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Disclaimer  
 
This rough document aims at identifying the open questions, difficulties and potential show-stoppers of the 
VASAO project; Olivier Lai, its main author, recognizes that it is non-exhaustive, although as complete as 
possible at the conceptual level. There is no claim made at this point that everything herein is absolutely 
true. Indeed the goal of the text is to generate discussions or rebuttal ideas.  
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1. Introduction 
 
The Challenges are illustrated graphically below along with a list, which is further 
expanded in the text. 
 

• Differential tip-tilt 
o Laser power 
o Spot size 
o Centroiding, integrating algorithm 

• LGS launch telescope 
o Dedicated telescope,  

 optimal D?  
 Focus or collimated?  
 Uplaunch AO?  
 Rayleigh scattering/fluorescence 

o Primary 
 Fluroescence 
 Spot size, effect 

of AO? 
• Focus  

o varying sodium 
layer height 

o Telescope focus 
o Atmospheric focus 
o Compensation, residual error 

• High order AO system,  
o Performance, 

bandwidth 
o LGS, focal 

anisoplanatism, 
power requirements 

o Reference offsets,  
• Low frequency guiding and pointing,  

o Guiding camera, seismometers 
o frequency domain overlap and 

stitching 
 
 

UV Laser
330nm
>20W

Launch
telescope

Adaptive optics ?

High order AO
Pueo Hou

Polychromatic
tip-tilt sensor

Low bandwidth guiding,
tracking, focucing
Reference offsets

LGS : Focus ?
Collimated ?

Interference pattern ?

Science camera
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2. Differential tip-tilt 
 
A quick back of the envelope calculation shows that simply propagating a “reasonable” laser to 
the mesosphere (collimated beam or seeing limited focus), and measuring the overall tip-tilt from 
polychromatic differential centroids will prevent us from achieving our goal by a few orders of 
magnitude. The error in position for a perfectly sampled Gaussian spot due to photon noise is the 
Noise Equivalent Angle (NEA), σNEA : 

N
spot

NEA
σσ =  

Therefore, if we assume 2ph/cm2/s/W, a 3.6meter telescope, 20msec exposures and a 50W laser 
and a spot size of 1”, we get an rms error on each individual spot of 7.86mas on each spot. The 
differential constant for the tip tilt determination is 25, and with a factor √2 because of the two 
spots, we get a residual tip tilt of 0.28”, to be compared to a diffraction limited spot size of 
40mas. We can fine-tune the details, but this simply shows the scale of the challenge facing 
VASAO. An experiment with natural guide stars would allow to pinpoint the accuracy of the 
measurement on the centroid (or any other method used to derive the tip-tilt, such as correlations) 
as a function of available flux (and possibly partial AO correction) might be useful to identify 
improvements in realistic conditions. A similar experiment has already been carried out 
(MATILDA) but in very different conditions than CFHT, Mauna Kea, etc. 
 
It should be noted that simply increasing the laser power, while feasible within limits, will not 
provide the required improvement on the measurement, as it increases too slowly. For example, if 
we relied on laser power alone to give us 0.25mas of residual tip-tilt, we would need a factor 100 
in the delivered power, 5kW. 
 

Laser Power 
 
Two schemes are proposed: the two photon excitation of ELPOA and the 330nm D1 line 
excitation. We favor single 330nm photon, but would like to demonstrate the return flux through 
a small experiment. The idea would be to launch a low power laser with a small telescope, e.g.14" 
(see below, but we could use this experiment to also try to focus the laser in the mesosphere), and 
we would look at the return flux with PUEO in orange or IR. 
Alternately, we could launch the laser through the primary telescope to measure the level of 
fluorescence.  
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Figure 1: Tip-tilt Strehl for various return fluxes (laser power) assuming a diffraction-limited 

spot in the mesosphere. Red: 5W, black: 10W, blue: 20W. 

 
As stated above, though, it is not by simply increasing the laser power that we will resolve the 
differential tip-tilt error. 

