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Chile
b
Aix Marseille Univ, CNRS, CNES, LAM, Marseille, France

ABSTRACT

All the upcoming Extremely Large Telescopes (ELTs) include artificial Laser Guide Stars (LGS) to increase
the sky coverage of their Adaptive Optics (AO) systems. Given the thickness of the sodium layer, where the
LGS are created, these artificial stars end-up to be extended 3D objects. On a large pupil, like the ELTs, the
sub-apertures of a Shack-Hartmann wavefront sensor see the LGS as an elongated object depending on their
position with respect to the laser lunch telescope. As a result, a detector with a large number of pixels per
sub-aperture is required to fully sample the elongated spots and minimize centroiding errors. As an alternative,
we propose to explore the use of Fourier Filter Wavefront Sensors (FFWFS), such as the pyramid WFS but not
only, as they could potentially o↵er an interesting alternative, significantly less pixel-intensive. As a first step,
we developed a new method of simulating extended sources for FFWFS, which allows accelerating the simulation
by a factor of over sixty times when compared to the traditional methods. Taking advantage of this, we then
compare the performance of three sensors: the well-known Pyramid, the Ingot (as proposed by Ragazzoni)
and a new promising candidate called the tilted Shearing interferometer. Sensitivity tests are performed for
quantitative comparisons between these sensors. When comparing the sensitivity of a di↵raction limited source
with a 2D 1” source for a 3- and 4-sized Pyramid WFS, a 25 factor decrease was observed. This lost sensitivity
is equivalent to a decrease in limiting magnitude of 6.7. Then, comparing the sensitivity of the Pyramid WFS
and the Ingot WFS, the both had a similar behavior in the horizontal direction (across the elongation of the
LGS), but the Pyramid had almost twice the sensitivity along the elongation, meaning that overall the Pyramid
is more sensitive than the Ingot. The Tilted Shearing interferometer did not performed as expected, mainly
because of di↵raction and sampling e↵ects that could be better understood in laboratory conditions.
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1. INTRODUCTION

The use of laser guide stars (LGS) makes it possible to increase the coverage of adaptive optics (AO) systems,
due to the lack of natural guide stars (NGS) bright enough to be able to correct atmospheric aberrations.1 These
laser stars are generated by exciting sodium atoms present in a layer of the atmosphere located approximately
90 km above sea level. Due to the width of the laser beam, the spot has a radial extension. Typical LGS’ have
a diameter of 1 arcsec at 90 km. Also, the sodium layer has a thickness of between 10 to 20 km, which makes
the artificial star a 3D extended object.2

On a large pupil, like the Extremely large telescopes (ELT), the sub-apertures of a Shack-Hartmann wavefront
sensor see the LGS as an elongated object depending on their position with respect to the laser launch telescope.
As a result, a detector with a large number of pixels per sub-aperture is required to fully sample the elongated
spots and minimize centroiding errors. At the scale of the ELTs such a detector is di�cult to realize.3

Considering that ELTs are being designed to use SH sensors,4 it seems appropriate to study the possibility
of using other wavefront sensors for LGS wavefront sensing. Various authors have proposed the use of a pyramid
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wavefront sensor (Top row Fig. 1) as a replacement for the SH for ELTs, due to advantages such as adjustable
sensitivity and dynamic range during operation5 and the lower number of pixels required for the detector.3,5

Another option for LGS wavefront sensing is the Ingot wavefront sensor6 (Iwfs). The Iwfs takes into account
the z elongation of the LGS by using a prism roof with three faces7 (center row Fig. 1). The idea is to match
the geometry of the LGS with the Iwfs such that the light is split following the elongation, optimizing the
signal-to-noise ratio of the measurement.

Another idea is to build a Fourier mask that acts as a shearing interferometer. The mask is similar to the
pyramid’s, but instead of having four planes to generate four separated pupils, a repeating grid of planes is
used to generate two pairs of pupils, the first overlapping with shear in the x-direction and the second in the
y-direction (bottom row Fig. 1). The idea of the repeating grid is to make the wavefront sensor translation
invariant, to retrieve some of the lost sensitivity due to the LGS’ elongation. Using a spatial light modulator it
would be possible to generate the mask and then tilt the whole apparatus to follow the elongation of the LGS,
obtaining a similar e↵ect as the Ingot, where the samples interact in focus with the mask.

