed to  be modified to  try  reducing the  effect o f hysteresis. Som e residual errors 
obviously rem ained.

I. T he  flexure m odel m ay be improved by producing a  m ap th a t covers the  whole sky m oving th e  telescope 
along s ta r  t racks of different declination. This model should sim ulate m ore closely the telescope m ovem ents 
and  the flexure shifts during tracking. Hysteresis will still be present however, and because it  depends on 
the previous history  of telescope movements, it will be difficult to  elim inate. Indeed, som e o th er ways of 
m odelling spectrograph  flexure, based on a polynom ial fit of the d a ta , have been suggested .' a lthough  they 
relied on the  absence of hysteresis in the spectrograph.

•'). T h e  flexure m odel also changes with time, so there would be no point in refining th is too  m uch, since 
it would soon becom e obsolete and a new, rougher m odel would provide a  b e tte r flexure correction. We 
sim ula ted  the  consequences of an aging model by quantifying the  differences between flexure m aps. We 
found th a t a fte r 1 week the additional error would be less than  5/im  in 70% of the cases. A fter 1 year we 
e stim a ted  an error of less than  7//m in 30% of the cases (the shape of the  d is tribu tion  changes w ith  tim e).

(). A serious lim ita tio n  of an open loop flexure model is the im possibility to  account for m alfunctions in the 
spectrog raph . For exam ple, it is fairly common for the spectrograph to  exh ib it flexure shifts larger th an  
usual after being taken off the telescope. Since it m ay take weeks to  track  down and correct the  problem , 
an open loop com pensation  system  would give poor correction, unless the flexure m ap is upd a ted .

Sum m ariz ing  the  above points, the experience with ISIS tells us th a t  an open loop flexure com pensation  
system  would greatly  im prove the spectrum  stability of the spectrograph and it is an a ttrac tiv e  op tion  for the 
design o f new spectrographs. It would however leave some residual errors, which it would be difficult to  elim inate. 
These e rrors are essentially  due to  modelling errors in the flexure m ap. To m inim ize these errors it  would require 
frequent up d a tes to  the  m ap. A closed loop system used in conjunction w ith an open loop one would clearly 
change th e  above conclusions, because it could account for any residual errors in the  flexure m odel. By closing 
the loop w ith an op tical reference beam  propagated through the spectrograph, it is possible to  avoid th e  problem  
of hysteresis a ltogether. The flexure shifts would be sensed in real tim e while the  spectrograph  is track ing  and 
d irectly  fed back in to  the collim ator control. It also would avoid the need of producing several different flexure 
m odels for corresponding different spectrograph setups.

4.2. Closing the loop

W ith  a closed-loop system , an optical reference is sensed directly, processed by the control system  and  the 
in fo rm ation  used to  drive the active element. We believe th a t, for b e tte r accuracy, the  optical reference should 
be  pro p ag ated  th rough  the  entire  spectrograph optical system , in order to  com pensate for m otions o f all surfaces. 
T h e  light source for th is reference can be i) m onochrom atic (fixed wavelength e.g. laser, or p rogram m able  using a 
con tinuum  lam p and  m onochrom ator or a tunable laser), ii) emission line source, iii) con tinuum , o r iv) continuum  
w ith ab so rp tion  lines superim posed from e.g. a Fabry-Perot étalon. T he reference beam  can be p ropagated  
th rough  the  spectrograph  as a  narrow pencil of light (e.g. laser). .Alternatively it can be a diverging cone to  fill 
or p a rtia lly  fill the  optics. In principle both m ethods should work. Overall, however, the  filled-beam  m ore closely 
em ulates the  science beam  and therefore is considered preferable.

T he  reference can be propagated  forwards, with injection a t the slit and detection in the cam era  focal plane, 
or backw ards, w ith th e  reverse. T he latter has an advantage in th a t the  usual case of Fcam < Fcoi conveniently 
m agnifies the  m otion  to  be sensed. A reference m ight be injected into the optical system  as follows:
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1. in the  slit-p lane  (e.g. via a fibre), and sensed on a  sm all CCD or q u ad ran t photod iode ad jacen t to  the  
science C C D .

2. a t  one end o f the  slit, and sensed on the science CCD. In this case the reference m ay be p ro jected  on to  
the  ~  10 rows ad jacent to  the readout register. T he procedure, which is repeated  du ring  th e  exposure 
is as follows: i) close shu tter ii) clock ou t ~  10 rows encom passing the  reference iii) reverse-vertical-clock 
by 10 rows to  restore science image to  original pixels iv) centroid or cross-correlate reference and  u p d a te  
active elem ent v) open shu tter and continue integration . This m ethod  is analogous to  th e  photographic  
spectroscopic procedure of exposing an arc either side o f the science spectrum , the  difference being th a t  we 
propose to  detect the  reference repeatedly during the  exposure. T his m ethod has been proposed as a  closed 
loop extension o f the open loop experim ent conducted on the ISIS spectrograph, as described elsewhere.®

'■]. a t  th e  science C C D . In this case, the light source could be fibre fed, w ith the  fibre o u tp u t in the  cam era  focal 
p lane, b u t po in ting  tow ards the collim ator and su itably  baffled. T he reference would propagate  th rough  the 
spectrog raph  backwards, being sensed on a sm all CCD or quadran t photodiode in the  vicinity  o f the  slit.

T he spectrograph  dispersing elem ent(s) will deflect the reference beam  depending on w avelength. If the  
reference were m onochrom atic, and the spectrograph configured for a different science w avelength, then  the 
reference light m ay no t reach a separate reference detector. Therefore the  sim ple m onochrom atic laser reference 
is u n a ttrac tiv e  in m ost cases. For a prism  cross-dispersed instrum ent such as G em ini HROS, the  configuring 
for different wavelengths requires scanning the prism angles. T he resulting change in p rism atic  dev ia tion  of the 
reference is even m ore difficult accom m odate. Some of the technical challenges in developing a closed loop system  
on a sp ec trog raph  like HROS are discussed in the next paragraph.

4.3. HROS closed loop system

T he de ta ils of the  optical layout of the HROS spectrograph are described elsewhere in th is conference pro­
ceedings.* Here it is sufficient to  m ention th a t the spectrograph is designed to  work w ith two different cam eras: 
a sh o rt cam era  having focal length Fram =  480mm and giving a resolution R  =  50000 and a  long cam era  having 
Frnm =  1135mm and giving R  =  120000. T he stability  requirem ent for HROS a t the  Cassegrain p o rt has a lready 
been defined by the  G em ini Science Committee^® and it is a  very am bitious targ e t of 2 /im //ir .  T h is  is m uch m ore 
th an  sim ila r C assegrain instrum ents, like LRIS and ISIS ,” *'  ̂ are achieving to  th is  date . T herefore, we believe 
th a t  active com pensation  of flexure becomes essential to  m eet this specification.

