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Imaging through a perfect telescope

FWHM ~λ/D

in units of λ/D

1.22 λ/D

Point Spread Function (PSF):  
intensity profile from point source

• With no turbulence, FWHM  is the diffraction limit of telescope,  θ ~  λ / D
• With turbulence, the image size is much larger, typically 0.5 - 2 arcseconds
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Turbulence changes rapidly with time 

• Resulting images are a 
combination of many Airy 
discs at different locations, 
called speckles

• Each Airy disc is defined by 
the diffraction limit of the 
telescope 

• Centroid jumps around 
(image motion)
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Turbulence arises at many locations

stratosphere

Heat sources w/in dome

boundary layer
~ 1 km

tropopause
10-12 km

wind flow around dome

Turbulence peaks 
due to wind shear

Surface layer 
turbulence

Free atmosphere: 
turbulent wind layers
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Cartoon Diagram of an Adaptive Optics System

Wavefront 
sensing light

Science light

Wavefront 
Sensor
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An idealized deformable mirror

BEFORE AFTER

Incoming 
Wave with 
Aberration

Deformable 
Mirror

Corrected 
Wavefront
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Deformable mirror requirements: r0 sets the 
required # of degrees of freedom

13

• Number of subapertures  is approximately (D/r0)2 where r0 is 
evaluated at the desired observing wavelength

𝑟! ≡ 0.423𝑘" sec	𝑧 .𝐶#"𝑑ℎ
$%/'

• The spatial scale of turbulence is described by the Fried parameter, r0
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DM Requirements

• Dynamic Range: from turbulence theory, the variance across a 
wavefront is:

• Temporal Response: should be much faster than the coherence time 
(∼1%) to avoid limiting the system’s performance (1-2ms in the NIR)
• The temporal scale of the atmosphere is given by 𝜏!~

"!
#$

• Influence Function: a continuous facesheet DM needs a good match 
between the facesheet thickness and actuator spacing
• Other requirements: surface quality, actuator hysteresis, power 

dissipation, and size

14

For Keck, σ ∼ 5.5 microns
For ELTs, σ ∼ 30 microns
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Deformable mirrors come in many genres and sizes

Boston Michromachins MEMS DM
1000 actuators

1 cm

Glass facesheet DM
1000 actuators

Xinetics

VLT adaptive secondary

1170 actuators

LBT adaptive secondary
672 actuators
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Cartoon Diagram of an Adaptive Optics System

Wavefront 
sensing light

Science light

Wavefront 
Sensor



Wavefront Sensor Requirements

• Spatial resolution: should at least match what DM can correct
• Dynamic range: should be able to measure large amplitude 

aberrations 
• Sensitivity: should be able to measure small amplitude aberrations
• Temporal requirement: AO loop needs to run on timescale of 

atmospheric turbulence (millisecond timescales) 
• Linear range: linear relation between input phase variation and 

output intensity variation 
• Efficient use of photons: allows for use of faint light sources
• Ability to work on both point sources and extended sources, operate 

over wide range of wavelengths



Types of Wavefront Sensors

• Pupil plane: wavefront properties are deduced by splitting the pupil 
into subapertures and measuring the intensity in each subaperture
• Examples include Shack-Hartmann, Pyramid sensing 

• Focal plane: wavefront properties are deduced from intensity 
measurements made at or near the focal plane. 

• Examples that are typically used to measure ~static aberrations:
• Phase retrieval, e.g. Gerchberg-Saxton algorithm 
• Mostly iterative with long computation times compared to pupil plane

• Examples that measure residual atmospheric aberrations as well:
• Self-coherent camera



The Shack-Hartmann Wavefront Sensor
• Johannes Hartmann (1904): grid of holes mask placed to observe 

resulting dot pattern



The Shack-Hartmann Wavefront Sensor
• Johannes Hartmann (1904): grid of holes mask placed to observe 

resulting dot pattern
• Roland Shack (1970s): replace holes with an array of lenses to improve 

light efficiency

Wavefront Lenslet array Detector



The Shack-Hartmann Wavefront Sensor

Wavefront Pupil plane Image plane



Example: Shack-Hartmann Wavefront Signals

Credit: Cyril Cavadore



Quantitative description of Shack-Hartmann 
operation

• The relationship between the displacement of Shack-Hartmann 
spots and the slope of wavefront:

where k = 2π / λ , Δx is the lateral displacement of a subaperture image, M is 
the magnification of the system, f is the focal length of the lenslets in front 
of the Shack-Hartmann sensor

𝑘Δx = 𝑀𝑓∇𝜙(𝑥, 𝑦)