Figure 1. Diagrams of the three FFWFS tested. Top row: Pyramid WFS; central row: Ingot WFS; bottom row: titled

Shearing interferometer. Left column: LGS as seen by the Fourier mask (logarithmic scale in the intensity). Note that

in a) the LGS is only focused on the center, while in b) and c) the LGS is completely in focus); central column: Fourier

mask, color-coded to match the pupil images with the part of the mask that generated it; right column: pupil distribution

on detector plane.
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The general objective of this work is to understand the behavior of di↵erent wavefront sensors in large aperture
operation, such as the ELTs, in order to better comprehend the limiting factors and possible innovations in
wavefront sensing.

The specific objective of this work is to measure the photon noise sensitivity to spatial frequencies, vertical and
horizontal, for di↵erent wavefront sensor options for LGS wavefront sensing for the ELT, in order to determine
the best suited for large aperture operation. To do this, an end-to-end simulation was developed using the Object
Oriented Matlab Adaptive Optics toolbox (OOMAO).8

2. METHODOLOGY

2.1 LGS sampling

In order to simulate an LGS it was necessary to discretize the sodium layer into samples, and make an incoherent
sum of the contribution of each one to the measurement. In a real life scenario, the laser guide star is generated
by exciting tens of trillions of atoms present in the sodium layer. From a simulation point of view, that amount
of samples is di�cult to achieve, therefore tests were performed to identify a suitable number of samples (10.000)
from which the results were not dependent on their quantity.

The sodium density profile present in the layer a↵ects the shape, height and light distribution that comes
from the LGS. Using this sodium density profile, and the geometry of the laser launch telescope, the LGS was
sampled using a Monte Carlo approach.

To draw the position in the x axis coordinate of the LGS samples, a 1 arcsecond FWHM Gaussian profile
centered at zero was used. For the Y coordinate, a Gaussian with the same FWHM as the X coordinate, but
centered at the side of the telescope, to encode the size and position of the laser launch telescope, located at the
side of the telescope pointing straight up. For the Z coordinate of the LGS samples, the sodium profile was used
as the probability density function to draw the values. Examples of two sodium profiles are shown in figure 2.

Figure 2. Sample distribution of the LGS for two sodium profiles (300 samples for better visualization). Left panel:

Gaussian profile with µ = 90 km and FWHM = 7 km; right panel: double peak profile example.

2.2 Propagation

Using geometry, it is possible to calculate that the elongation of the LGS in the Y axis is approximately 10”.
Considering a pixel sampling of 2.4 pixels per FWHM of the PSF, a 40 m primary mirror diameter, and � =
589nm, to sample the whole 10” a 10.000 x 10.000 pixel matrix would be needed. Figure 3 is an example of
a pyramid wavefront sensor used with an LGS, where to fit the whole elongation of the star a 10.000 x 10.000
matrix was needed.
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Figure 3. Representation of light path from the LGS through the pyramid and to detector (all units in pixels). Left image:

log scale of the LGS spot; center image: pyramid mask; right image: pupils in the detector

Given that the telescope has to focus at a certain height (⇠ 90 km) each sample away will have a defocus
coe�cient given by it’s Z coordinate. This defocus will a↵ect the spot size as can be seen in figure 4. Even
the samples with the biggest defocus coe�cient only use a small number of pixels when compared to the overall
elongation.

Figure 4. Representation of light path from a single sample to detector (all units in pixels). Top row: LGS lower edge
sample. Left image: sample psf; center image: pyramid mask; right image: pupils in the detector. Bottom row: LGS
near center sample. Left image: sample psf (as sample is near perfect focus, it looks only as a dot at the center of the

image); center image: pyramid mask; right image: pupils in the detector.

Instead of adding the equivalent tip and tilt given the sample’s position in the sky and using the complete
LGS field of view, a more e�cient way to propagate the samples is to build an appropriate sized window around
the sample given by its defocus coe�cient, compute the x and y position of the sample in the image plane, and
translate the Fourier filter that amount. Therefore, each sample only required a small field of view and the
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computation runs much faster. Figure 5 shows examples using three samples with di↵erent defocus coe�cients
and the simulation scaled up to match the sample’s spot size.

