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ABSTRACT

The VST telescope is equipped with an Atmospheric Dispersion Corrector to counterbalance the spectral dispersion
introduced by the atmosphere. The well known effect of atmospheric refraction is the bending of incoming light due to
variable atmospheric density along the light path. This effect depends on the tangent of the zenith angle and also varies
with altitude, humidity and wavelength. Since the magnitude of refraction depends on the wavelength, the resulting
effect is not only a deviation of the light beam from its original direction but also a spectral dispersion of the beam. This
effect can be corrected by introducing a dispersing element in the instrument. In the VST case the device that
compensates for this effect is based on a set of four prisms in two cemented doublet pairs. The system provides an
adjustable counter dispersion by counter-rotating the two pairs of prisms. The counter-rotating angle depends on the
atmospheric dispersion, which is computed with an atmospheric model using both environmental data (temperature,
pressure, humidity) and the telescope position. Two different approaches have been compared for the computations to
cross-check the results. The electromechanical system has been assembled, tested and debugged prior to the shipping to
Chile. This paper describes the atmospheric models used in the VST case and the most recent phases of work.

Keywords: Atmospheric Dispersion Compensation, Telescope, Prisms

1. INTRODUCTION

The atmospheric refraction is the bending of light due to the earth’s atmosphere, making the source appear higher in the
sky than it actually is (Fig. 1): it is a consequence of the wavelength-dependent index of refraction of the atmosphere.
The light from celestial objects is continuously refracted on its way through the earth’s atmosphere because it moves
through a media with continuously varying refraction index (caused by the variations of pressure, temperature and water
vapour concentration with height). As the refraction depends on the wavelength (blue light is refracted more than red
light) the effect is a deviation of the light beam from its original direction, and also a spectral widening of the beam, with
shorter wavelengths being more refracted than longer ones. The effect depends on the tangent of the zenith angle, being
0 at the zenith, and on altitude, humidity, and wavelength. At large zenith angles, the differential refraction between red
and blue can be several arcsecs.

The device that compensates for this effect is called an Atmospheric Dispersion Corrector (ADC). The image of a star
with a ground-based telescope without an ADC is a vertical spectrum, especially noticeable at large zenith angles. With
an ideal ADC this same image shows no dispersion.

There are two basic requirements for an ADC:
® variable dispersion to compensate that of the atmosphere at a given zenith angle

s  zero-deviation at some mean wavelength
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Fig. 1 — Refraction of air in the atmosphere Fig. 2 — Conceptual scheme of VST ADC. Gray: Schott N-
PSK3 glass; White: Schott LLF1 glass

Since this dispersion varies with the zenith angle, correction is usually implemented by installing two counter-rotating
prisms to adjust the total refraction angle. Only two prisms cannot satisfy the zero-deviation condition. Thus, to satisfy
the given requirements, an ADC is a set of four prisms in two cemented doublet pairs. If the two refracting prisms are
made of two different glasses with the same refractivity at the central wavelength Ao, the light passing through this pair
of prisms at Ao will have no deflection. In the VST case the two glasses for the prisms in each doublet are N-PSK3 and
LLF1 arranged like in Fig. 2. The apex angles are in the same directions, corresponding to the maximum dispersion for
this ADC arrangement. Further details on ADCs can be found in [1], [2], [3], [4], [5].

The dependence of the refractive indices of the two glasses on the wavelength is needed. The N-PSK3 glass refractive
index is described by the Schott formula:

n;lassl (2') = aO + all‘i’2 + ‘12/1_2 + a3ﬂ'_4 + a4l_6 =+ asﬂ._g
The LLF1 glass refractive index is described by the Herzberger formula:
g (2) = A+ BL(2)+ CI (1) + DA? + EA* + F A

where:

1
LA)= (247 ~0.028)

Fig. 3 shows the dependence of refractive index on the wavelength for both glasses.

2. FILTER BANDWIDTHS
The atmospheric refraction depends on the wavelengths, that in VST are set by the filters of the OmegaCAM camera. As
each filter has a different central wavelength and bandwidth, the atmospheric dispersion to be compensated depends on
the filter. A set of possible OmegaCAM filters with their characteristics in terms of bandwidth and central wavelength is
shown in Table 1.
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Refractive Index of ADC Glasses
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Fig. 3 — Refractive index of the two glasses
Filter Name  System A (nm) A\ (nm)

u’ SDSS 350 60

g SDSS 480 140
r SDSS 625 140
i’ SDSS 770 150
z SDSS 910 120
B Johnson 440 100
B Johnson 550 100
v Stromgren 411 21

Table 1 - Filters
3. ATMOSPHERIC DISPERSION CALCULATION

The atmospheric dispersion is not measured; it is computed from an atmospheric model, using environmental data
(temperature, pressure, humidity) and the telescope position. Different computational approaches are available in
literature. Hereafter the atmospheric angular dispersion § is computed by two atmosphetic models, in order to cross-
check the results.