Measurement schemes 
 
It appears that the polychromatic measurement is an open loop measurement because the 
correction is achromatic, while the tip-tilt sensor only measures the chromatic part of tip-tilt: the 
tip-tilt mirror will displace the both spots by the same amount, while the quantity we are 
interested in is the relative position of the chromatic spots. The attenuation characteristics of open 
loops are not as favorable as closed loop. It is a question of linearity/dynamic range. Closed loop 
operation depends on null seeking conditions and is therefore much less sensitive to gain or 
variations in loop gain. An intuitive way to understand this is to imagine that if a spot is on the 
same pixel at all times, the flat field (or any other source of error) is not important, but if the spot 
moves around, then errors in the flat field of detector can cause spurious gain.  
 
Another way to look at this particular problem is to say that we can produce a pseudo-closed loop 
by subtracting the exact position of the tip-tilt mirror from the chomatic centroid and integrate 
this residual error; this would be equivalent to an integrator on a closed loop signal. But the 
closed loop signal is the difference of two noisy signals (differential centroids - tip tilt mirror 
position), so the noise attenuation due to the integrator cancels out. The pseudo closed loop 
scheme could provide some improvement if the gain on integrator is different then gain on tip tilt 
mirror. This needs to be studied further.  
 
Furthermore, it is shown in a paper from Tyler & Fried that, for Gaussian spot with no read noise 
(photon noise only) and infinitesimal pixels then for noise optimal matched filter, NEA (Noise 
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equivalent angle, defined as θb= σb/SNR) is optimal. One can show that NEA is equivalent to a 
measure of the centroid. It doesn’t look to be possible to improve this, but what happens if our 
spot is speckled or not Gaussian? Are there ways to improve the measurement accuracy 
(thresholding? correlations? Phase retrieval methods? Bayesian maximum likelihood estimators?) 
 

Spot size 
 
This is the most uncertain, yet also the potentially most promising way out of the quandary: 
Focusing the laser in the mesosphere with out without uplaunch adaptive optics. We start off by 
noting that with all the parameters as outlined above (50W laser, 2ph/cm2/s/W, 20msec 
integration times, 3.6m telescope), a spot size of 0.3” would provide sufficient accuracy on the 
centroid determination so that the tilt error would not be larger than the FWHM of the diffraction 
limit at 700nm. We also note that many of the studies done for TMT, Keck or Altair do not apply 
to VASAO, because all these systems are designed to correct at IR wavelengths, so the error 
introduced by the spot size of a collimated beam does not have a large effect the overall error 
budget, and will thus save much cost and complexity to these instruments.  

 
 Figure 2: Effect of Strehl (tip-tilt only) of varying spot size for a 10W laser 

Up-launch adaptive optics has never really been carried out successfully despite some attempts.  
An added difficulty is that we will be operating our laser at 330nm, where r0 is exceedingly small 
(10cm), especially considering the fact that return flux/unit area is so low. 
We will return to up-launch adaptive optics when we look at the optimal launch telescope 
diameter. 
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3. LGS launch telescope 
 
The success of the polychromatic differential tip-tilt sensing scheme will in large parts depend on 
the size of the spot in the mesosphere, so the LGS launch telescope will be a critical component 
of VASAO, but there are also many unknowns since most existing LGS systems function in 
collimated beam from a 50cm launch telescope. A 50cm beam size in the mesosphere 
corresponds to 1” seen from the ground, and observed beam sizes on Keck and Gemini range 
from 1.2 to 1.4”, which is expected from natural seeing. Keck and Gemini use collimated beams 
(as will TMT), but the main reason is that they do not need such a degree of correction (accuracy 
on the measurement), because they are designed to operate at near IR wavelengths, not at 589nm. 
Anecdotal reports from Keck appear to indicate that the spot size is minimum for a collimated 
beam… 

Dedicated telescope  
 
Because most AO systems are not designed to provide meaningful correction at 589nm, a small, 
dedicated telescope is usually used launch the laser beam. The diameter of the telescope is usually 
optimized so that the atmospheric turbulence will have a small to negligible effect on the way up, 
but that the spot is still small enough after 100km of propagation (due to natural 
divergence/diffraction). Furthermore the laser beam being Gaussian, the launch telescope is 
oversized with respect to the beam to maximize the projected flux (e.g. 50cm telescope for 30cm 
beam waist in the case of TMT).  
 