How do we measure ∆𝑥⃗:	the distance a spot has 
moved on the detector?  “Quad cell formula”

b
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How do we measure the distance a spot has 
moved on the CCD?  “Quad cell formula”

b

signal

x

slope = 2/b



Concept Question: What might happen if the 
displacement of the spot is > radius of spot?  

b



Signal becomes nonlinear and saturates for 
large angular deviations

b

“Rollover” corresponds to 
spot being entirely outside of 

2 quadrants



SHWFS Sources of Error: # Lenslets

But photons are
more spread out

= =Increase # of
lenslets

decrease
sensitivity

Increase
sampling of 
wavefront slopes

Increase spatial 
resolution

= decrease
SNR

=
Credit: Maissa Salama



SHWFS Sources of Error: spot size relative to 
the subaperture size 

But less accurate 
centroiding

=Increase spot 
size (e.g. 
defocus)

Increase
dynamic range

= decrease
sensitivity

Credit: Maissa Salama



SHWFS Sources of Error: # of pixels

But photons are 
spread out over 
more pixels

=Increase # 
pixels

Increase 
centroiding 
accuracy

= decrease
SNR

(Measure position of spots by 
estimating center of gravity 
positions instead of quad-cell)

Credit: Maissa Salama



Fourier-Filtering Wavefront Sensors

Focal planePupil plane Pupil plane

Detector

Mask

(Slide Credit: Vincent Chambouleyron)



Foucault Knife Edge Test: an early example of 
a Fourier-filtering WFS

Knife Edge

Knife Edge



Fourier-filtering WFS: Foucault Knife Edge TestExamples of Diffraction and interferometry:  Knife Edge Test

38

Focus

Astigmatism

Spherical

Phase 
Aberration

Far-Field Intensity 
Measurements

At focal plane

Focus

Astigmatism

Spherical



Focal plane

Pupil plane Pupil plane

Detector

Mask

(Slide Credit: Vincent Chambouleyron)

Fourier-filtering WFS: Pyramid Wavefront Sensor 
(Ragazzoni 1996)



Pyramid sensor reverses order of operations 
in a Shack-Hartmann sensor

• Slope-like signal for each subaperture is given by:



Typical intensity patterns for a Pyramid Sensor

Credit: 
Charlotte 
Bond



The Modulated Pyramid Wavefront Sensor

Modulation of pyramid sensor

Without modulation:
Linear over spot width

With modulation:
Linear over modulation width

Modulation of pyramid sensor

Without modulation:
Linear over spot width

With modulation:
Linear over modulation width

Without modulation: 
linear over spot width

With modulation: linear 
over modulation widthsmall wavefront aberrations but has limited dynamic range. To increase the range of the sensor,

the PyWFS is often modulated: the image in the focal plane is moved in a circle around the tip of
the pyramid prism. Examples of the focal plane and pupil plane for a modulated PyWFS are
shown in Fig. 1(c). The optimum modulation for a given scenario is a trade-off between
increased range at large modulation and higher sensitivity at low modulation.5

2.2 Wavefront Sensing in the Infrared

The desire for IR wavefront sensors is primarily driven by specific science cases. For Keck’s
PyWFS, the motivation is high-contrast imaging of cold, red objects for the study of exoplanets
around M-dwarf stars. These objects are typically faint at visible wavelengths15 and traditional
visible AO systems often require the use of off-axis natural guide stars or laser guide stars to
provide the wavefront measurements. Such methods have been successfully deployed on many
AO systems, including Keck. However, for observations such as the direct imaging of exopla-
nets, these methods are limited as the correction in the direction of the science object is not
optimal and can fail to achieve the high contrasts required for planet detection. On the other
hand, at IR wavelengths, objects such as M-stars are relatively bright. For example, an M5 type
star has V −H ∼ 5. Therefore, doing the wavefront sensing in the IR allows for the use of the
science object as the natural guide star for the AO system, providing the optimum AO cor-
rection for the object. Recent advancements in IR technology have enabled the realization
of low-noise IR wavefront sensors. In the case of the Keck IR PyWFS, an SAPHIRA is used,
an IR detector produced by Leonardo and developed in partnership with Hawaii’s Institute for
Astronomy.14

2.3 Optical Gain Effect

In addition to the scientific motivation, there are technical benefits in using a PyWFS at longer
wavelengths as follows.

1. The linear range of the sensor is proportional to the sensing wavelength. An IR PyWFS
will, therefore, produce accurate wavefront measurements over a greater range of ampli-
tudes than the equivalent visible PyWFS.