T h e  so lu tion  we propose for HROS is a dual system , including bo th  open and closed loop corrections. T his 
system  would h ighly increase the level o f stab ility  achievable and would overcome the  shortcom ings o f th e  open 
loop system  m entioned before. Hysteresis would not be an issue any m ore because the  closed loop contro l would 
correct the  residual errors in the open loop model. For the sam e reason, frequent u pdates in th e  look-up tab le  
would n o t be necessary, since larger modelling errors can be tolerated. Moreover, the  shifts o f th e  reference beam  
co n stitu te  an add itional flexure m easurem ent, and could be used to  im prove the  open loop m odel. F inally , th is 
dual op tio n  provides a backup system , which would still give some flexure correction if one o f the  tw o system s 
fails.

We are still refining the characteristics of a  practical closed loop referencing system . A t th is  stage, an arc 
sp ec tru m  filtered th rough  a m onochrom ator to cover a single echelle order, seems to  be the best o p tio n . A sm all 
linear d e tecto r (say 10 x 1000 pixels) on top of the  science CCD or the science C C D  itself, w ith  th e  m ethod  
o f reverse-clocking described earlier, could be used to record the optical reference. T he m o nochrom ato r could 
then  be tu n ed  according to  the spectrograph setting to  ensure th a t the reference beam  always h its  the  detecto r. 
T h e  challenge is to  achieve sufficient th roughput from the  arc lam p and m onochrom ator to  allow relatively  sh o rt 
in teg ra tio n  tim es for the  optical reference (30-60 seconds). High th roughput is needed due to  the  high dispersion 
of th e  spec tro g rap h . If the  light from the m onochrom ator were fibre-fed to  the slit p lane of the spec trog raph , the 
reference could fill the  optics and still be able to  reach the  reference detector for every g rating  (and  prism ) setup .
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A ppendix C

HROS Technical N otes

C .l  L ist

During my Ph.D. work I also wrote or contributed to the writing of Technical Notes 

on various subjects concerning the conceptual design of the High Resolution Optical 

Spectrograph. Here follows a list of the Notes included in this appendix.

• Technical Note #  06. Flexure Aberrations and Instrument Profile.

• Technical Note #  07. Error Budget for HROS.

• Technical Note #  17. Flexure Compensation System Performance.
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HROS Technical Note # 6  
Flexure, Aberrations and Instrument Profile

p. D ’Arrigo  

Version 5

May 2, \ m

1 Introduction
T he purpose of this techtiical iiuir is lo (Ictcnniiie the rife* t of llexure anil optical aber­
rations on the instrument proliie. This will allow us to specify targets for the mechanical 
anti optical tlesign. Starling form the general rei|uirements for stability anil resolution 
ileHnecl by the Ciemini Science ( ’oinmillee. the implications for the IIHOS design are esti­
m ated. This note is mainly concerned with the instrument proliie, which is the image of 
the slit «IS observed on the CCD detectors when observing a narrow (unresolved) spectral 
line. T he trea tm ent of llexure and aberrations is only approximated, since only a full 
ray-tracing of the entire s|)ectrograph would give the exact answers.

2 Define Symbols
oj projected slit width on CCI.) 

in theoretical slit proliie on CCL) 

s half-width of ]uojected slit proliie on C(T) 

n angle of incidence at echelle in air 

■i angle of dilfraction at echelle in air 

o angle of collimator lilt lor llexnre correction 

F..,nn camera focal length 

■V CCD spectral direction 

// CCD s])atial direction 

.V CCD length 

A.r spectrum shifts on CCD due to llexure 

<!> llexure rate of motion on ( ‘CD I llexnre shilt ) 

n optical aberration fiiiM lion 

An FWli.M of the aberration iunction
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3 Requirements

T he specification for the iniajçe <|uality aiul slahility on the iletectors of HROS originates 
from the  requirement of a resolution element of 2.5 pixels a t "R. =  ôÜÜÛO [1]. In fact, this 
sam pling was subsequently increased to pixels to overcome an otherwise impractically 
fast camera. In absence of llexure anil other aberrations, the projected slit width on the 
detec tor would then be w =  :I pixels, which, with lo/t/n pixels translates into w =  45/nu. 
There  are several factors that may contribute lo change the shape and width of the slit 
profile. We will assume to observe an unresolved spectral line, whose intrinsic width (when 
calculated in microns on the detector) is much smaller than the projected slit width. In 
this case the theoretical slit profile on the detector w{x) is a rectangular step, with a 
width of three pixels. The effective slit profile on the detector w(.r) will in general depend 
on:

•  Theoretical slit profile ic(.v)

• Optical aberration function n(.r)

•  Flexure shifts »I>

Dilfraction

•  Internal seeing

In practice the hist two items are negligible in a spectrograph like IIROS. l)Ut flexure and 
optical aberrations contribute significantly. The el l e d  of llexure is however of a different 
tyjje and  it needs to be considered separately from aberrations.

4 Flexure Contribution
T he m axim um  level of llexure shift that can be tolerated has been specified as A .f/  =  
'Ifiui [1] over one hour of li-lescope motion. Since IIHOS will have an active flexure 
compensation system, this is not the requirement for the mechanical stability of the entire 
spectrograph structure. .Activi* compensation can theoretically red m e  Hexureat the center 
of each order to zero, the limiting factor being the accuracy with which llexure shifts can 
be measured. However, even when llexure is perfectly I’ompensated in the center, the 
spec trum  can still move at liie edges of the echelle orders. This happens because the 
correction, applied through a tilt of the collimator, changes the angle of incidence on the 
grating.

First,  we consider a tilt of the collimator in isolation. When the collimator is tilted 
by a small angle o. the «‘entrai ray coming from the slit is deflected by twice th a t  angle, 
due to the reflection on the collimator. . \ t  this point we need to distinguish lietween tilts 
in the grating dispersion plane and tilts orthogonal to it: if the tilt is in the dispersion 
plane, it will be affected by the anamorphism of the grating. The incident parallel beam 
on the grating is in fact tilted by the same angle 2o. so that  if o was the original angle of 
incidence (in air) we have:

(»—>(» +  lo  ( 1 )

T he  angle li a t  which the beam rellei ted by the grating is « onnei ted to <v through the 
grating eipiation. which inirodmes an anamorphic factor. It « an be ilemonstrated that
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this factor is unchanged hy the immersion of the i^raliiia; so tha t  for small changes in o 
we have: A.i cos o

-7— = ------- 1 ( - )
C O S J

Thus the total ilellection due lo llexure is:

= (3)
cos o

If the collimator tilt is not in the dispersion plane, then the anam orphism  is absent. We 
have therefore to distinguish between detector shifts in the spectral direction A x  and 
shifts in the spatial direction A//, which are olUained by multiplying the beam tilt  times 
the cam era focal length, having:

A.r =  •>/■, 0—  (4)
cos l1

and
An = ’ir,:„nO (Ô)

These ecpiations give us the relation bel ween collimator tilts and the shift of the spec trum  
on the detector. To compensale for a llexnre shift A.r =  1 pixel, we need to tilt  the 
collimator by an angle o =  l’ l/// n(/ {'mii-csi c) when using the short cam era ( =
fiSOm/n); the tilt with the long l amera would be smaller.

