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axis from bright stars. The ghost is the result of light from a star
reflecting off the CCD, traveling back up the telescope, reflect-
ing off the corrector, and ultimately returning to the CCD. This
ghost was masked out of all calibration and science images. The
most distinct reflections beyond 2′ are caused by the dewar win-
dow and the filter, and appear as bumps in the PSF at roughly
2.5′ and 10′ from the star. These are the reflections that will be
modeled and removed.

The sources of the reflections can be confirmed by using the
size of the reflections to determine the extra path length traveled
by the reflected light. The size of the two largest reflections cor-
respond to a reflecting surface 3.6 cm away from the CCD,
which matches the position of the filter. The bottom surface
of the filter (the side closest to the CCD) causes the brightest
reflections, and can be easily seen in all the example images.
The top surface of the filter produces a much fainter reflection,
which is barely apparent (see Fig. 4) as a ring slightly beyond
the bright annulus of the bottom surface’s reflection. There is
also a reflection off the bottom surface dewar window, which
lies between the CCD and the filter, and a fainter reflection
off the top of the dewar window. The size of the bottom reflec-

tion indicates that the window is 0.6 cm away from the CCD as
expected. The reflection off the top of the dewar window was
faint enough to be far below the noise level on realistic fore-
ground stars near the science fields, and so we do not attempt
to model it. Similarly, multiple bounces between the reflecting
surfaces and the CCD will contribute a small amount of light at
large radii, but using the measured reflectivities, we calculate
that all of the secondary reflections will have surface bright-
nesses fainter than μV ¼ 30 mag arcsec"2 in our Arcturus
images, well below our detection limit. A summary of the re-
flecting surfaces and the brightness of their reflections is pre-
sented in Table 1.

These reflections have been modeled in Zemax, an optical
ray-tracing program, to confirm their source and the causes
of the offset between stars and their reflections. The model of
the telescope included all optical surfaces in the light path, in-
cluding the Schmidt corrector plate, primary and Newtonian
mirrors, filter, dewar window, and CCD. In the Burrell Schmidt
there is also a contribution to the shift from the convex curvature
of the detector, which is on the order of a 100 μm height
difference between the center and the edges of the CCD. The

FIG. 4.—Two 450 s exposures of Arcturus, with the star positioned in opposite corners of the field of view. The optical center is toward the top right of the image on the
left, and toward the bottom left on the right image. The images saturate to black at μV ¼ 21:2.

TABLE 1

SUMMARY OF THE REFLECTIONS THAT ARE MODELED AND REMOVED

Reflection Surface . . . . . . . . .
Distance to Surface

(cm) Reflectivity
Reflection Radius

(arcmin)
Surface Brightness
(mag arcsec"2)

Dewar window bottom . . . . . 0.64 0.4% 2.7 20.7
Filter bottom . . . . . . . . . . . . . . . 3.3 1.6% 17.0 23.0
Filter top . . . . . . . . . . . . . . . . . . . 4.2 0.2% 19.5 25.2

NOTE.—These numbers use a CCD reflectivity averaged over the filter passband of 10% (Lesser, M., 2009,
private communication). The listed surface brightness is for a 450 s exposure of Arcturus (MV ¼ "0:04).
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the top of the Figure 7. These are not necessarily the exact posi-
tions of the removed features, since the reflections are offset
from the center of the star and hence are not radially symmetric
about the star. This also causes the radial profile to show a
smooth transition instead of the sharp cutoff at the reflection
edges as seen in the images.

3. ATMOSPHERIC AND INTERNAL SCATTERING

After removing the modeled reflections from each pointing,
our bright star images were co-added to obtain a mean point-
spread function for all positions on the detector, which is shown
by the middle line in Figure 7. We expect that point-spread func-
tion after reflection removal to be independent of position in the
field of view. This is attested by the small scatter between the
profiles of the different pointings, as shown by the light gray
shading.

The PSF can be divided at 5′ into two regions with signifi-
cantly different behavior. Inside of 5′, the behavior of the profile
is determined by the effects of diffraction, turbulent scattering in
the atmosphere, and complex internal reflections in the correc-
tor. In this region the profile exhibits a steep dependence on
distance from the star that becomes shallower further out. Ap-
proximating different parts of the profile inside of 5′ as power
laws produces varying results, with power law slopes ranging
from !3 to !2:4.

Inside of 10″, the profile should be dominated by the behav-
ior of turbulent scattering in the atmosphere, along with diffrac-
tion. Assuming the turbulence follows Kolmogorov, statistics
this inner PSF should be fit by a Moffat function (Racine 1996).
However, in our data the 1.45″ pixels do not adequately sample
the PSF in this inner region and we can only observe the outer
wings of the turbulent scattering.

Between roughly 10–200″, a number of bright reflections
appear in the profile. These reflections are caused by multiple
bounces within the corrector lens, and exhibit complex and
varying shapes due to the figuring of the corrector. This part of
the radial profile has been measured in many other telescopes
with results often indicating an r!2 behavior (King 1971; Surma
et al. 1990; Racine 1996) or slightly steeper (Gonzalez et al.
2005; and see Bernstein 2007 for a more complete review).

FIG. 6.—Same images as in Fig. 4 after removal of the reflections and PSF. The images saturate at μV ¼ 22:1, roughly half the brightness of the images in Fig. 4.

FIG. 7.—Radial profile of Arcturus in the original images (top solid line), after
removing reflections (middle dotted line), and after removing both reflections
and scattered light (bottom solid line). In the top two profiles, the line indicates
the mean of the profiles of individual images, while the bottom line is the profile
of co-added image. The shaded regions indicate the maximum scatter between
individual observations. The horizontal lines indicate the sizes of the reflections,
although the exact area affected will vary slightly since the reflections are not
concentric about the star. The read noise level for single exposures is equivalent
to 27:6 mag arcsec!2.
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Deep imaging with conventional telescope

Duc et al 2015

3.6m Canada France Hawaii Telescope

Not galaxy light! 
Optical “ghosts” from nucleus





Building the array: 2012 - 2016

• Single lens is f/2.8

• Can increase aperture and decrease focal ratio 
further by adding lenses!



Building the array: 2012 - 2016

At New Mexico Skies



Building the array: 2012 - 2016



Building the array: 2012 - 2016



Building the array: 2012 - 2016



The Dragonfly Telephoto Array



• Dragonfly now has 2x24 
lenses

• Effectively a 1.0m f/0.4 
refractor

• Located at New Mexico 
Skies (near Cloudcroft)

• Fully robotic - operates 
every clear night

• 2x3 degree field 
of view

• 2.9’’ pixels





Russell Porter drawing 
of 200 inch

























Hydra on WIYN: fiber positioner








