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pixels, producing uncertainties to the extent that the pixel
responses are not perfectly calibrated (Mann et al. 2011). For
defocused images, these phase-induced errors can create
uneven signal distributions across the PSF, often resulting in
time-varying high-intensity spikes (column 1 in Figure 3).
These spikes cause the PSF to be asymmetric, induces more
pixel-dependent errors, and can cause the detector to saturate.
The time-varying PSF asymmetry can also cause the centroid
of the PSF to shift, reducing photometric precision. For focused
observations, the same seeing effect is present, but in this case,
the phase errors are more localized around the center of the PSF
(instead of being spread out over a doughnut), resulting in a
broadened and blurred PSF instead (Figure 3). Despite these
drawbacks of defocused images, defocused observations
generally yield better photometric precisions than in-focused
observations, due to the low dynamic range and high
susceptibility to guiding and flat-field errors for in-focused
observations.

An “in-focus” diffused image brings out the best from both
of these methods, allowing for a high dynamic range and
minimal flat-field and guiding errors, while minimizing any
phase-induced errors due to seeing. This is illustrated in
Figure 3, which compares (a) the defocused and (b) focused
PSFs of WIRC to (c) diffused-assisted observations with WIRC
(where a “focused” image is deterministically spread out over
many pixels). From Figure 3, we see that the defocused PSF
changes significantly due to seeing variations (more so than the
focused observations, which vary and blur as well), while the
diffused PSF is broad and stable throughout the observations.
In particular, the defocused PSF shows numerous peaks whose
locations and intensities change with time. An animation of this
figure is available.

3. Description of Diffusers

“Diffusers” is a generic term encompassing optical compo-
nents or materials that use microscopic surface or bulk
structures to control, shape, and homogenize the distribution
of light. By precisely controlling the size, shape, location, and
distribution of the surface structures used, an input beam can be
molded to produce a desired output pattern with broadband
compatibility. Diffusers have a plurality of applications,
including, but not limited to, use in the telecommunication
and automotive industries, and architectural lighting applica-
tions. In this paper, we show that diffusers are also applicable
for use in precise photometry.

3.1. Diffuser Types

Below we give an overview of four basic types of diffusers:
ground-glass, holographic, diffractive, and Engineered
DiffusersTM.

3.1.1. Ground-glass Diffusers

Ground-glass diffusers are the simplest of the four diffuser
types discussed here. These diffusers are generally produced by
sand-blasting glass using various grit sizes to create small
randomized surface features. As the surface features are
randomized, ground-glass diffusers offer little control over
their diffusing characteristics, resulting in limited control on
angular divergence. As such, these diffusers are only capable of
producing Gaussian intensity profiles. Although commercially
available at low cost, these diffusers have low optical

transmission efficiencies and diffuse light at large angles.
Ground-glass diffusers with opal coatings can be made to
achieve close to Lambertian diffusion.

3.1.2. Holographic Diffusers

Holographic diffusers rely on the holographic recording of a
speckle pattern on the diffuser substrate. This speckle pattern
creates pseudo-random semi-periodic surface structures that
can be controlled in a statistical sense, offering precise control
over the angular distribution of the output light. These types of
diffusers are available from many vendors, including Edmund
Optics and, notably, Luminit LLC, which offers holographic
Light Shaping Diffusers®, which can be made to have very
high transmission efficiencies of over 92%.20 However, as the
surface structures are only controlled in a statistical sense, this
limits the angular diffusion patterns to be either circular or
elliptical, and only offers Gaussian-like intensity profiles (Sales
et al. 2004). This is suboptimal for high-precision aperture
photometry, as the Gaussian profile has broad and extensive
wings, spreading out the signal outside the photometric
aperture. Furthermore, Gaussian-shaped PSFs have significant
slopes across the full PSF except in the very center, making
them more subject to guiding errors and changes in seeing.

3.1.3. Diffractive Diffusers

Diffractive diffusers are based on fabricating a phase mask
for a single central wavelength and can be made to have
efficiencies between 80% up to 90%–95%.21 However, the
output pattern is highly sensitive to the wavelength of light
used, and as such, these diffusers are largely limited to
monochromatic applications in laser systems, but could,
however, have possible applications in narrow-band astronom-
ical studies. Due to their high sensitivity with wavelength, we
did not study these types of diffusers further for our broadband
photometry applications.

3.1.4. Engineered DiffusersTM

Unlike the other types of diffusers that only offer statistical
control of the surface features, diffusers that precisely control
the shape, size, and location of its surface features in a
deterministic manner have the highest degree of control over
their output. Such diffusers, capable of molding the output to
a desired intensity profile and light distribution pattern, are
now commercially available. We worked closely with RPC
Photonics in Rochester, NY, to test and design the diffusers
used in this paper. These Engineered DiffusersTMoffer precise
beam-control capabilities and utility for many applications.