We have seen that the accuracy required for the differential tip-tilt measurement is such that a 
collimated beam is unacceptable for reasonable laser power. However, focusing the laser beam is 
fraught with uncertainties, especially in light of atmospheric turbulence degrading the beam on 
the way up. Simulations have been run to study the Fresnel diffraction associated with focusing a 
Gaussian beam through the mesosphere, although they assume a perfect wavefront (See Figure 
3). Focusing through a thick layer will introduce a slight widening of the spot with respect to 
width of the image at best focus, although this can be optimized by increasing the telescope size, 
reducing the degree of apodisation, and active focus tracking. However, if the launch telescope 
were only a few r0, we would expect to obtain a single diffraction limited speckle. It would be 
moving around due to tip-tilt but since in the short exposures regime, this motion would be of no 
consequence. Yet as noted above, we know that the Keck laser spot size is minimized when the 
beam (50cm launch telescope, so a few r0) is collimated instead of focused. 
 
Experiments with a small launch telescope some distance away from CFHT to obtain vertical 
resolution and observing the spot through the current AO system would allow to study what 
happens to the beam as it goes through focus in the mesosphere, and would be very helpful to 
understand an issue that affects (and will affect) many telescopes. 
The optical quality of the launch telescope will also have to be very high if we wish to obtain 
diffraction-limited performance at 330nm. The study for the TMT launch telescopes sheds some 
insight as to how to handle the effect of the optical quality as a function of spatial frequency. In 
essence, the rms wavefront error determines the Strehl ratio and this Strehl is the product of low 
order and high order aberrations. The former increases the spot size by a factor 1/√Slo while latter 
simply scatters that fraction of the light out to a radius where it is not useful anymore, so this has 
to be factored into the laser power requirements. For example, for TMT, SR = 0.6 = Slo x Shi = 0.7 
x 0.85, meaning that the spot size will be broadened by a factor 1/√0.7 = 1.2, and the power will 
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have to be increased by a factor 1/0.85=1.18 to account for the optical quality of the launch 
telescope. 
 
 

 
Figure 3: Vertical cuts through focus of a truncated gaussian beam. Left tor right: increasing 

telescope diameter. Top to bottom: increasing apodisation (and transmitted power). The 
horizontal scale of each image is 2” (1m), while the vertical scale is 35km (75 to 110km) 

 

Passive optimal D or Uplink AO? 
 
Due to the spot size constraints, we have to consider the possibility of correcting the laser beam 
on the upward leg. This would undoubtedly add complexity and cost, and comes with its own set 
of challenges.  
Without any active compensation, the size of the optimal launch telescope is determined by the 
fact that we only need short exposures from the laser beam, so we can neglect tip-tilt (i.e. we 
make the assumption that short exposures is equivalent to perfect tip-tilt correction). In this case 
(see e.g. Roddier “Adaptive Optics in Astronomy” , Fig3.2), when D/r0=3.8, the residual phase 
error is 1 rad2, the Strehl ratio is ~30%, and the instantaneous PSF consists of a single coherent 
(diffraction limited) speckle. If we assume an r0(0.5μm)~16cm (median seeing), then the optimal 
diameter for a launch telescope at 330nm is 0.369m; optimal in this sense means that the gain in 
resolution (with respect to seeing) as a function of D/r0 is maximum. The diffraction limit for a 
37cm top-hat beam would be 0.18”. Therefore, it would appear that a 50cm launch telescope 
projecting a Gaussian beam with a waist of 37cm, would produce an adequate short exposure spot 
size on the mesosphere. The fact that this does not occur for Keck or Gemini at 589nm is a red 
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flag possibly pointing at implementation related challenges. We suggest that an experiment with a 
low power laser and small telescope should allow us to get a better handle on this issue. 
The main disadvantage of an uplink adaptive optics system is the added complexity and cost. 
Furthermore there are difficult issues when trying to measure the wavefront on a few photons 
scattered back from the mesosphere, when the same telescope is washed in billions of 
upstreaming photons. Even though the photons leaving the telescope would be at 330nm and the 
wavefront sensing could be performed at 589nm,the Rayleigh scattering would potentially be an 
issue due to light leaks in the UV blocking filters. Note that the return path would be exactly the 
same as the uplink so there is no way to spatially separate the Rayleigh backscatter from the 
sodium LGS. Also, fluorescence from dust and other molecules could also produce a broad 
polychromatic background.  
However, there are also many important questions that such a system could tackle. Uplink 
adaptive optics for laser guide stars has never yet been successfully demonstrated, although it 
could have interesting consequences for laser power requirements for future telescopes.  
There are a few ways to compute an “optimal” (at least from a theoretical point of view ) AO 
system/telescope diameter because we have to take the return number of photons and r0 into 
account. Increasing the telescope size provides the opportunity to get a smaller spot (λ/D). This 
will require more DM actuators and more sub-apertures, but would not change the number of 
return photons required by the uplaunch AO system, because the optimal sub-aperture size / 
actuator pitch is more or less r0, independent of the telescope diameter. Rousset gives: 