3.1 First model

The model described in this section, derived from [6], is the baseline choice, and has been implemented in the VST
Telescope Control Software. The refractive index of air n(A, P, T) here depends on the wavelength A, the barometric
pressure P and the air temperature T. The refractive index of air at P =760 mmHgand T =15 °Cis given by:
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Air Dispersion vs Zenith Distance (T=10°C; P=750mbar)
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Fig. 4 — Atmospheric angular dispersion vs zenith angle
29498.1 255.4
1Y . (1
ta6—(2; | a1-(:)
The refractive index, at generic pressure P and temperature T, is computed applying an appropriate scale factor:

P[1+(1.049-0.0157T) Px10™ |
720.883(1+0.0036617)

n(2,760,15)—1=64.328+ 10

n(4,P,T)—-1=(n(A,760,15)~1)

The refractive index difference in a given wavelength band [ﬂ.m
T=0°C therefore is:

An=n(2,,,760,0)-n(4

‘min ?

in ?

760,0)

max ?

lm] at pressure P=760mmHg and temperature

The atmospheric angular dispersion 3 at pressure P=760mmHg and temperature T=0°C is proportional to the tangent of

the zenith angle:
5(/T.m,ﬂhm,760,0,z) =Antan(z)

The atmospheric angular dispersion in the bandwidth [/'f,m
[7):

in ?
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P
S (Ains A s Ps T,z)=—————Antan(z)
760+2.9T
where the 2.9*T contribution makes an approximate allowance for the change of water-vapour content with temperature,
This contribution compensates for the absence of an explicit dependence on the relative humidity in the formulas. Fig. 4
shows the atmospheric angular dispersion plotted against the zenith angle in the bandwidths defined by the filters.

3.2 Second model

The second model, implemented to cross-check the results, is described in [8]. This model is in agreement with the
experimental data derived for EMMI instrument at La Silla ESO observatory [9]. Unlike in the previous model, here an
explicit dependence on the relative humidity RH is introduced, i.e. the refractive index of air n(A, P, T,RH) depends on
the wavelength A, the barometric pressure P, the air temperature T and the relative humidity RH. The saturation
pressure of water Ps can be computed as:

P, =—10474 +116.43T —-0.43284T*+0.00053840T"

The partial pressure of water vapour P,, is computed by the relative humidity RH:

RH
P,=""P

100
The partial pressure of waterfree dry air Py is:
B,=P-P,

The contribution of the waterfree part of the air to the refraction of air is proportional to the density factor for dry air:

5 9.3250x10* .\ 0.25844J:|
T

P
D, = ?'{HPD(S?.S)OxlO A =

The contribution of the water vapour part to the refraction of air is proportional to the density factor for water vapour:

2.23366 710.792 7.75141x10°
- TI + T3

D, = P?‘”[]+Pw(l+3.7x10"‘Pw)(—2.37321x10'3 +

The simplified formula which finally results for the refractivity of moist air having partial pressures P, and P,, of dry air
containing 0.03%0 CO2, and of water vapour, respectively, is:

683939.7 4547.3 j
2 + 2 ‘DD

130-0° 389-c

+(6487.31+58.0585” —0.71150* +0.088515°) D,

n(A4,P,T.RH)-1 = 10° (2371.4+

where:
1
o=—
A
The refractive index difference in a wavelength band [’;I‘min’llmax] at pressure P, temperature T and relative humidity
RH therefore is:
An=n(Ay,,P,T,RH)~n (A, ,P,T,RH)

The atmospheric angular dispersion in the bandwidth [/'me , /'Lmax] is finally:
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x 10>  Difference between 2 algorithms (T=10°C; P=750mbar; RH=14%)
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Fig. 5 — Difference between the two computation methods

& (Ains Anae» Po T2, RH ) = Antan(z)

Computing the atmospheric angular dispersion against the zenith angle in the bandwidths defined by the OmegaCam
filters, the differences between the two methods are negligible, e.g. for most of the filters the difference is always less
than 0.001 arcsec (Fig. 5). The first model (already used for VLT) has been taken in the final implementation.