Engineered DiffusersTM(Morris & Sales 2006) are com-
posed of individually manipulated unit cells or microlenslets
(Figure 4). By precisely controlling the design and manufactur-
ing processes, a surface can be engineered to produce a desired
intensity profile and light distribution pattern for a given input
beam. To ensure that the diffuser output is stable toward
varying beam input, the size, shape, and location of the
microlenslets are varied according to a pre-defined probability
distribution chosen to implement the desired beam-shaping

20 See holographic Light Shaping Diffusers at the Luminit LLC Web
site:http:// www.luminitco.com/ .
21 See, e.g., the discussion on diffractive diffusers at the RPC Photonics Web
site:http:// www.rpcphotonics.com/ product/ diffractive-optics/ .
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between 4% and 180% of the flux of the target star. After
systematically testing a number of different aperture settings in
AstroImageJ, the aperture radius that gave the smallest
unbinned rms scatter was 19 pixels, and with inner and outer
radii of 32 and 50 pixels, respectively. To create the final light
curve, we fit the transit guided by the parameters presented in
O’Donovan et al. (2007), performing a simultaneous transit fit
and detrending using AstroImageJ, using airmass, a straight
line, and x-, y-centroid pixel coordinates in AstroImageJ.

Similar to the WASP-85 A b transit, to compare our best-fit
TRES-3b planet parameters with the values reported in the
literature, we fit our TRES-3b observations with the MCMC
approach described in Section 6.

4.4. Palomar Hale/WIRC

The Palomar experiment started in 2013. RPC delivered the
first engineered diffuser with a Gaussian, instead of a top-hat,
profile.25 We therefore went ahead and installed the diffuser on
the WIRC camera in 2013 November for testing observations.

Our on-sky test took place on UT 2013 December 21, using
the old science-grade HAWAII-2 array in WIRC with a wide
FOV of 8 7× 8 7. Unfortunately, due to a fatal failure
(explosive debonding and separation of the semiconductor
from its substrate) of the HAWAII-2 array a few months after
our first on-sky test, we were not able to conduct additional
tests as the replacement array was not science grade, which
significantly limited the precision of our photometry due to
excessive hot and bad pixels and uneven linearity in different
quadrants. Therefore, in this paper, we only demonstrate the
performance of our IR diffuser using one night of observation.
Since then, in late 2016 and early 2017, WIRC has been
retrofitted with a science-grade HAWAII-2 detector, enabling
us to continue our efforts in using a new diffuser on sky using
the updated WIRC system.

The observations were carried out in the KS band near the
field of XO-3. Because XO-3 (K=8.8) is too bright to have
enough reference stars of similar magnitude, we chose a nearby
field and a fainter star, 2MASS J04230271+5740319
(K=10.79, V=13.26), as our photometry target. The
observation lasted for only ∼3.5hr before telescope closure
due to critical weather conditions. Nonetheless, these observa-
tions still provided a useful test of the diffuser’s performance.
The telescope was kept focused during the observation, while
the diffuser was used to control the PSF. The final diffused PSF
had a Gaussian shape with an FWHM of 17.4 pixels (4 35) on
average. A total of 225 images were recorded continuously
with 40s exposures, although four images were later rejected
due to passing clouds and using one double-correlated
sampling (1 Fowler).

Reduction of the images was carried out using our standard
WIRC photometry pipeline described in Zhao et al.
(2012, 2014). We corrected for time-varying telluric and
instrumental effects by selecting 10 reference stars that had
median fluxes between 0.3 and 1.0 times that of the target and
showed no peculiarities in their light curves. Fainter stars were
excluded due to low signal-to-noise ratio, while stars brighter
than the target saturated the detector. The x and y positions of
the stars’ centroids varied by less than 3 pixels, with a standard
deviation of 0.63 pixel in x and 0.51 pixel in y. The airmass
changed from 1.22 at the start to 1.11 at the end. We applied 48
different aperture sizes with a step of 0.5 pixels for the target
and reference stars, with the same size aperture used for all
stars in each step. The aperture with a radius of 16 pixels (4″)
produced the smallest scatter in the reduced light curve and was
thus used for subsequent analyses.