σ s
2 =

π 2

2
1

nph

NT

Nd

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
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where NT is the FWHM of the image and Nd is the diffraction limit of the subaperture with both 
defined in the same units (e.g. number of pixels, arcseconds, μm). If we say that the return photon 
flux is ρ ph/cm2/s/W and that the area of a subaperture is d2≈D2/N, and that d>r0, then 

 σ s
2 = π 2

2 ρ × P × tint × r0
2( )−1

. 

We note that this is independent of the subaperture size or the telescope diameter. As a numerical 
application, we can use a return flux of 2 ph/cm2/s/W, a 50W laser, and 100msec effective 
integration times and  we get a residual phase error due to photon noise of 370~410nm rms, i.e. 
too large to provide any meaningful correction at 330nm. If d were smaller than r0, it would re-
appear in the expression for the photon noise:  

σ s
2 = π 2

2 ρ × P × tint × d2( )−1
, 

but in this case, the subapertures are so small that the flux per subaperture per integration time 
becomes ridiculously small. Now in the case of a pyramid wavefront sensor, there is a gain of 
(r0/D)2 on the variance estimate of tip-tilt with respect to a Shack Hartman sensor and (q r0/D)2 for 
modes of the qth radial order). For the sake of argument, let us assume that we can double the 
return photon flux (100W laser?), that our telescope diameter D is indeed 4r0, and that we are 
interested in correcting especially tip-tilt. Then, the residual phase error due to photon noise 
becomes 2.5 rad at 330nm, or 130nm rms. While this value is still high for the 330nm uplink 
beam, the corresponding Strehl ratio at 589nm will be closer to 15%.  
 
Monte Carlo simulations for correction of a 589nm laser have been performed (although not with 
the uplink at 330nm) and the results are shown on the figure below. We see that we are photon 
starved, and that one way to improve the signal-to-noise ratio is to decrease the bandwidth of the 
AO system, of course at the expense of bandwidth errors.  
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Figure 4: Monte Carlo of uplink (589nm) laser AO correction. 

 
In any case, these simulations (which assume the same return flux as the analytical calculations) 
seem to indicate that some gain is possible even with low order, slow AO correction. One way to 
intuitively understand this is that low order modes contain much energy at low frequency, so even 
slow correction can significantly improve the long exposure Strehl ratio. 
 
The issue of spot size and uplink beam correction is probably one of the major challenges (and 
question mark) of VASAO. It seems that small experiments could and should be carried out to 
assess if it is realistic to assume that a spot <0.3” can be achieved.  

Primary Mirror launch 
 
Another possibility would be to launch the laser beam through the primary mirror. The concern 
here potentially relates to fluorescence and scattering from dust and especially light leaks to the 
science detector, which will operate in the visible. The wavefront sensor should be relatively 
unaffected due to its very narrow bandpass.  
 