Second, we consider how a till of the collimator alfect the echellogram on the camera 
detectors. A tilt 0 of the collimator changes the angle of incidence on the grating, albeit by 
a very small amount. It is necessary, therefore, lo calculate the elfect on the  spec trum  at 
the edges of the C('D  when compensating for the motion at the centre. When the centre 
of the echellogram is rellecled at an angle ,i, the edge will be rellected a t a  different angle 
f  = li + <lii. where <lii is half the angular size of the echelle order. To calcidate the effect 

on by the collimator tilt, we need to derive how the change in the angle reflected by 
the grating Aii due to llexnre correction, depends mi the angle ol rellection itself ii. This 
relation can be obtained by dilferentiating eipiation 4 with respect to .i.

= (7 b)
Therefore:

-—{A,i) =  A.i • tan .i (7)<hi
Or:

tl( A i] = (Li ‘ A.i ■ \ . i \ n  ,i (8)

T he above eijuation tells us that while the centre of the spectrum  is shifted by an angle 
Aii when the collimator is tilted by o. the edge is shifted by A,^ +  tl{A,i), thus stretching 
t he spec tnun . Combining ecpiation I and eipiation 3 we have an expression for the flexure 
correction th a t  depends on the shift on the CCL) (rather than on o):

s .l  =
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Also, for ;iM iins*;le .i' lurrcspuiulintî; lo liu* film" ^̂1 CCD. the Jinglt" d.i is half the 
angular ilimensiun of the CCD. If we iniliiale with X  the CCD length, then:

d.i = XI-2F,,„n (10)

Combining the hist three e(|uations together anil imlicating with XXfUye =  Fca,ntl{^l^) 
the motion of the spectrum at the eilge of the CCD relative lo the one a t the center, we 
obtain:

A.r„,,„ =  --  tan ,i (11)

In the equation, the total wiilth of the ( ' ( 'D  .V can be replaced by the order length when 
the order does not cover the whole C(!D. A.r is the llexure correction applied in the centre. 
For HROS we have A' =  (ii/n//i and d =  Û7.-C. For the 71 =  ,30000 mode with the short 
cam era (/>«,« =  4S0m.Tn). A.r =  1 pixel produces A;r,,/„p =  0.10  pixels. T h a t  means there 
is a factor 10 between the shift at the edge and the llexure correction applied. If we require 
the whole spectrum  (including the edges) to he stable to less than 2/o/i//>r. the m axim um  
allowable correction will he ten limes that. Therefore, the mechanical reipiirement for the 
stability of the spectrograph can he set to:

A.c„„, =  20/on///c (12)

This is the goal for the maximum level of llexure in absence of active compensation. 
The value is sped  lied over one hour of li-lescope motion, to follow the overall stability  
requirement (i.e. including llexure compensation). When active compensation is applied, 
the above requirement will ensure that the maximum shift over the whole s])ectrum does 
not exceed the specilication:

A . r / =  2/0/1 (13)

The above value will he taken as the total llexure contribution to the spectrum  spreading 
on the detector. The use ol the long camera does not alfect, the above calculations, because 
although the motion at the edges is reduced by the ratio of the camera focal lengths, the 
total motion is magnilied by the same factor, thus producing the same residt.

Effect on  S lit P rofile . To calculate the elfect of llexure on the theoretical slit profile w(x),  
we will assume th a t  llexure will shift the spectrum always in the same direction and at 
a constant rate <I>. 1 he unperturbed slit proliie will be a rectangular step, as shown in 
Kg. I. having a mathematical expression of the form:

"'(.r) =  -  [sgn(.r +  >.,) -  sgnf.r -  .s.,)] ( 14)

Due to Hexure. this proliie will be shifted while the detector accumulates ]>hotons during 
the exj)osure. thus a t a time /:

/ ) =  .s -j- 4*/ {1-'))

A the same time, the intensity also increases; I = /„/. We can therefore write the time- 
dependent slit proliie as:

u'(.r. I ) = ~  ;sgn(.r -f- .s — <W) — sgnf.r — .s — 4>0] ( lb)
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Fi f i u r e  1: ( ' unvo l i i l  ion  ul  t lu- i liconM i ra i  |in)ji>( i n l  s l i i  | i rol i l f  wi t  h s ev e r a l  l o n s t  a n t - r a t e  H e x u r e  s h i f t s .  
T h e  p r o j e c t e d  s l i t  w i d t h  is t h e  n i i i v o h i i e i l  l i i n r t i o n  h a s  s t i l l  t h e  s a m e  F W M M  a s  l o n g  a s  ‘I> <  4 5 / i m .

T h e  l e s t i l t i i i t j ;  s l i t  p t u l i l e ,  .i.s t c c o i t l c t l  h y L i t e  i l f l e i T u i  i s  t d t l n i i i e i !  h y  i n t e g r a t i n g ;  o v e r  / ,;

rV
(17

J Vu

T h e  t i m e  o f  i n t e g r a t i o n  T  is a r h i l r a r y  ant i  w e  c a n  t a k e  T  =  I . In t i i i s  c a s e  w e  c a n  c o n s i d e r  

<l> a s  t h e  t o t a l  l l e x n r e  sh i f t  ( l u r in g  t h e  e x p o s t i r e .  W e  c a n  a l s o  n o r m a l i z e  t h e  i n t e n s i t y  t o  

I ,  s o  t h a t  t h e  a h o v e  i n t e g r a l  hci  t nn es :

— I ./■ +  .s -  ‘1> I - f  I ./• +  .s I — I .r — .s ( I S )

T h e  a b o v e  f u n c t i o n  is s l m w n  lot d i l f e n ' n t  \ a h t e s  o f  <1> in l ig 1. T h e  Hgt tre  s h o w s  t h a t  as  

l o n g  a s  ‘1> <  2.S. b o t h  t h e  p e a k  a n d  t h e  I ' W l l M  o f  t h e  p r o l i i e  is s t i l l  u n c h a n g e d .  T h e  

s p e c t r u m  a s  a  w h o l e  is h o w e v e r  s h i f t e d ;  t h e  c e n t r e  o f  t h e  p r o j e c l t ' d  s l i t  c a n  b e  c a l c u l a t e t l  

t o  b e  s h i f t e d  bv:

