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Adoption of wavefront sensing instrumentation is increasing at optical and near-infrared ground-based observatories of all scales and configurations as a critical component of
adaptive optics systems that push the performance of telescopes toward their theoretical limit. The sizes, designs, ages, insfruments, and science applications of each observatory
can vary significantly, however, and their requirements from a wavefront sensing camera are equally diverse in terms of frame rate, field of view, and wavelength coverage. To
meet the varied wavefront sensing needs of the astronomical community, robust high-speed low-noise cameras have been developed in a range of formats based on multiple
remote sensing technologies. EMCCD and sCMOS sensors are installed in the fastest and most sensitive optical wavefront sensing cameras, while the integration of InGaAs and
e-MCT sensors has infroduced extremely high-performance wavefront sensing capability at near-infrared wavelengths. In its many forms, wavefront sensing instrumentation is
routinely aiding delivery of increased spatial resolution and signal-to-noise ratio in astronomical imaging, spectroscopy, and interferometry at telescopes with apertures >1 m.

1. Wavefront Sensing in Astronomy 3. Choosing a Wavefront Sensing Camera
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Fig. 6 —- Nominal peak frame rates of Andor and First Light

Imaging wavefront sensing cameras when reading full
unbinned frames. These rates may be increased by
binning and/or cropping the sensor. Frame rate may also
be decreased for better sensitivity. Units are frames/sec.

2. Wavefront Sensing Techniques
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Shack-Hartmann Wavefront Sensing (Fig. 2)

The wavefront is focused by an array of microlenses
INto a corresponding array of spots on the WFS
detector. Wavefront distortions are encoded Iin the

Fig. 5). This requirement may determine the
240x240 @ 24.0 ym | choice of sensor technology (Table 1). Equally
Important is the minimisation of noise in WFS
data. At the high frame rates used in WES (see

Fig. 6), a camera operates in the read-noise
2560x2160 @ 6.5 um | dOoMinated regime. The best WFS cameras
have very low read noise <<3 e-. Some WEFS
2048x2048 @ 6.5 um | cameras use electron mulfiplication (EMCCD,
e-APD) technology to boost detected signal
over the read noise floor.

relative positions and separations of the spofs. reference wavefront

+ Good throughput, supporting use of fainter guide
stars or higher time resolution. +
+ S-H WES instrumentation is relatively simple.

- Accurate spot position measurement requires
multiple pixels per spot, potentially limiting
measurements to lower spatial frequencies.

Interferometric Wavefront Sensing (Fig. 3)

The distorted wavefront is constructively interfered
with a reference wavefront, or a spatially filtered
copy of itself. Wavefront distortions are encoded Iin
the amplitude of the fringes in an interferogram.

+ High spatial resolution is possible, enabling
measurement of high frequency spatial modes.

- Instrumentation setfup may be complex and
sensitive to alignment precision.

- Photon counts may be very low, requiring an
extremely sensitive detector.

Pyramid Wavefront Sensing (Fig. 4)
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+ Very high throughput, supporting use of faint
guide stars and high time resolution.

- Limited spatial dynamic range without
compromising WFS mechanical simplicity (prism
oscillation) or sensitivity (beam diffusion).

Fig. 3 - Simple diagram of a Fizeau interferometer.

Table 1. - Sensor formats of Andor and First Light
Imaging wavefront sensing cameras. QR codes link

to each camera on the andor.oxinst.com website. Speed - WFS cameras need fo run at frame
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trade-off. | spatial frequencies that make up a wavefront.
A higher resolution camera, with more and/or
smaller pixels, will be able to capture a more
accurate picture of a wavefront’'s shape,
enabling more accurate wavefront correction.

More pixels take
longer to read out.
If fewer pixels are
needed, sensor Speed
cropping or
binning can be
used to boost
frame rates
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Resolution  Sensitivity

More wavefront spatial frequencies
can be detected with higher spatial
resolution, but the wavefront’s signal is
spread more thinly over the sensor.

Fig. 7 - Wavefront Sensing trade-offs. It's often true References & Links

that we can’t have everything at once. Sometimes it Finger, G.; Eisenhauer, F.; Genzel, R.; et al. 2023
may be necessary to sacrifice camera speed, Astron. Nachr. 344, €20230069

sensitivity, or resolution to boost its wavefront sensing
performance in other respects.

Read more about astronomical Adaptive Optics and
wavefront sensing with Andor and First Light Imaging
Cameras in these technical notes.

Each WFS technique brings different
capabilities, benefits, and limitations to
each type of asironomical observation.
How do we choose an appropriate
wavefront sensing camera?

Considerations
when using Andor
sCMOS Cameras
for Wavefront
Sensing

Applying C-RED 3
to WES and free
space optical
communications.
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