LGS Light pollution investigation in Calar-Alto

F. Delplancke^1, N. Ageorges^2, N. Hubin^1 , C. O’Sullivan^2

1 European Southern Observatory

Karl Schwarzschildstrasse 2, D-85748 Garching, Germany 2 National University of Ireland, Galway

Physics Department, Galway, Ireland

Abstract. Preliminary results of Rayleigh scattering measurements obtained at Calar- Alto observatory, in August 1998, with a 4W CW laser are presented here. This laser is used to produce a sodium-layer laser guide star for the MPE adaptive optics system (ALFA). The measurements have been done from the neighbouring 2.2m telescope with a low noise CCD camera. The first experiments and results, obtained on the Na plume and on the Rayleigh cone, are described here, as well as the theoretical light pollution estimates due to Rayleigh scattering.

1 Introduction

Adaptive Optics (AO) techniques are used for an increasing number of research programs in ground based astronomy. All modern observatories are using or are planning to use AO with Laser Guide Star (LGS) to increase sky coverage in a close future.

The LGS system generates a stray light source. Rayleigh scattering in the lower atmosphere (0 to 20 km) makes the laser beam detectable by naked eye from a distance of some hundreds of meters, depending on the laser power. If the line of sight of another telescope in the same observatory gets near the path of the laser beam during the observation, the exposure could be badly perturbed. When a collision, crossing of the line of sight with the laser beam, is going to occur, one has to shut-off the laser or to interrupt the observation. Wizinowich et al. (1998) estimate that a collision is succeptible to occur on 20 to 50% of the observing nights in a typical observatory like Mauna Kea. Moreover, multiple scattering can also perturb long time exposures for telescopes up to a large angular distance from the laser beam.

In order to optimise the use of observation time, it is important to evaluate exactly at which point the observation has to be interrupted: the optimal point is when the (multiple) scattered laser light level becomes equal to the sky background for the second telescope. In this perspective, not only the single and multiple Rayleigh scattering by atmospheric molecules but also Mie scattering by aerosols has to be taken into account. Modeling of these phenomena needs an experimental calibration in realistic circumstances.

Therefore in the framework of the network, ’Laser Guide Star (LGS) for 8m class telescopes’, a program of Training and Mobility of Researcher from the European Commission, ESO, MPE and NUI, Galway are collaborating on studying the light pollution due to the MPE ALFA laser. This is part of a full study of the LGS operational issues.

The light pollution of the observatory is due to Rayleigh and Mie scattering of the laser beam in the low atmosphere. With the increase of LGS Adaptive Optics (AO) systems, there is a need for a laser management policy which decides when to stop the LGS use as the line of sight of one telescope gets near the laser beam. Precise measurements of single and multiple light scattering in the surroundings of the beam at various altitudes are therefore needed.

Section 2 explains the experimental set-up. Results are presented in section 3 and compared to theoretical expectations in section 4.

2 Experimental Setup

Fig. 1. Experimental set-up at Calar Alto observatory

The present experiments were carried out at the Calar-Alto observatory. The ALFA laser was launched from the 3.5m telescope pointed permanently at zenith and focussed on the sodium (Na) layer (Fig. 1). The observations were done from the 2.2m telescope situated 343 m away on a nearly pure North-South axis.

A 2048�2048 pixels SITE#1d CCD was installed at the Cassegrain focus of the 2.2m telescope. The camera, with a field of view (FOV) of 9.9^0� 9.9^0, was used for direct imaging purpose of the beam. A narrow band interference Na filter (λ_0 = 589.6nm from Elliott Scientific), with 10nm bandwidth and 50% peak transmission was used. The telescope, focussed on the laser plume, was pointed ’manually’ along the laser beam at various elevations, i.e. altitudes, from 100km down to few hundred meters.

The observations took place the 16th and 17th of August 1998 in the last 3 hours of the night, with important moonlight (the last quarter had raised for 3 hours) and with a non-homogeneous coverage of cirrus clouds.

3 Results

Results of direct imaging of the laser at different elevations as seen from the 2.2 m telescope are presented here.

Fig. 2. Images of the laser plume in the mesospheric sodium layer. The oblique tracks are from stars crossing the field of view. The top ellipsoid is the laser Na plume, the faint vertical column at the bottom of the two right most images is the top of the Rayleigh cone.

Fig. 3. Longitudinal profiles of the 2 laser plumes shown in the right of figure 2. These profiles are zoomed on the plume itself and integrated along the lateral dimension. The x-axis is the altitude in km. The y-axis gives the integrated number of photons received on the CCD camera.

Fig. 4. Images of the laser plume in the mesospheric sodium layer. The vertical axis is the altitude in km at left and the differential elevation (relative to the bottom of the image) at right, while the width of the image is calibrated in arcsecond.