4. CORRECTION USING THE ADC

Starting from the atmospheric dispersion formula, it is possible to compute the rotation of the prisms to counterbalance
the effect of the atmosphere. The rotation angle for the ADC prisms comes from a straightforward computation based on
geometric considerations. The adopted convention is that a null rotation corresponds to a null correction, and a 90°
prisms doublet rotation corresponds to the maximum correction. Within this assumption, Fig. 6 represents the rotation
¢ of one prisms doublet against the zenith angle, computed for the filters in Table 1; the two doublets counter-rotate,
hence the angular separation between them is 2¢. The maximum dispersion the system can physically achieve
corresponds to a 90° prisms doublet rotation. For some filters (SDSS z’, i°, r’) the atmospheric dispersion at very large
zenith distances (greater than 60°) becomes higher than the maximum that can be corrected: in such rare cases the
control system automatically applies the maximum possible dispersion, i.e. the prisms doublets are rotated to 90°.

5. CONTROL SYSTEM AND PRELIMINARY TESTS
The prisms motion control is based on stepper motors. Even though the stepper motor control system could work in open
loop, providing the internal step counting as position feedback to the users, a closed position loop has been preferred and
implemented, using Heidenhain encoders. The motion range is bounded by two hardware limit switches. During the
initialization phase the absolute position is set finding the edge of a hardware switch, which can be the reference switch
or one of the two hardware limits. '
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Prism Angle vs Zenith Angle (T=10°C; P=750mbar)
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Fig. 6 — Prism rotation vs zenith angle
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Fig. 7 — The ADC assembly installed on a tilting device to perform tests under realistic gravity conditions.

The motion control board is an ESO standard, the MAC4-STP VME bus motion control board from MACCON Gmbh,
which can be operated with or without encoder. The VLT Common Software embeds the ESQ's Motor Control Module,
that supports the Maccon board and provides the engineering interfaces. The Maccon board continuously reprograms the
number of steps to apply to the motor, in closed loop with the feedback coming from the encoder reading.

In the ESO standard configuration the Maccon MAC4-STP board is used in combination with an ESO custom amplifier
board; the two boards are interconnected through their VME P2 connectors by an ESO custom backplane, and can serve
up to 4 independent axes control. Nevertheless the ADC stepper motors work with 3A phase current, higher than the
maximum current deliverable by the ESO amplifier board. Therefore the ESO amplifiers have been replaced with
different drives, able to work at higher phase currents. A further advantage, with respact to the ESO amplifier board, was
the availability off the shelf of stepper motor drive boards with a microstepping resolution configurable up to 1/128: this
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allows to select a better resolution in motor positioning. Drive boards from LAM Technologies were selected; they did
not fit in the ESO custom backplane, therefore a specific interface board was designed, that physically replaces the ESO
amplifier in the Local Control Unit (LCU), and provides the communication between the ESO backplane and the LAM
Technologies boards. With this solution, the standard ESO Maccon board and backplane have been saved, simplifying
the maintenance of hardware and allowing to fully use the ESO’s VLT Motor Control Module in the software.

Fig. 8 — The ADC assembly mounted on the backside of the primary mirror cell. Metallic dummies are installed in place of
the prisms. The telescope is equipped with two sets of refracting elements which can be exchanged the ADC (right
side in the picture) and a field corrector (left).

With a few months of hard work in 2009, the ADC was completed and tested in the electromechanical parts by an INAF
team, with the industrial support of Tomelleri srl.

The electromechanical part of the ADC system was tested under realistic gravity conditions, both on a tilting device (Fig.
7) and within the mirror cell (Fig. 8). Metallic dummies replaced the prisms during these tests. The positioning error of
the prisms was measured; the system reliability was tested with repeated simulations of operating conditions. EMC tests
were successfully performed on the control electronics cabinet. Further, the control software was tested and debugged
up to the ADC handling in the telescope preset sequence.
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6. CONCLUSIONS

The last phase of work in Italy has been described: the theory was assessed and cross-checked, the electromechanical
system was improved and tested with dummies of the prisms, the control software was debugged and tested. This led to
the shipment to Chile, where the integration of the telescope is ongoing. The installation of the glass prisms is
forthcoming, as well as the tests on the sky.
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