X- A . r  r  =  — ( l U )

W e  c a n  t h e r e f o r e  s e e  t h a t ,  in a b s e n c e  ol  s i g n i l i c a n t  a b e r r a t i o n s  a n d  e x c e p t  f or  v e r y  l a r g e  

v a l u e s  (<I> g r e a t e r  t h a n  t h e  p r o j e c t e d  s l i t  w i d t h ). l l e x n r e  d o e s  n o t  a l f e c t  r e s o l u t i o n ,  b u t  it  

c h a n g e s  t h e  c a l i b r a t i o n  o f  t h e  s p e c l r n i n .  Thi s  is t r u e  i f  w e  t a k e  t h e  s t a n d a r d  d e f i n i t i o n  o f  

r e s o l u t i o n  a s  J Z  =  \ / < l \  a n d  w e  d e l i n e  <L\  a s  t h e  FWTI. M o f  a  s p e c t r a l  l i n e .  T h i s  d e f i n i t i o n  

d o e s  n o t  a p p l y  t o  t h e  rés o l ut  ion o f  t w o  c l o s e  >|)et t ra l  l i n e s ,  w h e r e  R a y l e i g h  s c r i t e r i o n  

g i v e s  a  b e t t e r  e s t i m a t e .  It is p o s s i b l e  t o  d e m o n s t r a t e  t h a t  in t h i s  c a s e  t h e  e f f e c t  o f  f f e x n r e  

i s  s l i g h t l y  m o r e  s i g n i l i c a n t .  In p i at  t i c e  h o w e v e r ,  w e  c a n  lor  I h e  m o m e n t  n e g l e c t  t h e  e f f e c t  

o f  f l e x u r e  o n  t h e  p r o j e c t e d  sl i t  w i d t h  a n d  o n  r e s o l u t i o n .
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F i g u r e  C h a n g e  in l l i e  p r o j e i  i f i l  slit  wnl t i i  ( I n un u i i g i n a l  w i t h h  ic =  I n / n n ) tus a  f t i n c l i o n  o f  t h e  F W H M  

o f  t h e  ( i a n s s i a n  a h e r r a l i o n  f t i n r t i on .  A i | u a i h a i i c  s n i n  o f  slit an t i  a h e r r a t i o n  w i t h h s  i.s a l s o  s h o w n  f o r  

c o m p a r i s o n .

W e  r e ( | u i i e  t h i s  w i d t h  n ut  t o  h e  s i x i i i l i i a i i t l y  l a i g e r  t h a n  t h e  t l i e u i e t i r a l  w i d t h .  A m  =  

4 o / n ; i .  In u t d e i  t o  ( ( n a n t i Iv t h i s ,  w e  t a n  i m p o s e  t h a t  t h e  real  s l i t  w i d t h  i s  n o  m o r e  t h a n  

a f r a c t i o n  t  w i d e r  t h a n  A t e .  t h a t  is:

Am = ( 1 +  ( )An.’ ( 2 5 )

S i n c e  t l i e  c o n v o l u t i o n  j n t n c s s  wi l l  i in fe a s t *  t h e  t h e o r e t i c a l  s l i t  w i d t h  h y  a n  a m o u n t  Am^  

d u e  t o  a b e r r a t i o n s ,  w e  c a n  t o m h i n e  t h e  t w o  j i r e v i o u s  e t j u a l i o n s  l o  y;et t h e  c o n d i t i o n :

Am., =  f Am ( 2 6 )

T a k i n g  t  =  U.U5 w e  o b t a i n :

Am. ,  =  2 . 2 5 / o n  ( 2 7 )

T h e  c o r r e s ) ) o n d i n g  w i d t h  ol  t h e  a b e r r a t i o n  I m n  t i o n  c a n n o t  b e  i a l c u l a t e d  a l g e b r a i c a l l y .  

T h e  r e l a t i o n  l ) e t w e e n  t h i s  a n d  t h e  c h a n g e  in ( n ' o j e c t e d  s l i t  w i d t h  is r ( * p r e s e n t e d  b y  t h e  

g r a p h  i n  f ig.  :b W h e n  t h e  c o n v o l u t i o n  is t a k e n  i n t o  a c c o u n t ,  t h e  m a x i m u m  w i d t h  o f  t h e  

a b e r r a t i o n  f u n c t i o n  b e c o m e s :

A n  ~  d l ) /o / /  ( 2 S )

T h i s  is t h e  m a x i m u m  l ev e l  ol  i C i a n s s i a n )  a b e r r a t i o n  I h a t .  c o m b i n e d  w i t h  t h e  H e x u r e  

r e c j u i r e m e n t .  w o u l d  n o t  j i e i t m b  t h e  s l i t  j i ro l i l e  by  m o r e  t h a n  5 % .  W e  s a w  in  t h e  ; ) r e v i o u s  

p a r a g r a p h  t h a t  in a f irst  a | > | U ( cx i ma l io n .  l l e x u r e  d o e s  n o t  a l f e c t  t h i s  c a l c u l a t i o n .  H o w e v e r ,  

t o  b e  m o r e  a c c u r a t e ,  t h e  c o i i \ ' o l u l i o n  o f  a b e r r a t i o n  a n d  s l i t  ( u o l i l e  s h o u l d  b e  t a k e n  a s  t h e  

b a s i s  f o r  c a l c u l a t i n g  t h e  e l f e c t  o f  l l e x u r e .
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6 Flexure and Aberrations

The combined elFect of llexure and uplical aberrations on the slit proliie is more difficult 
to calculate. In this case the time-dependent proliie is derived from the expression for 
c(x) as:

-  ...r (29)

The above etpiation is inteu;rateil as before uver /. to obtain the elfective slit profile (with 
intensity normalized to one):

Where:

=  exp

B(.v) =  exp
-  ( 4 ^ ) '

-  exp

-  exp - ( 4 " )

(30)

(31)

(32)

r(.c )  =  (.r -  cl. -  .s)erf _  ( ,  _  cj, +  .s).,f

D{,v) =  (.r -f .s)erf ^ — (.c — .s)erf ^------- j (34)

The resulting graphs, for dilferent values of 4) and a are shown in a series of figures: 4, 5, 
(), 7, S, }), 10. 11. .As with the case where only llexnre was present, the FWHM of the 
( urve is practically nnchaii'iied as long ns ‘1> < ~  2.s and the width of the aberration function 
is small compared with 2.s. .According to e(pialion 13. the corresponding spectrum shift 
on the detector is:

A.I /  =  .s =  22.0/mi (35)

From the point of view of spectrograph resolution, llexure has a significant effect only 
when it is relatively large, of the order of 3 pixels. Only when aberrations start to become 
significant, the width of the effective slit profile is affected by llexnre. This result has an 
important elfect on the specilication for i he spectrograph stability.