The main advantage here is that a potentially much smaller spot size would be achievable than 
with a dedicated launch telescope (and there would be no extra cost associated with an extra large 
piece of optics). However, D/r0 (at 330nm) is now so large that there is no correction on the way 
up and the spot size will effectively be that of the seeing. However, in short exposure mode, if the 
artifical star is speckled and these structures can be resolved by correcting effectively on the 
downlink, using cross correlations of speckles (which are of a size λ/D), it may be possible to 
extract the polychromatic tip-tilt with an improved resolution. I offer no suggestion as to how to 
proceed with this approach because it is not much favored, although it does seem to offer 
interesting research avenues. 
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4. Focus 
 
Determining and tracking the focus will be another challenge of VASAO. The minimum scenario 
would entail attributing all the high temporal focus variation to atmospheric turbulence (that we 
wish to correct), and all the low frequency focus variations to varying Na layer height, which 
would introduce erroneous focus on the science beam if it were included in the correction. We 
can estimate the residual focus error if we assume that we can determine the cross-over of the 
dominant source of focus in frequency domain. 
 

frequency

PSD

No
correction

Correction

f

Atmospheric focus
power spectrum

Na height variations induced
focus power spectrum

 
Figure 5: The residual phase error if we correct focus up to frequency f is due to atmospheric 

focus at frequencies below f which we do not correct and Na height variation induced above f that 
we erroneously correct. 

[Need to be evaluated numerically, using the TMT models] 

 

VASOA focusing process: 
 
Here we illustrate the process of focusing the science camera; many difficulties arise when 
operating open loop with respect to the sky. 
 

1) Initial telescope, wavefront sensor and science instrument focus process. 
 

Conceptually, focus can be achieved by proceeding through the following steps.  The 
telescope is pointed near an off-zenith science field.  A polychromatic laser guide star is 
launched at the center of the telescope beam to excite a laser guide star in the mesosphere.  A 
bright field star is centered on the science detector for initial science instrument focus. 

 
• Assume initially that the DM is perfectly flat (driven flat using fixed electrode voltages) 

and the science instrument is rigidly fixed below the AO Bonnette.   
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• Move the secondary mirror to achieve focus on the science instrument. Freeze the 
secondary mirror focus setting. 

• Center the high order wavefront sensor (HOWFS) on the laser guide star and move it on 
its tracks to achieve zero net curvature signal.  The HOWFS is now focused on the laser 
guide star. Close the loop around the HOWFS and its track drives to maintain focus on 
the 589 nm component of the laser guide star. 

• Drive the differential tip/tilt sensor (DTTS) to best focus on its tracks. 
• Use the focus and tip/tilt-removed signals from the HOWFS to drive the DM 
• Use the DTTS and seismometer to drive the tip/tilt mirror. 

 
At this point the two wavefront sensors and the science instrument are focused and providing AO 
correction for a stationary science object. 
 
Now let the telescope track the sky.  The following corrections then need to be sensed and fed 
into the control system. 
 

- telescope (science instrument) focus changes due to temperature changes and 
telescope flexure. 

- DTTS focus changes due to temperature changes and telescope flexure. 
- The changing range to the Na layer assuming a constant 90 km height 
- The changing height of the Na layer 

 
i) Telescope (science instrument) focus changes are handled either 

with a separate field star focus sensor in the science instrument, or 
through the use of an analytic focus model.  Alternately, the field 
star focus sensor might use the much larger field available in the 
Cassegrain Bonnette (~ 30 arcmin), at the expense of the added 
complication of cross calibration with the science instrument. 

 
ii) DTTS focus changes due to telescope flexure and temperature 

changes would be addressed by i) 
 

 
iii) The changing range to the Na layer and the changing height of the 

Na layer will both be tracked by the closed loop control of the 
HOWFS which will move in focus to force its long period  ( > 100 
sec) net curvature (focus) signal to zero.  Rapid focus changes in 
this operational mode are attributed to atmospherics and will be 
removed at the DM whether they are atmospheric in origin or not. 

 
iv) The DTTS focus changes needed to track the Na layer will be 

provided by the addition of the telescope temperature/flexure 
changes and motion of the HOWFS. 
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5. High Order AO system (Pueo Hou) 
 
We do not foresee any major difficulty with the purely high order AO part of VASAO. Systems 
with 60, 85 and even 188 electrodes have been built, and we can easily scale their performance to 
CFHT’s telescope diameter to get a fairly accurate estimate of the performance that we will be 
able to achieve, but also the limiting magnitude and requirements for the laser power.  
Currently, the estimated required laser power is scaled from Pueo measurements, scaled to Pueo 
Hou. Assuming that we can use the 589nm flux returned from our 330nm laser, the rms phase 
error due to photon noise will be: 

• 10W: ~100nm r.m.s. 
• 20W: ~70nm r.m.s. 
• 50W: ~42nm r.m.s. 

