SOAR Optical Imager:
Ghosts, sky background, stray light & other baffling phenomena.

An ongoing story of SOAR…

Hugo E. Schwarz

I) Ghosts.

1) Introduction.

The SOAR Optical Imager (SOI) is being commissioned on its bent Cassegrain focus position on the SOAR telescope. The instrument has a rotating part containing the filters, optics, shutter, guide probe, and main CCD detectors. Over the last few weeks, the optical and photometric properties of the SOI are being determined. This is a short report on the instrument status for June 2005.

The telescope has only the M2 & M3 baffles installed and it is expected that extra light will get into the imager in unknown ways from visible edge structure near M1. Increased sky background, stray and scattered light from dome, Moon, bright sources near but not in the FoV are all possible contaminants of the images we are taking. M2 & M3 have been washed recently but M1 is still to be done. An update will be issued once we have data taken after the M1 wash.

      2 )   The Imager
The SOAR Optical Imager (SOI) is a focal reducer which changes the telescope’s f/16 to f/9.84 giving a FoV in the focal plane of 5.25x5.25 arcmin² with a scale of 0.077” per 15(m pixel. Two 2x4 kpix² E2V 44-82 CCDs are installed at the focal plane, providing a total of 4096x4096 pixels². There is a gap between the two CCDs of 7.5” width.

The camera produces an image on the CCD surface after the light passes through a filter mounted in one of two filters wheels, and the fused silica dewar entrance window.

The SOI also still needs more baffles added, the main one being at the entrance to the instrument, inside the telescope tube structure.

3) The ubiquitous ghosts

The typical ghosts observed in astronomical imagers around bright point sources are caused by light reflected off the CCD and reflected back onto the CCD by a filter. The fraction of the light from an image that ends up in the ghost depends on the reflectivity of the CCD and the filter. High quantum efficiency (QE) for CCDs and high transmission (T) and steep profiles for filters help minimize ghosts. AR coatings help but only a little, and relatively more for color filters than for interference filters.

For the simple model used here, I assume that interference filters are mainly reflective and have little absorption, while color filters work with pure absorption without reflections apart from the surface reflections. Filter surfaces are normally anti-reflection (AR) coated, reducing the surface reflections from typically 4% per surface to about 1%. This varies with wavelength but here it is assumed that AR coated surfaces reflect 1% of the incoming light at all wavelengths. 

The geometry of the back-end of the SOI optics is shown schematically in Figure 1.

[image: image1.png]Reflection and absorption in interference filters and CCDs.

Incoming light fromn a star

Siny side
Interference layers
1
2
fiter
\,_/ Colored side
Anti-reflection coatings
4
§ window
s CCD

O

Black coating




Figure 1: Geometry of filter, window, and CCD in the SOI.

The ghosts are assumed to be caused by reflected light off the CCD which is reflected back toward the CCD by the filter. The reflections off the dewar window are treated to 1st order only. The ratio between direct and reflected light on the CCD is the important quantity here. Interference and color filters are treated separately.

Interference filters:

T(() is the transmission of a given interference filter as a function of wavelength, (.

If we assume to 1st order that all light that is not transmitted by the filter is reflected,

the reflectivity of the filter would be 1- T((). If we also assume that all light that is not converted into electrons in the CCD is reflected, the reflectivity of the CCD would be 1-Q(() where Q(() is the quantum efficiency of the device. Then the light reflected back off the filter towards the CCD, taking into account the 1% level reflections off all AR coated surfaces to 1st order, and including absorption in the filter, AF((),  and in the CCD, AC((),   would be:

RR(() = 0.96 · T(() · (1- T(()) · (1 - Q(()) · (1- AF(())² · (1- AC(())²

Eq.1

The absorptions appear as the square since the light passes through the filter and CCD bulk twice.

Interference filters have a shiny, mirror like side and a colored side. This is because the interference layers are placed on one side of the filter = the shiny side, and the light has to cross the depth of the filter twice before re-emerging after having reached this layer from the other = colored side. Therefore we expect the reflectivity properties of the shiny and colored sides to be different: the reflected image comes from a different depth, and the shiny side should have less absorption than the other side. For those filters that have strong absorption the difference between shiny and colored sides may be significant. In any, case when there is a significant difference between the reflectivity on either side of an interference filter, the shinier side should be facing the sky, not the detector. We will measure these differences for the SOAR filters.