7 Flexure and Resolution

.As 1 mentioned earlier, llexnre allecis resolution through the elfect it has on the width of 
the instrument profile. In fact, in a spectrograph the product of the projected slit width 
Aw and the effective resolution R  is approximately constant, that is:

Aw/: = /.• (36)

Therefore any increase in the projected slit width proportionally reduces the spectrograph 
effective resolution. Since the projected slit width depends weakly on flexure, so will the 
change in resolution. In lignre 12 the elleciive resolution is plotted as a function ol the 
instrument llexure <l>. for dilferent levels ol spei lrograph aberrations. The graph clearly 
demonstrates that even in the preseme of signilicant aberrations (30 — 4U/i;// FW H M ),
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Figure 12: ( ‘liange in liie eHcriivc s | » f c i j i > g i : i | i l i  nsuliiiiu ii ; l s  a  fuiirtiun u f  (lie iustniiiieut Hexure ‘ I> for 
ililfereul levels of aherral i u i i s .  I In- a l i é n  a i  i n i i s  i /u are in / r / ; i  and measured as FW 'IIM  of au (approxim ate) 
(laussiaii proliie.

l l e x u r e  iia.s a  s i i i a i l  e l l ’e e t  uii  l l i e  i c s u l i i l i u i i .  F l i e i e l u r e  l i i e  s La l i i l i t y  r e t i u i r e i n e u t  o l  2 / i n i / / i 7 -  

i s  a n  o v e r k i l l  a s  l ar  a s  r e s o l i i l i o n  is t u i i c m  ne i l .  II w e  l a k e  l l i e  s p e e i l i e c l  t a r g e t  o f  iJO/itu 

F W H M  a s  l l i e  l e v e l  o f  a l i e n a l i o i i s .  l iv e x a i n i i i i i i g  l i g i i r e  12 w e  r a n  c o i i c l i u l e  t h a t  u p  t o  

~  25/(711 o f  l l e x u r e  w o u l d  p r o d u c e  l es s  t h a n  5 ' /  d e g r a d a t i o n  in r e s o l u t i o n .  E v e n  i f  w e  t a k e  

a  c o n s e v a t i v e  l i m i t  o f  1 d e g r a d a t i o n  in r e s o l u t i o n ,  i h e  a m o u n t  o f  l l e x u r e  t h a t  c a n  h e  

t o l e r a t e d  is:

~  l U / i n i  ( 2 7 )

T h e  ' 2 f un{ l i r  s p e c i l i c a t i o n  is i h e r e l o r e  d r i v e n  h y  t h e  « a l i h r a t i o n  a c i  u r a c y  o f  t h e  s p e c t r u m ,  

a n d  n o t  h y  t h e  n e e d  t o  p r e s e r \ e  r e s o l i i l i o n .  Thi s  is a c t u a l l y  m u c h  m o r e  s e n s i t i v e  t o  t h e  

l e v e l  o f  a h e r r a t i o n s .  a s  l ig.  12 s h o w s .

8 C on clu sion s

In t h i s  n o t e  w e  s i i o w e d  ( h a t  l l e x u r e  h a s  a s m a l l  e l f e c t  o n  t h e  s p e c t r o g r a ] ) h  r e s o l u t i o n ,  

w h e n  c o m p a r e d  w i t h  t h e  e l f e c t  o f  o p t i c a l  a h e r r a t i o n s .  T h e  m a i n  c o n s e r p i e n c e  o f  H e x u r e  

is t h e  e r r o r  in ( a l i h r a t i o n .  s o  t h e  t a r g e t  for a  l l e x u r e  c o m p e n s a t i o n  s y s t e m  is d r i v e n  

h y  t h e  s t a h i l i l y  r e ( | u i r e m e n t  { ' I j i m j h r ]  a n d  not  h y  r e s o l u t i o n .  W e  s h o w e d  t h a t  a n  a c t i v e  

c o m p e n s a t i o n  s y s t e m  c a n  n i e e l  l h e  l a r g e t  s l a h i l i t y  w i t h  n u ' c h a n i c a l  ( p a s s i v e )  H e x u r e  l e v e l s  

o f  w h i c h  is t h e r e l o r e  t h e  g oa l  lor  t h e  m e c h a n i c a l  d e s i g n .  W e  a l s o  e s t i m a t e d  t h e

e l f e c t  o f  o p t i c a l  a h e r r a t i o n s  o n  l h e  s p e c t r o g r a p h  r e s o l u t i o n ,  ( ' h o c j s i n g  t h e  a r h i t r a r y  t a r g e t  

o l  a  m a x i m u m  5 %  r e d u c t i o n  in r e s o l u t  i on ( d e l i n e d  in t e r m s  ol  t h e  w i d t h  o l  t h e  i n s t r u m e n t  

p r o l i i e ) .  w e  s h o w e d  t h a t  a h e r r a t i o n s  u p  t o  ~  2 l ) / ( /u I'W l l . \ l  c o u l d  h e  t o l e r a t e d .
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Ill view ul the ahuve ifsiills. liuwever. il is (|uesliunaUle wliellier the specified 'If imflu'  
stability larget is a reasunablc goal. Dismissing llie elfect uii resuiutioii «is negligible, we 
must ask ourselves wlial lalibraliou errors can we tolerate and over what timescale. 1 
would argue that maybe keeping the sped rum stable within 5 — lU/im. over 3 — 5 hours 
is a better target. llexure active compensation system would have an intrinsic residual 
error which is almost independent from the telescope tracking time. Therefore it would 
he easier (and more useful) to achieve a lower stability in the short term, but a longer 
time over which that stability level can be maintained. For example, the specification 
for the mechanical design could be relaxed from 20f in i f l i r  to 50/on in 2.5 hours, and the 
Hexure compensation system would still be able to keep the spectrum within 5/xm in the 
first 2.5 hours. Extending the telescope tracking time over which the spectrum is kept 
stable is extremely important, because it saves telescope time spent for calibration arcs.