Figure 5. Light path from samples in di↵erent parts of the LGS (all labels in pixels). The telescope was focused at a height

of 90 km. Top row: sample at 91 km; middle row: sample at 92 km; bottom row: sample at 96 km. left column: point

source a↵ected by defocus; middle column: portion of the pyramid the sample interacts with; right column: associated

pupils’ image in the detector.

This technique, that we call portion propagation, brings two benefits: 1) matrices are at least 10 times
smaller than when using the full field of view for the LGS, and might be 50-100 times smaller for near focus
samples. 2) Computation times are faster. As an example, when simulating a pyramid wavefront sensor for a 20
m telescope, the time for each frame went from 1200 to 17 seconds, so a 60 times gain in time.

2.3 Fourier filter masks as Wavefront sensors

Placing an amplitude or phase mask in an image plane can transform phase information into intensity variations.9

These are called Fourier filter wavefront sensors. A classical example is the pyramid wavefront sensor,10 where
a glass pyramid is placed in the focal plane to separate the light into four pupils.

In order to simulate the Iwfs as a Fourier filter mask, the approach used was to eliminate the defocus coe�cient
from the samples, and then propagating them through a three sided pyramid (3Pyramid), aligning the elongation
of the LGS with one of the edges and also shifting the 3Pyramid such that the three pupils formed had the same
intensity. This approach encodes the fact that the Iwfs follows the 3D elongation of the LGS, so the mask acts
on each sample in focus. Considering the full geometry of the problem, each sample would see the mask with a
di↵erent perspective,7 but having the mask not change from sample to sample could be enough to understand
the expected response of the system. Figure 1, central row, shows the light path to simulate the Ingot wavefront
sensor. In the figure, the LGS is shown completely in focus, given the interaction of the light with the rooftop.
As all the samples are in focus, they need a small field of view for the portion propagation, making the simulation
more than 200 times faster than for the Pyramid wavefront sensor. The tilted Shearing Interferometer WFS was
simulated in a similar way as the Iwfs, propagating all the samples in focus through the repeating mask.
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The signal and the sensitivity were obtained using the meta-intensity (using the return-to-reference operation)
and its 2-norm, respectively, as presented in the work by Fauvarque et al.9 For each of the tested WFS, a reference
frame could be computed by propagating the LGS samples without atmosphere.

The sensitivity can then be used to understand the limiting magnitude of a system, as the residual phase in
the error budget due to photon noise, �2

noise, depends on the sensitivity as follows11

�2
i =

1

Nphs�(i)
(1)

�2
noise =

nX

i=1

�2
i (2)

with Nph the number of photons in each frame, s�(i) the sensitivity to mode ”i”, and n modes corrected in
the closed loop operation.

3. RESULTS AND DISCUSSION

Along with the computation of the sensitivities for the Pyramid, Ingot and tilted repeating Shearing interferom-
eter wavefront sensors with LGS, some reference cases were also tested: di↵raction limited source using a 3-sided
pyramid and classic shearing interferometer, and laser launch telescope 1 arcsec limited source for 3- and 4-sided
pyramids. The results for the photon noise sensitivity to horizontal and vertical spatial frequencies is presented
in Fig 6

Figure 6. Photon noise sensitivity to spatial frequencies for pyramid, ingot and repeating shearing interferometer wavefront

sensors. “NPyramid” refers to a N-sided pyramid. The ⇧ and ⇤ makers refers to horizontal and vertical spatial frequencies,

respectively.

The spatial period of the repeating shearing is 40 �/D = 120 mas, meaning that there are 8 cycles within
the FWHM of the laser spot in the “X” direction and 30 in the “Y”.

From Fig 6 it is possible to observe that when going from a di↵raction limited source (blue markers) to a 1”
laser spot (cyan and red markers), there is a drop in sensitivity of almost 25 fold, even when there is no ”Z”
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elongation present, just the ”XY” extension of the source. This e↵ect probably limits the maximum sensitivity
that could be obtained when using a full 3D elongated source. Using equations 1 and 2, this drop in sensitivity
has the same e↵ect in the residual variance due to photon noise as increasing the magnitude of a di↵raction
limited source by 6.7 magnitudes (e.g. if the limiting magnitude for the AO system using a natural star is 15,
then using a 1” source the limiting magnitude would be in the order of 8-9).