3.1 The laser plume

Images of the laser plume in the mesospheric sodium layer were obtained at a typical 20 minutes interval. Each integration time was of 5 minutes.

The laser plume seen from the side at a distance of 343m from the launch position of the laser appears to have a full width half max of 46^{00} (which corresponds to a layer thickness of about 5 km F W HM. Some of the plume images can be seen in Fig. 2. The oblique lines are star trails (since no tracking was on). The images were originally taken with the full resolution but, to enhance the signal to noise ratio in the data presented here, they have been binned by 8 pixels along the laser, i.e. along the vertical axis. At the bottom of the two right most images, one can already see the Rayleigh cone. In the original two right most non-binned images, and even on the binned ones, noticeable variations in the flux distribution of the plume can be seen (figure 3). Their standard deviation is of the order of 10% rms. This proves that the density profile of the Na layer can vary on middle time scales (20 minutes) as was also shown by other authors using different methods of investigation (O’Sullivan et al. (1998)). However, this has very few effects on the position of the laser guide star barycenter for wavefront sensing. Shorter time scale variations could not been seen in our experiment due to the 5 min exposure time.

Fig. 4 represents the laser plume with intensity contour lines. The y-axis is

Fig. 5. Profile of the laser plume images presented above. The y-axis is the altitude in km of the facing profile lines and is plotted in a logarithmic scale. The profiles of the image intensity are plotted in arbitrary logarithmic scale. The elevation of the telescope for each observation is indicated below the horizontal axis. In the upper image the laser plume is hardly to recognise. In the other images, traces of the Rayleigh cone are visible at around x=15^{00} .

calibrated in terms of altitude in m. The image to the left is unbinned, one pixel corresponds to 0.3^{00}. To the right, the image has been binned by 8 in the direction of the laser. The contour lines enhance the fact that the Na density profile is highly variable : the shapes of the contour lines are very different between both images.

The average altitude of the laser plume is ß 85km. The Rayleigh scattering is observable up to 69km at a mere 80^{00} from the bottom of the laser plume, in our experimental conditions (separation between the telescopes of 343 m). In this image, the Rayleigh scattering intensity reaches 1% of the laser plume maximal intensity, 7^0 below the plume ’centroid’. This can also be seen in the profiles (Fig. 5), computed from the same images. The small lateral bumps seen on some profile lines are due to the star trails crossing the profile lines.

3.2 Top of the Rayleigh cone

Other images were taken at different altitudes corresponding to exactly 24^{00} elevation difference, just beneath the top of the Rayleigh cone. Each image has a different mean elevation but partially overlap with the next image.

The profiles of those images are produced in Fig. 7. One notices that the beam intensity increases when going down and then decreases due to the balancing effect between the perpsective and the atmosphere; when going down, the scatterer density increases while the total scattering volume contributing to the light collected by one camera pixel decreases; this will be developed in section 4.

It is obvious that single scattering is dominant but multiple scattering can be identified in the wings of the profiles, as small enhancements at the bottom of the straight lines of the main beam profile. At 66^{00} from the beam center, i.e. just after the limit of single scattering, the light intensity is ß 4.8 % of the beam maximal intensity.

The ’bizarre’ transverse profile shape is induced by the laser launch telescope. Indeed the 25 cm laser beam is launched slightly off-axis from the 50 cm launch telescope. The central obscuration of this one thus occults a non centered part of the beam and this shape is observed from the side by the 2.2 m telescope (Fig. 6).

Fig. 6. Schematic geometry of the laser launch telescope and its effect on the laser beam transversal profile as seen from the 2.2 m telescope

3.3 Along the laser beam

This time the images have been taken at 32^{00} elevation away from one another, with a 30sec. exposure time. Each image is rebinned 8�8 in both direction, so that each pixel corresponds to 2.4^{00}. Each image corresponds to a different mean elevation, indicated at the bottom of each figure, and does not overlap with the following observation. The profiles (Fig. 8) are classified in altitude: the highest elevation at the top and the lowest elevation and thus altitude at the bottom of

LGS Light pollution investigation in Calar-Alto 7

Fig. Profile of the laser beam at ferenaltitudes corresponding to of the Rayleigh cone.

8. Profile of the laser beam at differentaltitudesalongtheRayleigh cone.

8Delplancke,N.Ageorges, N.Hubin,C. O’Sullivan

thecolumn.Similarlyasabove(section3.2),thetransversalshapeoftheprofile is mainly due to the laser launch geometry.

Onecanobservethat,withthedecreaseofthealtitude,thebeamwidth increasesasexpected from the perspective effect, quicklyat the beginning and then asymptoticallytowarda width of about 3

0

. In parallel,the peak intensity begins to increase quickly, with the decrease of altitude, and then the curve flattens, and finally, it decreases very slowly. The low altitude decrease was confirmed on lower elevation images, not shown here. This qualitative observation is coherent with the explanation of competing phenomenons, i.e. perspective effect and Rayleigh scatterer density profile of the atmosphere. However, the presence of a light variable cirrus cloud coverage does not allow us to get more than qualitative information from those results. Future cloud-free observationswould be very interesting in order to evaluate quantitatively the intensity profile along the laser beam.