By plotting the transmission of the filter, and the quantity RR(() we can estimate the fraction of light in the halo by eye. Integrating the area under each curve gives the fraction of light in the halo. At present I have a crude model which assumes the RR(() formula, and does not include absorption for lack of data. For Q(() I take the average over the filter pass band using the QE v. wavelength curve; this gives a good estimate for narrow band filters but, for example, for SDDS z it is only a rough approximation.

The SDSS u filter likely has strong absorption component due to the demands of its high IR blocking factor. This makes it likely that having this filter with the shiny side toward the sky may significantly reduce the reflection halo. In Figure 2 plots for the SDSS and Strömgren SOI interference filters are shown.    
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Figure 2: Plots of transmission (open symbols) and reflection or ghost light (filled symbols) for the SDSS and Strömgren filters. Absorption in the filter or CCD is not included, so this represents the worst case. Note that the profile wings contribute strongly to the ghosts due to their increased reflectivity.

The zero order conclusion is that high transmission combined with high QE makes for small reflections. For filters with very high transmission, it is clear that the wings contribute most to the reflection haloes, but as the peak transmission goes down, that central part of the transmission curves play a more important role. The worst case for reflections is T = 50%, where the reflected component reaches 25% assuming no absorption.

Color filters:

For broad band color filters the above analysis does not hold as they work by selective absorption, not reflection. The expected haloes are therefore much fainter, at the 1% level of  typical AR coatings. So, assuming that the AR coatings reflects 1% independently of wavelength over the pass band of the filter, the total reflection off an absorptive filter is:

RA = 0.98 · T(() · (1 - Q(()) · (1- AC(())²  · [0.03 + 0.01 T²(()]


Eq.2

The light makes two passes through the bulk of the filter, hence the term in T(()²  and the various external and internal reflections are all taken to be 1% due to the AR coatings. In the absence of AR coatings, the ghosts would be about 4x stronger in this case.
Applying Eq.2 to the Bessel filters for which we have transmission curves, I obtained the results shown in Figure 3. Note that the reflection curves have been multiplied by a factor of 10 for clarity. The reflections and hence the ghosts will be a factor of about 20-30 fainter than for interference filters. Again this is using the worst case approximation of a CCD that reflects as 1 - Q((). Once we have the reflection curve of the CCD, we will redo this analysis and get better results.
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Figure 3: Transmission and fractional reflection curves for the Bessel filters. Note that all reflection curves have been multiplied by a factor of 10 for clarity.

3) Conclusions

All imagers using filters and CCDs have ghosts around stellar images. 

Ghosts are fainter for color filters than for interference filters.

Ghosts are fainter for filters with high transmission.

Ghosts are fainter for high QE CCDs.

Ghosts are fainter for filter profiles with steeper wings.

Ghosts are fainter for broader filters with high transmission.

Practical suggestions for use of interference filters:

* To detect faint emission around bright objects, place the object somewhere in the gap between the CCDs of the SOI mosaic. The reflection from the gap is much smaller than from the CCD surface, and the ghosts are virtually absent. 

* Objects with spectra that show strong, narrow emission lines will show fainter ghosts, especially if there is little or no continuum light in the spectrum. Examples are AGNs, PNe, HII regions, emission line stars etc.

* Stars with strong absorption lines in the filter pass band will show somewhat stronger ghosts.

* For fields with bright stars, it may be useful to use the color U filter instead of the SDSS u, which is an interference filter.

Just to assure you that the SOI is not different or worse than other astronomical imagers, I show a narrow band image from the literature in Figure 4.
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Figure 4: Image from Vilchez & Iglesias-Páramo (1998) taken with the INT 2.5m telescope on La Palma. Exposures are 3x 700s through a 656.5/6nm H( filter. They scale using a continuum image, but do not show the part of the image containing the star in their paper. Note that the halo is about 1’ in diameter and as bright as the galaxies in the same image.

Postdatum:

P. Jorden from E2V kindly provided a plot of their predicted CCD reflectivity, shown in Figure 5. The two components are specularly reflected light off the front face of the AR coated CCD, and what they call specular + scattered light off the electrode structure 16(m deep into the CCD. I believe that our haloes are caused by both components, and the relevant plot is that of the total reflectivity.
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Figure 5: Reflection from E2V CCDs, black & red lines total reflectivity, blue & purple lines specular reflectivity only. The relevant curve for this work is the black one, which is for standard Si devices and is the combined specular and scattered reflectivity. Note that this curve is not too different from a curve of 1-QE(() for the same device.