When comparing the 3- and 4-sided pyramid with the laser 1” spot limited, it is possible to observe that the
4Pyramid is approximately 25 % more sensitive than the 3Pyramid. This means that the limiting sensitivity for
the Pyramid and the Ingot might be di↵erent.

The 4Pyramid with the 3D elongated laser guide star shows a lower sensitivity than with the 1” spot limited
source in both directions, which agrees with what is expected. The vertical sensitivity is approximately two
thirds of the horizontal, which is due to the elongation being in that direction. The defocus of the samples has
two e↵ects: on one side, it lowers the sensitivity due to the light being spread out over a larger area, acting as
a modulation which reduces the sensitivity, but on the other side, the size of the samples increases the dynamic
range of the system, which in turn brings some of the lost sensitivity due to saturation. Samples that, if they
were in focus, only would go through a single tilted plane of glass (that brings no information), now with the
the defocus can interact with more than one plane, e↵ectively raising the sensitivity.

Then, looking at the Ingot curve it is possible to observe that the horizontal frequency response is similar
to the laser 1” spot of the 3Pyramid, meaning that by following the elongation with the rooftop prism this
sensitivity is recovered. In contrast, the sensitivity to the vertical frequencies is greatly reduced, having a value
approximately three times less than for horizontal ones. This might be explained as only a small portion of the
samples ”see” a filtering across the vertical direction.

When comparing the curves from the Pyramid and the Ingot is possible to observe that both have a similar
sensitivity to the horizontal frequencies, even when the ingot is acting on the samples in focus. This might be
explained with the fact that the limiting sensitivity of the pyramid (the 1” spot) is greater than for the Ingot,
therefore, even when some sensitivity is lost due to the defocus of the samples, the overall greater sensitivity of
the 4Pyramid compensates this e↵ect. Then, when looking at the vertical sensitivities, the Pyramid has twice
the sensitivity than the Ingot. In the Pyramid, not only the samples that are centered in the edge of the mask
provide signal (as in the case of the Ingot), but also samples further away due to their size from the defocus.

As for the Repeating tilted shearing interferometer, it did perform as well as expected, probably because the
di↵ractive nature of the repeating mask. As both the source and the mask are sampled using the same grid, if
the period of the mask was not an integer multiple of the sampling rate of the source (pixels in the FWHM), then
spillover would occur, which artificially a↵ected the signal. Also, due to di↵raction, ghost images of the pupils
would appear, therefore the period of the mask could not be lowered more than 40 �/D, because the separation
of the ghost pupils would interfere with the signal. The complete separation of the pupils could be achieved if
the period of the mask matched the sampling rate of the source, but probably due to aliasing the signal was
unusable.

To test the sensitivity of the Tilted Shearing interferometer, an experimental approach might be a better
alternative. Using a spatial light modulator (SLM), the repeating mask can be applied to an analog source of
light, therefore decoupling the grid used for the mask and the source. To do this, the LOOPS optical bench12 at
LAM might be a good alternative, as there are already optical paths that go through an SLM with the purpose
of doing adaptive optics. Also, another alternative would be using the new PULPOS adaptive optics bench at
Pontificia Universidad Católica de Valparaiso.

The results presented above does not represent the whole performance of the tested wavefront sensors, as for
example the linearity and dynamic range were not tested. The main conclusions that can be extracted from the
results are

• Going from a di↵raction limited source to a 1” source can lower the sensitivity of an NPyramid wavefront
sensor by a factor of 25, which imposes a limit on the maximum sensitivity that can be achieved using LGS
with a Pyramid-like WFS.
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• The higher sensitivity of the 4Pyramid compared to the 3Pyramid for the 1” source and the increased
dynamic range of the unfocused LGS can make the standard 4Pyramid a more sensitive instrument than
the Ingot wavefront sensor for LGS wavefront sensing.

• The tilted Shearing interferometer might be better explored using a laboratory approach, due to di↵raction
and sampling e↵ects.

4. FURTHER WORK

In the future, linearity, dynamic range and closed loop operations would provide a more general performance of
the tested wavefront sensors, and also laboratory tests using the LOOPS or PULPOS bench, to better understand
their behavior and to help in the decision of the best wavefront sensor to be used for LGS wavefront sensing in
he new extremely large telescopes.
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