One can still observe “wings” at the side of the main beam, which are typical of multiple scattering. They are just at the limit of detection with a sec. exposure but could become important and extend largely with longer exposures. Thus the multiple scattering has to be investigated further in order to determine atwhichseparationfromthelaserbeam,itsinfluencebecomesnegligiblefor differentkindofobservations(imagingin visible, spectroscopy...). This extent couldbequitelarge(ß1degree).

4 Analysis of the results and comparison with theory - modelling

In order to analyse theoretically the results, Rayleigh and Mie scattering should bemodelled.However,Miescatteringdependsonalotoflocal,meteorological,andtemporaryphenomena.IndeedthepresenceofaerosolsgeneratingMie scattering,intheatmosphere,ishighlyvariable and difficult to predict or modelise. On the opposite, Rayleigh scattering depends only on the density of the atmosphere, on the number of molecules per unit of volume. The variation of the atmospheric density as a function of the altitude is well known (McCartney (1976)) and is not subject to as strong variationsinspaceandtimeasMiescatteringovertheyearorasafunctionofthesiteonEarth(van de Hulst (1981)). Authors (Mc Clatchey (1972)) have shown that Mie scattering can vary by a factor 5 to 8, in the lower layers of the atmosphere, between a hazy and a clear day,whileintheupperlevels(above20km),thevariations reach only some percents and Mie scattering becomes weaker than Rayleigh scattering. When looking close to the laser top, the corresponding altitudes are high and in these regions of the atmosphere, there are no more aerosols, except the ones coming from meteorites. Moreover, in astronomy, observationsare usually made under clear skies with no water droplets (the main atmospheric aerosol). Foralltose reasons,thescatteringobservednearthelaserplumecanbeconsideredinfirst approximationasamerelypureRayleighscattering.

LGS Light pollution investigation in Calar-Alto9

Thus, in a first step, we modeled only single Rayleigh scattering. We used aU.S. standardatmosphericmodelUSSA-1962(McCartney(1976)).Itdivides the atmosphere into 8 layers up to the mesopause (around 100 km altitude). The obtained curve giving the atmospheric density as a function of the altitude is given in figure 9.

Fig. 9. Atmospheric density (in kg/m^3, in log-scale) as a function of the altitude (in km) as given by the model USSA-1962.

We used the classical Rayleigh formula for intensity of the light scattered by a single particle, per unit of solid angle, in the direction α (van de Hulst (1981), McCartney (1976)) :

dI_1(α) dΩ = P_0 4 π^2

(n_0 � 1)^2 N^2_0 λ^4

(cos(ϕ)^2 cos(α)^2 + sin(ϕ)^2) (1)

where Ω is the solid angle, P_0 the power of the incident light per unit of surface, n_0 the atmospheric refractive index at sea level (=1.000292), N_0 the number of particles (molecules) per unit of volume at sea level(=2.5 10^{25} particles per cubic meter), λ the wavelength, ϕ the angle between the scattering plane and the direction of polarization of the incident light, and α the scattering angle (see Fig. 10).

We have assumed that the unpolarized beam, has a circular shape with uniform power, is collimated, has a diameter of 25 cm, that the absorption by the atmosphere is negligible, and that the losses due to optical scattering are negligible relative to the total laser power delivered. The validity of the last two approximations was verified independently. Indeed in calculating the absorbed and diffused power in all directions for an atmosphere of constant density, which is a surestimation of the beam energy loss, one finds that the total loss at 90km is less than 1% of the total beam power and is thus negligible.

Fig. 10. Geometry used for the simulation

Then equation 1 is integrated over the volume of the beam seen by one camera pixel and over the solid angle as collected by the auxiliary telescope. As long as the camera pixel size is smaller than 0.6^{00}, a beam of 25 cm diameter is resolved in more than 1 pixel up to 90 km altitude and this integration principle remains valid.

In order to get the image of the Rayleigh and Na-layer spot together, an elongated patch was added corresponding to a LGS situated between 85 and 95 km altitude (FWHM), of integrated 10th magnitude.

The result of this simulation for the observing geometry used in Calar Alto is shown in figure 11. This matches the observed plume and Rayleigh top very well. The Rayleigh scattered intensity at 8^0 from the center of the plume is already 2% of the peak LGS intensity. The first increasing part, the reach of a maximum scattered intensity then the slow decrease when going down from the laser plume is also confirmed by the simulation. The maximum is reached around 9 km altitude as seen from the 2.2 m telescope. As explained above, this exact altitude could not be confirmed by the observations due to clouds which did not allow quantitative photometric measurements.