References
[l] F. (îillett. Ciemini Prujcct Scientist, in (I'liniiii . \ ( W s U l l ( r  No. 10. p. 5. .June 1995.
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HROS Technical Note # 7  
Error Budget for HROS

p. D'Arrigo

Version 2

July 30, 1996

1 Introduction

In the HROS Technical Note No.6 we calculated how the specified targets for image 
stability and spectral resolution could be translated into meaningful parameters for an 
error budget. In the note we identified flexure and optical aberrations as sources of image 
degradation. More importantly, we found that for all but the largest flexure shifts, flexure 
does  n o t  affect resolution significantly. As a consequence, two separate error budgets can 
be constructed: one for the maximum allowable flexure in absence of flexure correction, 
and another for the total optical aberrations. We decided to specify the former as a  flexure 
shift Axmec in microns on the detector after one hour of tracking and the latter as the
FWHM Aa of a Gaussian aberration function projected on the detector. We found that
the bottom  line for these parameters is:

Ax^ec =  20/zm (1)

And:
Aa =  30/im (2)

These maximum allowable errors have to be spread among all the components in the 
spectrograph that can contribute to the total figure. Since both the flexure and the 
aberration contribution of a component can add or subtract to the total, we chose to add 
these contributions with a quadratic sum:

(3)
Where A„ is the contribution from the n-th spectrograph component. To simplify m at­
ters, the spectrograph has been divided into areas, each one of which contains several 
components. .As a first approximation, the contribution to the error budget has been 
spread equally among areas and among the components in the area. Table 1 contains the 
error budget for the flexure shifts, while table 2 has the ones for the optical aberrations. 
In both cases the long camera has been used as the basis for the estimate. The short 
camera is assumed to give a similar contribution. In the table with the aberration error 
budget the camera geometric aberrations have been given much greater weight than the 
other components, also the camera is considered as a whole and the individual components 
within it are not separated.

318



F L E X U R E  E R R O R  B U D G E T
A re a I tem Area EB Item EB
SLIT 3.78

Periscopes 1.89
Image Sheer 1.89
Polarizers 1.89
Filters 1.89

COLLIMATOR 3.78
Focal Modifier 1.69
Folding Prism 1.69
Collimator Support 1.69
Collimator Focus 1.69
Collimator Interchange 1.69

PRISMS 3.78
Prism Clamping 2.67
Prism Support 2.67

ECHELLE 3.78
Echelle Support 2.67
Echelle Tilt 2.67

CAMERA (LONG) 3.78
Lens 1(L) 1.69
Lens 2(L) 1.69
Lens Interchange 1.69
Mirror (L) 1.69
Mirror Interchange 1.69

DETECTOR 3.78
Field Flattener 2.67
CCD 2.67

STRUCTURE 3.78
20.0/im

Table 1: Error Budget for flexure shifts during one hour of tracking and without active flexure compensa­
tion. The numbers in the table are flexure shifts expressed in microns on the detector. Active corrections 
will reduce the total flexure to less than 2/im.
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A B E R R A T IO N  E R R O R  B U D G E T
A re a I te m Area EB Item EB
SLIT 7.42

Periscopes/Image Slicer 4.28
Polarizers 4.28
Filters 4.28

COLLIMATOR 7.42
Focal Modifier 4.28
Folding Prism 4.28
Collimator Mirror 4.28

PRISMS 7.42
Prism 1 5.24
Prism 2 5.24

ECHELLE 7.42
Prism 3 5.24
Echelle 5.24

CAMERA (LONG) 25.00
Geometric Aberrations 23.00
Surface Errors 6.93
Alignment Errors 6.93

DETECTOR 7.42
CCD Flatness 7.42

30.0/xm

T a b le  2; E rro r B u d g e t for o p tica l a b e rra tio n  levels. T h e  co n trib u tio n  o f each  o p tic a l c o m p o n e n t is 
ex p ressed  a s  th e  F W H M  of th e  a b erra tio n  fu n ction  w hen p ro jec ted  on  th e  d e te c to r  ( in  m ic ro n s).
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HROS Technical Note # 1 7  
Flexure Compensation System Performance

P. D’Arrigo 

Version 2

July 24, 1996

1 Introduction
The stability of the spectrum on the detectors of HROS is a critical part of the instrument 
design. At the HROS workshop of November 6-9 1995 it was proposed that an active 
system would correct flexure shifts in HROS. In this note we define the specifications for 
the active collimator and try to estimate its performance on the basis of the experience 
with ISIS.

2 Define Symbols

H  actuator distance at collimator 

S  collimator tilt/CCD shift scale factor 

L  collimator actuator position 

Q angle of incidence at echelle in air 

/i3 angle of diffraction at echelle in air 

<P angle of collimator tilt for flexure correction 

Fcam camera focal length 

I  CCD spectral direction 

y  CCD spatial direction 

V CCD length

Ax spectrum shifts on CCD due to flexure 

$  flexure rate of motion on CCD 

7Z spectrograph resolution
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3 Requirements

The specification for the image stability on the detectors of HROS originates from the 
requirement of a resolution element of 2.5 pixels at 7  ̂=  50000 [1] and a goal of l /2 0 th  of 
the resolution element for the spectral stability over 1 hour. This produces a design goal 
of A x /  =  2/im maximum flexure shifts, considering 15/im pixel size and 1 hour exposure 
time. The requirement in spatial direction is less stringent, so the 2 f i m f h r  limit can be 
taken as the goal for both directions.

4 Flexure Compensation in HROS

In specifying the design goals for the active collimator we will assume that guiding errors 
are not a significant source of flexure in good seeing conditions. This may require an 
accurate instrument wavefront sensor to provide the guiding reference.

4.1 Collimator Position Accuracy

In the Technical Note #  6 we calculated how the tilts of the collimator mirror relate to 
the shifts of the spectrum in the camera focal plane. If the collimator is tilted by an angle 

the corresponding shift in spectral direction is (note that the immersion of the echelle 
does not change the anamorphic factor):

Ax =  2 F c a m ^ ^  (1)
c o s p

In HROS we have a  =  69.4® and .3 =  57.4®, the anamorphic factor is then ^ =  cos a /  cos  i3 =
0.65. For the Tt =  50000 mode with the short camera, Fcam =  480mm, while the
IZ =  120000 mode uses a long camera having Fcam =  1135mm. We can define a scale
factor S' between collimator tilts and detector shifts:

Ax(/im) =  S é i f i r a d )  (2)

For the short camera S, =  0 . ^ 3 p m f  f i rad  while for the long camera Si — l A S p m / p r a d .  
To meet the 2/im stability goal, the collimator tilting error must produce shifts of less 
than Ax =  ±1.0/xm. meaning a tilting accuracy of:

A0 = ±0.67/xrad (±0.14arcsec) (3)

The above specification is driven by the long camera, the corresponding value for the 
short one being A<ji =  ± l . 6 f i r a d .  The accuracy required from the actuator system is very 
high, because of the very small angles involved. If we indicate with AL  the accuracy in 
the actuator position and with H  the distance between the two actuators providing the 
tilt, we have:

= (4)

The additional factor 2 in the equation is due to the fact that two actuators are necessary 
to tilt the collimator, so the accuracy of each need to be twice as high. The value of 
the position accuracy depends on the distance H  over which the collimator is tilted.
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To estimate the order of magnitude of this value, we can assume a nominal distance 
/ /  =  200mm between the actuators, so that:

A I  ~  TOnm (5)

This is a very stringent requirement for the actuators, but it is close to the specification for 
the ISIS active collimator (80/?/?? i. Therefore, the experience gained during the experiment 
on ISIS where piezoelectric actuators were used, not only proves that this is possible, but 
also indicates a way in which such requirements can be met.