5. Results

5.1. Characterizing Diffusers

5.1.1. Diffusers Work Similarly in Converging and Collimated Beams

Because an imaging system inherently has a converging
beam before the detector, the most straightforward way to

Figure 7. (a) Image of the diffuser at APO. The diffuser pattern is clearly seen. The diffuser is mounted on a retaining ring that can rotate on demand during exposures.
(b) Schematic diagram of the diffuser and its location in the ARCTIC imager. The rays shown are the ray-traces as calculated using Zemax OpticStudio without the
diffuser. The footprint diagram shows the beam footprint at the diffuser location.

25 Another diffuser closer to top-hat shape was remade and delivered within a
few months.

11

The Astrophysical Journal, 848:9 (28pp), 2017 October 10 Stefansson et al.





inch(0.6 m) telescope observing such a bright star from
Figure 2.

5.2.2. Optical Diffuser-assisted Photometry with ARC 3.5 m

Photometric observations of 16 Cygni—To demonstrate the
photometric precision capabilities of diffusers on sky, we show
4hr of differential photometry of 16 Cyg A, taken during our
engineering run in 2016 September (see Figures 12–14). The
unbinned raw photometry and unbinned differential photo-
metry (without detrending) are shown in the top and middle
panels in Figure 12, respectively. The unbinned undetrended
precision is 776 ppm for a 21s cadence. From the top panel,
we see that clouds appeared ∼1hr after the observations
started (JD∼0.63) and toward the end, but those transparency
changes are effectively canceled out in the differential
photometry in the middle panel. However, we do observe a
slow downward linear trend in the differential photometry,

along with a bump at around 0.70 JD with a clear correlation
with the x centroid coordinate of the target star (bottom panel).

The diffused PSF remained stable throughout the night.
Figure 13 shows an image taken at random from this data set.
Speckles are still seen in the diffused PSF, but they are
smoothed to a certain extent by seeing variations and clouds
passing by. An animation of the observations is available.
During these observations, the rotator did not work reliably, as
it was difficult to rotate the diffuser bearing due to friction. This
caused the diffuser to sometimes rotate and sometimes get
stuck. Therefore, although the rotator was formally on, the
diffuser was only sporadically rotated during the observations
presented. This is seen in the animation: the PSF speckle
pattern is sometimes smoothed out. Regardless, the overall size
and shape of the diffused PSF is not affected.

Figure 14(a) shows the final detrended photometry of 16
Cygni, detrended with a line, airmass, and the x and y centroid
coordinates. The unbinned photometry (cadence: 21s) shows a

Figure 12. Demonstration of diffuser-assisted photometry in the optical: engineering-time observations of the bright binary star 16 Cyg A. (A) The raw photometry of
16 Cyg A and 16 Cyg B. Clouds are seen after ∼1hr from the start of the observations and also toward the end. (B) Normalized unbinned photometry of 16 Cyg A,
without detrending. (C) x-pixel coordinate of the target star 16 Cyg A as a function of time.

Figure 13. 3D view of a diffuser image chosen at random from the 16 Cyg A photometry. The ARCTIC diffuser rotator was not working reliably during this
observing run, and this image shows the PSF when the rotator was not rotating, showing the small-amplitude speckle pattern, which remained stable throughout the
observations. An animation of this figure is available. The animation demonstrates that overall the PSF remains stable throughout the observations. The smoothing of
the residual speckle pattern seen in the animation (e.g., toward the end of the video) is due to a combination of seeing effects and the rotator intermittently working.

(An animation of this figure is available.)
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diffuser-assisted observations with WIRC thus suggest that the
diffuser on WIRC is enabling a reliable path for performing
routine high-precision observations in the future.

To perform a photometric precision comparison between the
diffuser-assisted method and the defocusing method, perhaps
the most direct comparison between the two is between our 16
Cyg A photometry and the work by Kundurthy et al. (2013),
who performed defocused observations using the AGILE
instrument (Mukadam et al. 2011), also on the 3.5 m ARC
telescope at APO. Such a comparison normalizes the telescope
size and observing site out of the equation, but there are still
differences in the target observed and the instrument setups

(e.g., AGILE allowed for 100% efficiency). In the NIR, we can
make a similar comparison between the work presented here
and the work by Zhao et al. (2014), performing defocused
observations also using the WIRC instrument on the 200 inch
Hale telescope at Palomar. Acknowledging uncertainties in the
different observing conditions and other technical factors,
overall, Table 6 suggests that diffuser-assisted observations can
match or exceed defocused observations with specialized
instruments. The main benefit with defocused observations is
that the size of the PSF FWHM can be tuned to the observing
conditions, but with the downside of being susceptible to PSF
variations throughout the night. However, with diffusers and

Figure 19. Corner plot from WASP-85 A b data. Plot created using corner.py (Foreman-Mackey 2016).
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