The non-monotonic curve is due to three competing effects. On one hand, the scatterer density is decreasing with the altitude so is the amount of scattered light per unit of volume. On the other hand, there are two geometric effects : the scattering volume as seen by a pixel increases with the altitude while the distance between it and the collecting telescope increases, reducing the solid angle of collected light (’candle law’). As a total, the increase in scattering volume more than compensates the candle law and is predominant at low and medium elevations. The decrease in scatterer density takes predominance at higher elevations

Fig. 11. Simulated image of the laser plume and of the top of the Rayleigh cone as seen from the 2.2 m telescope, with the same scale as the pictures in figure 2.

(> 87^ffi in the configuration at Calar Alto).

Obviously, the apparent altitude, or the elevation, at which the maximum will be observed depends on the distance between the launch and the auxiliary telescope. If the auxiliary telescope is getting near the launch one, the elevation of the maximum increases and approaches the laser plume. This has important implications also in the operation of a Shack-Hartmann wavefront sensor with a laser guide star : the sub-apertures situated nearby the launch telescope will see a non negligible Rayleigh cone approaching and even touching the laser spot. This effect will introduce important bias in the centroiding measurement. An illustration of this effect can be seen in Fig. 12 where one can compare the image of ALFA off-axis tv-guider with the results of the simulation in the same geometry. It has to be further investigated.

Fig. 12. Comparison between ALFA off-axis tv-guider image of the LGS and Rayleigh cone (left) and the image obtained with the simulation (right) with the same scale and field of view.

5 Conclusion

Results of the Rayleigh scattering measurements obtained at Calar Alto in August 1998, have been presented. The purpose was to determine the amount of perturbation, for astronomical observations, due to the presence of the laser. The observations have been realised in typical real observing conditions, i.e. as if our observing program was fully independent of the laser experiment.

Observations of the laser plume, spaced by 20 minutes, showed different flux distribution, thus confirming mid-range time variations of the sodium layer of the order of 10 % rms, however not affecting the barycenter too much. It has been found that the Rayleigh cone extends up to high altitudes; its contribution is already noticeable at 60km at zenith as seen from a telescope situated 343 m away, during a 5 min exposure. If the second telescope is closer to the main one, the Rayleigh cone will appear to get quickly close to the Na spot with a non-negligeable intensity, even for short exposures. The observations pointed out that, with decreasing altitude, the Rayleigh beam intensity first increases till reaching a maximum and then decreases. This behaviour has been confirmed by single Rayleigh scattering simulations for a geometry similar to the one of the observation. The altitude of the maximum intensity found by simulations (9km) could not be confirmed by our observations due to their non-photometric quality.

The data are obviously dominated by single scattering but multiple scattering is recognisable in the wings of the profiles. It should be further investigated to determine at which distance from the laser, its influence on astronomical observations becomes negligible.

From these preliminary studies qualitative informations could be derived. Further observations are planed to quantify correctly the amount of light pollution due to the laser at different altitudes. This implies photometric calibrations of the data and hopefully cloud free nights. Moreover, an exact distance calibration, between the telescopes, is necessary to reduce the error bars on the altitude derivation.

6 Acknowledgements

This work is being performed in the frame of the LGS training and mobility of researchers network founded by the European Commission (Contract no. FMRX- CT96-0094). We would like to thank Prof. M. Redfern to allow us to do these measurements on his allocated observing time, and to put the CCD camera in parallel with his TRIFFID ( Butler et al. 1998). We would like to thank him and Prof. A. Shearer as well for their help to set up the experiment for the observations. Special thanks go to the ALFA team (R. Davies, W. Hackenberg, M. Kasper, Th. Ott and S. Rabien) and the operators (J. Aceituno and L. Montoya) for their essential help with the laser.

References

Butler R. F., Shearer A., Penny A.J., Redfern R.M., (1998): TRIFFID photometry of globular cluster cores. I. Photometric techniques’, MNRAS 296, 379

McCartney E.J. (1976):Optics of the Atmosphere - Scattering by Molecules and Particles, John Wiley & Sons (New-York) O’Sullivan C., Ageorges N., Redfern R.M., Hackenberg W., Rabien S., Ott T., Davies R. & Eckart A. (1998): The mesospheric sodium layer in Calar Alto, Spain, in these proceedings van de Hulst H.C. (1981): Light scattering by small particles, Dover Publications (New- York) Mc Clatchey R.A. et al. (1972): Optical properties of the atmosphere, 3rd edition, Air Force Cambridge Research Laboratories Wizinowich P., Simons D., Takami H., Veillet C. & Wainscoat R. (1998): Coordination and use of laser beacons for adaptive optics on Mauna Kea, SPIE 3353, in press