2. During on-sky operation the PSF centered on the PyWFS is AO corrected. At visible
wavelengths, the impact of AO residuals and working off-null to compensate for noncom-
mon path aberrations (NCPAs) can significantly broaden the PSF. This results in a reduc-
tion in theWFS signal for a given wavefront aberration, effectively lowering the sensitivity

(a)

(b)

(c)

Fig. 1 (a) Illustration of a PyWFS. The prism angle is exaggerated here for illustrative purposes,
but typically have values ∼1 deg. (b) Focal plane (left) and pupil plane (right) images for a non-
modulated PyWFS. (c) Focal plane (left) and pupil plane (right) images for a 4 λ

D modulated
PyWFS.

Bond et al.: Adaptive optics with an infrared pyramid wavefront sensor at Keck

J. Astron. Telesc. Instrum. Syst. 039003-3 Jul–Sep 2020 • Vol. 6(3)
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Brightfield Phase Contrast

PSF

Zernike phase contrast technique: converting 
phase variations into intensity measurements 
imaged on a detector

Original Phase Contrast 
Photomicrographs of 
Human Cells by Frits 

Zernike in 1930s
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sensitivity dynamics
VERY sensitive but

SMALL dynamic range

PSF

Zernike phase contrast technique: converting 
phase variations into intensity measurements 
imaged on a detector



Using a ZWFS to characterize the cophasing of Keck’s 
Segmented Primary Mirror: van Kooten et al. 2022

5

Figure 2. Example of on-sky data taken with the ZWFS. First is the applied piston to the primary mirror with the actuator
IDs labeled, second is the median combined reconstructed phase, third shows the piston coe�cients projected onto the modal
basis and the fourth is the residual piston values after subtracting o↵ the applied piston values. The y- and x- axis are in units
of �/D.

Figure 3. A raw ZWFS image with the Zernike mask in place. In the image the three segments are pistoned. The central
dimple are a result of the bored support holes on the backside of the segments.

3.2. Phase Retrieval

The observations for phase retrieval were taken with the NIRC2 Imager (the narrow camera; pixel scale: ⇠10 mas)
using the Br � filter (e↵ective wavelength = 2.1685 µm) and the ‘open’ NIRC2 pupil. The setup involves defocusing
the focus stage of the SHWFS by -5 mm to defocus (equivalent to 0.46 waves of defocus on NIRC2). Once again,
we took two sets of measurements: (1) reference measurements without poking any primary mirror segment actuator,
and (2) probe measurements by poking three segments (segment numbers 9, 13, and 15) by 400 nm OPD to form an
L-shaped pattern. We collected 50 short exposures. Each exposure consists of 10 coadds with an integration time
of 0.1 seconds per coadd resulting in each exposure having a total integration time of 1 second. We use coadding
to improve the SNR in the NIRC2 exposure while reducing the overhead time as the stacking of the coadds is done
onboard the detector.
An observational and modeling technique was proposed by co-author Ragland (2018) to detect and account for

possible systematic biases in phasing segments of a large-aperture optical telescope. The method cancels two bright
speckles in the NIRC2 science images by moving the primary mirror segments of Keck. Here we use a modified
Gerchberg-Saxton (MGS) algorithm (Gerchberg 1972) to estimate arbitrary segment piston errors (Ragland et al.
2016) only. The results are presented in Section 5 and compared to the ZWFS. Note, the MGS method described here
does not work well for smaller OPDs and hence only data was taken for 400 nm OPD.
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onboard the detector.
An observational and modeling technique was proposed by co-author Ragland (2018) to detect and account for

possible systematic biases in phasing segments of a large-aperture optical telescope. The method cancels two bright
speckles in the NIRC2 science images by moving the primary mirror segments of Keck. Here we use a modified
Gerchberg-Saxton (MGS) algorithm (Gerchberg 1972) to estimate arbitrary segment piston errors (Ragland et al.
2016) only. The results are presented in Section 5 and compared to the ZWFS. Note, the MGS method described here
does not work well for smaller OPDs and hence only data was taken for 400 nm OPD.

Zernike Image



Using a ZWFS to improve the cophasing of Keck’s 
Segmented Primary Mirror: Salama et al. 2024

10 Salama et al.

Figure 8. Histogram of NIRC2 Strehl ratios from the four closed-loop tests (blue is before and orange is after) reported in
Table 2. The dashed vertical lines indicate the mean and the shaded regions represent ±1�.

Figure 9. Mean of NIRC2 PSF images in the Brackett-Gamma (�c = 2.168µm) filter taken before and after the four vZWFS
closed-loop runs controlling the primary mirror segments. The images are displayed in square-root stretch and the color bar
range match between each pair of before and after closed-loop run. The Strehl ratios are the mean SRs reported in Table 2.

map shows the average standard deviation for each seg-
ment, showing that we have larger uncertainties for the
inner ring of segments, which are partially blocked by
the central obscuration of the telescope top end.