4.2 Collimator Tilting Range

The tilting range of the collimator is a less critical issue because commercial piezoelectric 
actuators are available with a wide range of expansions. The requirement for the tilting 
range is driven by the size of the llexure shifts on the CCD. In Technical Note #  6 we 
showed how a maximum of 20//m/'/?r of flexure could be compensated with negligible 
effect on the dispersion across the echellogram format. .\  passive stability performance 
of 20/im//ir can reasonably be taken as the baseline for our calculations: this is a value 
consistent with spectrographs of a scale similar to HROS. The compensation system 
however, needs to account for several hours of tracking, in case the observing astronomer 
wants to take several exposures without calibration arcs in between. Indeed, one of the 
major advantages of an active Hexure compensation system, can be the time saved in 
reducing the number of calibration spectra required per night.

good observing night can include up to S hours of tracking, particularly during longer 
winter nights. .At the specified rate of ' lO^mfhr  the total motion on the CCD would be 
Xo =  160/xm. Equation 2 will then give the corresponding collimator tilt. Since we are 
looking for the maximum range, the scale factor for the short camera should be used in 
this case giving:

0.1 ~  ' l î ôf i rad (ô2arcsec )  (6)

It is again possible to estimate the actuator specification, by taking H  =  200mm and 
using:

i .,-H o o  (7)
The corresponding maximum expansion required from the actuators is then:

L.1 ~ .50/fm (8)

In the current design, however, two actuators are used to tilt the collimator in each 
direction. This means the above expansion can be halved, reducing the range specification 
for each actuator to L., = 2ô/i.

5 Open Loop Flexure Compensation System

Open loop Hexure correction is based on data from a flexure model. This means X and \  
llexure shifts are measured beforehand and saved in a look-up table. The control system 
uses these data to estimate the «pectrograph flexure and to drive the active element.
Ill the case of HROS. an active eollimator seems the best choice. The experience with
IS.A.AC (ISIS Spectrograph .\utomaiic .\ctive Collimator) showed that fine steering of the
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t ollimator can produce very accurate motions in the camera focal plane, potentially at 
1 he sub-micron level.

The critical part of an open loop compensation system is the flexure model because the 
control of the active collimator relies on it to calculate the necessary correction. There 
are several point an ideal flexure model should fulfil:

• ( ’over the whole sky accessible by the telescope. This is obviously a fundamental 
requirement, but the implication is that a dense sampling of flexure shifts over such a 
wide range of telescope motions would take a long time to measure. During a normal 
astronomical exposure instead, only a small fraction of the sky covered by the model 
would be tracked hy the telescope. One hour exposure covers around 15° in zenith 
distance and (normally) J5 -  :10° on the Cassegrain turntable, roughly only 2% of 
the area covered by the model.

• Reproduce flexure accurately. There are two main difficulties in achieving this: one 
is the sampling problem mentioned above, and the other is hysteresis. Hysteresis 
in the telescope/spectrograph movements implies the flexure shifts are not deter­
mined univocally by the telescope position. The telescope motion before reaching a 
point in the sky also contributes and that cannot be accounted for in a simple point 
model. The poor sampling instead, can be significantly improved with interpolation 
techniques. Therefore, reducing hysteresis to a minimum is a priority for open loop 
flexure correction.

• Frequently update the llexure model. Flexure in a spectrograph is not a static, 
systematic error in the measurements. Changes in the spectrograph and even simple 
servicing can modify the behaviour of the structure, mechanisms and optical mounts 
with respect to flexure. The flexure model should be updated as often as possible, to 
maintain high accuracy and account for occasional malfunctions in the instrument.

• Require minimum effort from telescope staff. The procedure for updating the flexure 
model should be relatively simple and quick. The staff at the telescope are often 
fully committed to maintenance work, so unless the flexure measurement does not 
add significantly to the workload, frequent updates would be impossible. This means 
I he model itself needs to be simple: there is no advantage in creating a sophisticated 
model that takes several days of measurements to produce.

6 Open Loop Performance

This discussion on the performance of an open loop Hexure compensation system relies on 
the experience gained with the active collimator experience on ISIS at the WHT [2]. The 
experiment is described in detail in the cited paper, so here it is enough to show a graph 
that summarizes the results of the open loop experiment. Figure I shows the amount of 
llexure in spectral direction as a function of telescope tracking time. The existing flexure 
in ISIS is compared with the residuals after open loop compensation and after second- 
order corrections, produced hy feeding the above residuals into the control system as a 
second look-up table. Several conclusions can be drawn from that experiment:

1. Open loop llexure compensation is very effective in reducing flexure in the spectro­
graph. particularly over Iona tracking times. In ISIS flexure was reduced by rouchlv
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Figure 1: Open loop llexure compensation in ISIS (spectral direction). The uncompensated flexure shifts 
arc compared with compensation with an all-sky flexure model and with second order corrections, using 
two look-up tables optimized for that particular telescope track. The pixel size is 24^m . the track was 
covered in steps to save time.

;i f a c t o r  2 o v e r  1 h o u r  ( I r o m  l6/ / /7t  t o  ~  7 / t m  c o m b i n i n g  X  a n d  Y  s h i f t s )  a n d  b y  

n e a r l y  a  f a c t o r  S o v e r  1 h o u r s  I f r o m  ~  l 6 / t m  t o  ~  6 | z m ) .

2.  T h e  r e s i d u a l  e r r o r  a l t e r  o p e n  l o o p  c o r r e c t i o n  d i d  n o t  d e p e n d  o n  t h e  a m o u n t  o f  f l e x u r e  

I i . e .  o n  t h e  t r a c k i n g  l i i n e i  or o n  t h e  o p t o  m e c h a n i c a l  p e r f o r m a n c e  o f  t h e  a c t i v e  

' o l l i m a t o r .  b u t  it w a s  a c o n s e c i u e n c e  o f  e r r o r s  in t h e  m o d e l .  M o s t  o f  t h e  r e s i d u a l  e r r o r s  

p r o v e d  t o  b e  s y s t e m a t i c  a n d  w e  w e r e  a b l e  t o  e l i m i n a t e  t h e  g r e a t e s t  p a r t  o f  t h e m  b y  

p r o v i d i n g  t h e  c o l l i m a t o r  w i t h  a d d i t i o n a l  m o d e l  i n f o r m a t i o n  ( 2 n d  o r d e r  c o r r e c t i o n s ) .  