The next step is to incorporate this reflectivity curve into the ghosts model and get more precise estimates for the contents of the ghosts.

II) Sky background
The background of the Moonless night sky (SBG) at Pachón should be similar to that at other Chilean Andean sites such as La Silla, Tololo, Las Campanas etc.. Typical values for the SBG at astronomical sites across the world are given in Table 1.

Table 1: SBG values for several astronomical sites in magnitudes per arcsec squared.

SSN is the mean monthly sun spot number at the time of observation. The SSN and the 10.7cm radio flux from the Sun are (somewhat) correlated with the SBG.

Observatory


Epoch

SSN   U        B
        V
        R         I

---------------------------------------------------------------------------------------------------------

Tololo1


1987-1988
  50   22.0   22.7     21.8    20.9    19.9  

Paranal2


2000-2001
120   22.3   22.6     21.6    20.9    19.7  

La Silla3


1978

  90   22.0   23.0     21.9    21.2    20.2  

Mauna Kea4


1985-1996
  10     -       22.9     21.9       -         -   

La Palma5


1987-1996
  10     -       22.7     21.9    21.0      -   

Calar Alto6


1990

150   22.2   22.6     21.5    20.6    18.7  

Kitt Peak7


1986-1988
  20     -       23.0     22.0       -         -   

Crimea8


1968-1971
100     -       23.0     22.0       -         -   

McDonald9


1972

100     -       23.0     21.9       -         -   

San Benito10


1976-1987
  20     -       23.0     22.0       -         -   

SOI, no baffle11

2005 April 16
  25   20.3   20.8     20.0    19.4    19.1*

SOI, M3 baffle in11

2005 May 31
  25   21.3      -        21.         -         -   

SOI, M2+3 washed12

2005 June 6
  25   21.4   22.2     21.3    20.3    19.3*

Tololo13


2004-2005
  50     -       22.2     21.3       -
       -

1 Walker(1988a); 2 Patat(2003); 3 Schnur & Matila (1979); 

4 Krisciunas(1997); 5 Benn & Ellison(1998); 

6 Leinert et al.(1995); 7 Pilachowski et al. (1989); 

8 Lyutyi & Sharov(1982); 9 Kalinowski(1975); 10 Walker(1988b); 

11 H.E.Schwarz; 12 K.Oliveira & F. Saraiva; 13 D.Semler

* with 1 mag added due to correction for spill light from rotator encoder.

Comparing the values obtained from standard star field observations with the SOI taken recently with the above values from other observatories we find that the SOI showed an excess SBG of about 1.7 magnitudes, which disappeared when the M3 baffle was installed. The Pachón sky is still brighter than that over Tololo from 1988 but not when compared to recent measures made at Tololo. Note that the IR light from the rotator encoder produces about 40e/s/pix which I have subtracted from the I SBG values.

III) Scattered & stray light
We also expect there to be scattered and stray light detected at the SOI focal plane, again because of the lack of baffling in the telescope. We have seen a pattern of light surrounding bright stars in the field, an example is shown in Figure 6a. This frame was deliberately taken to emphasize the stray & scattered light by grossly overexposing the star. 

To show what more scientifically taken images look like, we give an example in Figure 6b. We believe that this light is due to telescope optics, not as the ghosts are, due to the filter-CCD interaction. The reason is that these patterns rotate as the SOI is rotated and therefore they are fixed with respect to the telescope, not the CCD.
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Figure 6 a, left: Heavily overexposed star showing pattern of stray and scattered light likely due to lack of baffling of the rim of M1 in the SOAR telescope. The 

V = 9.5th star was exposed for 300s and to avoid pixel overflow, placed in the 7.5” gap between the two CCDs. I estimate that the fraction of light in the pattern to the top left is about 2 · 10-5 of the stellar signal. We expect these patterns to disappear when the outer edge of M1 is properly baffled.
6b, right: Composite from B,V, R images of the galaxy NGC4622, showing that the SOI can indeed take decent images. Courtesy: A. Oliveira, SOAR.

This report will be periodically updated as and when important new developments take place and data become available.

Summarizing, we hope to eliminate the stray and scattered light completely, and have normal sky background values as soon as we have installed and adjusted the main baffles for M3 and M1. The ghosts are impossible to remove completely, but by judicious specifying of filters, use of the gap between CCDs as coronograph, and careful crowded field photometry, their negative effects can be minimized. See also the practical suggestions in section I.3.
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