6.2. Mirror Phasing at Di↵erent Elevations

We ran the closed-loop segment control at two di↵er-
ent telescope elevations. It is known that segments en-
ter a “staircase” or “terrace” mode when the telescope
is pointing at low-elevations, which impacts PSF qual-

ity on NIRC2 (Ragland 2018). This e↵ect is caused by
spurious edge sensors readings as a result of the combi-
nation of sensor misalignments and segment rotation as
gravity changes (Chanan & Troy 2023). A lookup table
of o↵sets for the desired edge sensor readings as a func-
tion of telescope elevation was generated and recently
updated. We compare two closed-loop tests conducted
on the same night (August 2nd, 2023) at di↵erent tele-
scope elevations. The first closed-loop was conducted at
a low-elevation of ⇠ 40 degrees and the second closed-



Focal Plane wavefront sensing

• Focal plane WFS: wavefront properties are deduced from intensity 
measurements made at or near the focal plane

• Why is focal plane wavefront sensing hard?
• Recall that the intensity is 𝐸 3 𝐸∗, so when you look at e.g. an image 

of the PSF you’ve lost the sign information from the phase

• So, e.g. if your PSF is defocused you can’t know which side of focus 
it’s on

• You need some kind of variation or “diversity” if you want to 
reconstruct the phase from an intensity image

• Jovanovic et al. 2018 is a nice overview of FPWFS techniques



Speckle Nulling

• Coronagraphs null the diffraction-limited component of the PSF
• Non-common path aberrations create slowly-evolving speckles
• By putting sine waves of the corresponding frequency on the DM, 

you can null these speckles

4x10 4

3 x10-4

Initial
Iteration 4
Iteration 9

4 x10-5

3 x10-5

5 10 15 20
Radial diffraction beamwidths away (a /D)

25

(a) Initial speckle field (b) Fourth iteration (c) Ninth iteration

(d) Contrast in region
Figure 3: Coronagraphic speckle nulling in the dual-vortex mode using the internal white light source of the
adaptive optics system. The value of �/D is ⇠ 90 mas (a) The initial results of PSF correction using MGS still
leaves many residual speckles in the focal plane. (b) Four iterations of speckle nulling remove most of the residual
wavefront errors (c) Nine iterations get to within a factor of two of the detector read noise from 5 - 25 �/D. The
white polygon demarcates the control region, which is selected by mouse clicks in the half-region control mode.
(d) Contrast improvement measured in the control region shows factors of 3-6 improvement, which are significant
for companion detectability. The contrast curve is defined in the usual way, with the standard deviation (ie, 1 �)
of surface brightness at each radial separation being used to generate the curve, and normalized by dividing by
the peak flux of the non-coronagraphic PSF (not shown). The background limit is determined by the contrast in
a region of the detector 100’s of �/D away. The preprocessing steps performed on the data only consist of dark
subtraction and flat-fielding.

(or any other intermediate instrument) does not a↵ect the speckle nulling code at all, as it simply modifies the
adaptive optics system based on the final intensity information in the image plane, regardless of how it got there.

4.2 TMAS and P3K

The Ten-milliarcsecond Imager (Dekany et al., in prep.), or TMAS, is a visible light imager for the Palomar 200”
Hale telescope. It operates at the wavelengths of 380 to 980 nm, and uses the NEO scientific CMOS detector
from Andor technologies, with a 2.5k x 2.1k detector size and a readout time of up to 100 Hz. A number
of filters are available on TMAS, including including broadband u, b, v, r, i and narrowband filters at 820 nm.
TMAS operates behind the P3K adaptive optics system, providing di↵raction-limited imaging at visible and
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Bottom et al. 2019
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Mauna Kea, Hawai’i



Two types of laser guide stars in use 
today: “Rayleigh” and “Sodium”

• Sodium guide stars: excite atoms 
in “sodium layer” at altitude of ~ 
95 km

• Rayleigh guide stars: Rayleigh 
scattering from air molecules 
sends light back into telescope, 
h ~ 10 km

• Higher altitude of sodium layer 
is closer to sampling the same 
turbulence that a star from 
“infinity” passes through

Telescope

Turbulence

8-12 km

~ 95 km



Summary

• Wavefront sensing and control is necessary for both ground and 
space-based telescopes
• A wavefront sensor is an optical device which transforms phase into 

intensity
• Wavefront sensors come in many genres, including pupil plane and 

focal plane sensors. 
• Wavefront sensors and coronagraphs are two sides of the same coin
• To learn more, join us in Santa Cruz for the AO Summer School in 

August! Register here by the end of this week: 
cfao.science.ucsc.edu/ao-summer-school