- \ f t e r  t h e  m o d e l  w a s  r e f i ne d ,  t h e  r e s i d u a l  f l e x u r e  w a s  r e d u c e d  t o  ~  3 / 7 m  a f t e r  1 h o u r  

a n d  t o  ~  1///U a f t e r  1 h o u r s .

1. T h e  e r r o r s  in t h e  l l e x u r e  m o d e l  w e r e  e s s e n t i a l l y  c a u s e d  b y  h y s t e r e s i s  in t h e  f l e x u r e  

' h i f t s .  T h e  l a r g e  t e l e s c o p e  m o v e m e n t s  i n v o l v e d  in  t h e  m e a s u r e m e n t  o f  a  f l e x u r e  

m a p  c o v e r i n g  t h e  w h o l e  s ky .  s u f f er e d  f r o m  l a r g e  h y s t e r e s i s .  W e  e s t i m a t e d  t h i s  t o  b e  

a b o u t  1 YT o f  t h e  t o t a l  m o v e m e n t .  . \ s  a  c o n s e q u e n c e ,  t h e  r a w  d a t a  f r o m  a  f l e x u r e  

n i e a s u r e m e n t  n e e d e d  t o  b e  m o d i f i e d  t o  t r y  r e d u c i n g  t h e  e f f e c t  o f  h y s t e r e s i s .  S o m e  

r e s i d u a l  e r r o r s  o b v i o u s l y  r e m a i n e d .

I. , \  s u g g e s t e d  i m p r o v e m e t i t  un  t h e  f l e x u r e  m o d e l  u s e d  for I S I S ,  w o u l d  b e  t o  p r o d u c e  a 

m a p  t h a t  c o v e r s  t h e  w i i o l e  s k v  by  m o v i n g  t h e  t e l e s c o p e  a l o n g  s t a r  t r a c k s  o f  d i f f e r e n t  

d e c l i n a t i o n  i In I SI S  t h(' l l e x u r e  m o d e l  c o v e r e d  t h e  s k y  b y  m o v i n g  t h e  t e l e s c o p e  in  

' d e v a t i o n  a n d  r o t a t i n g  t h e  t u r n t a b l e i .  T h i s  m o d e l  s h o u l d  s i m u l a t e  m o r e  c l o s e l y  t h e  

t e l e s c o p e  m o v e m e n t s  a n d  t h e  l l e x u r e  s h i f t s  f l u r i n g  t r a c k i n g .  I f v ^ t e r e c i s  w i l l  <ti l l  

)(■ p r e s e n t  h o w e v e r ,  a n d  i '^ r a u se  it d e p e n d s  o n  t h e  p r e v i o u s  h i s t o r y  ui  t t d e s c o p e
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tlie specirosrapli tlcxiiro. it is assumed that such a closed loop system would operate in 
conjunction with an open loop look-up table, which would provide the bulk of the flexure 
( orrection. This system would tiien l>e equivalent to the second-order compensation in 
the IS.AAC experiment on ISIS, with the second-order corrections provided by the optical 
reference.

There are three limiting factors in the accuracy of a closed loop flexure compensation 
system: the precision with which Hexurc is measured, the movement resolution of the 
active element and the uniformity of the correction in the camera field of view. The last 
two points affect also an open loop system: we will examine each point separately:

I . Flexure measurement. In the case of backward propagation, the closed loop measures 
the flexure shifts on a detector in the slit plane. Therefore, every movement of the 
image in the camera focal plane is magnified by the ratio M  of camera and collimator 
focal lengths (.\/ =  2.3). If the optical reference is an arc spectrum, the accuracy in 
the flexure measurement would be determined by the precision of a centroiding or 
cross-correlating algorithm that compares the relative position of two spectra. This 
will in turn depend on the number of pixels each spectral lines occupies and on the 
pixel size. I will assume the detector in the slit plane has lo/xm pixels. The area 
illuminated by a spectral line of the Th-,\r lamp will depend on the size of the fibre 
which injects the light in the camera focal plane. For a oO/xm fibre, the corresponding 
spot in the slit plane is l|.')//ni or 7-S pixels. Simple cross-correlation or centroiding 
techniques can usually achieve accuracies of less than 0.05 pixels (0.75/xm). which 
would translate into less than 0.02 pixels (0.3/xm) in the camera focal plane.

1. .\ctivp collimator resolution. The positional accuracy of an active collimator con­
trolled l)y piezoelectric actuators can be extremely high. The relation between colli­
mator tilts and spectrum shifts on the detector was discussed in a previous section. 
Here is enough to say that sub-micron positioning on the camera CCDs is within the 
possibility of such a system. The experience with ISIS showed that a tilting accuracy 
S o  =  i l / x / ’fid could be achieved. This is very close to the target value for HROS. so 
we are confident that with more accurate position sensors the goal of A j  =  dzl/xm 
ran be met.

1. I niformity in the correction. By choosing the collimator as the active element for 
the corrections, it is assumed that a small non-uniformity in the correction can be 
tolerated. The only way of having a completely uniform correction is to shift the 
( 'CD. The estimated eifect of a collimator tilt was calculated in Technical .Vote No. fi 
and it was proven to be very small. The spectrum at the edge of the CCD would 
still move even when 11 ex u re in the centre is perfectly compensated. The effect is 
iiowever 10 times smaller than the compensation in the centre and it affects only a 
small portion of the total spectrurn. This means with 20;im of flexure correction, 
the shift would be only 2//;?7 at the very edge of the CCD.

8 Conclusions
fhis note shows how an active liexure compensation system can meet the stringent stabil­
ity requirements for the Higii Hesolution Optical Spectrograph working at the Cassemain
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port of the (iemini telescope. The system discussed is based on an active collimator pro- 
\ iding the correction and on a combination of open and closed loop flexure measurement 
giving the necessary information to the control system. The use of the collimator is rec­
ommended for its simplicity and versatility, even if the motion of the CCD cannot be 
ruled out. The system based on the collimator has also the advantage of being tested on 
ISIS and and proved to work. I'he case for the closed loop system is based on the level of 
accuracy required. It is estimated that a simple open loop system would be pushed hard 
to meet the requirement, for spectral stability.
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