In any case, we can see that the power requirements for the differential tip-tilt will drive the 
power requirements, and the high order system’s needs should be met.  
 

LGS specifics 
 
The largest term on the error budget for the high order AO part is due to focal anisoplanatism. 
This term comes from empirical expressions from Hardy (1998), but circumstantial evidence 
(altitude conjugation AO at Gemini, performance of LGS at Keck) on Mauna Kea seems to 
indicate that a large fraction of the turbulence is close to the ground (boundary layer). If this were 
confirmed, it would reduce the contribution of the cone effect to the error budget. 
The optical design of the Pueo wavefront sensor is such that we will not be able to maintain the 
capability to guide off-axis in LGS mode. The reason for this is that the entire WFS moves in a 
telecentric beam to pick up different parts of the field, and does not have sufficient range of 
motion to accommodate the focus of the sodium layer and the infinite (NGS) focus. The two 
possibilities would then be to: 

1. Focus the telescope (via M2) on the sodium layer, use the WFS in its nominal focus, but 
track the differential focus between the sodium layer and the infinite focus and apply this 
to a science instrument focus stage or, 

2. Focus the telescope + science camera (as described above) on the infinite focus, but 
replace the dichroic beamsplitter so that its power is altered, and brings the sodium layer 
roughly into focus (the fine focusing of the WFS is achieved through the WFS motion). 
Then the beam is not telecentric anymore and guiding off axis will move the pupil on the 
lenslet array. 

 
The idea of a separate open loop focus stage for the science detector is less attractive than loosing 
the capability to offset the LGS with respect to the optical axis. Offsetting can still be achieved, 
but we now move the entire telescope+LGS on the sky.  
 

Low Bandwidth (Truth) Sensor 
As has been amply demonstrated by the Keck AO LGS system (and retroactively on the 
Lick system), the benefits of a low bandwidth wavefront sensor that allows to determine 
the DC component (i.e. the reference offsets) on the high order wavefront sensor is 
invaluable. In fact, such a sensor after the deformable mirror would allow t provide low 
frequency guiding, focus and shifts in reference offsets due to sodium layer height 
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variations. It is not clear how such as sensor would work especially in light of the limited 
field of view, but in view of the potential benefits, this option should be carefully 
evaluated. In this case, incorporating a LBWFS to the science detector or using an IR 
WFS far-off axis are possible scenarios. 
 

Up-launch through Pueo Hou? 
 
As explained above, an interesting possibility to obtain a small spot size in the mesosphere would 
be to launch the 330nm laser through the AO system and primary mirror. It is far from obvious 
how this could be achieved optically and the level of contamination to the WFS and science 
camera from fluorescence, but experiments with the current Pueo system would allow to assess 
the feasibility of such a scheme, even though we would expect absolutely no correction form our 
19 electrode system at 330nm. 
 
 

6. Slow Guiding, Seismometers 
 
The challenges of the slow guiding and the feedback from the seismometers are: 

1. Range of frequency at which the telescope can be taken as a rigid body. 
a. Telescope tube, 
b. Differential flexures between slow guider and science camera, 
c. Time required for turbulence statistics to be centered and unbiased. 

2. How to stitch the different frequency domains together. 
3. Seismometer and slow guider accuracy. 

a. Seismometer dynamic range, 
b. DC component of Cassegrain guider. 
c.  

A prototype seismometer is currently being built at CFHT and will be installed on the telescope to 
study its accuracy, compared to MegaCam or Pueo guiding. Data from the cass guider is also 
being analyzed to see the low frequency behavior of the telescope. This data shows discrepancies 
with what one would expect and needs to be studied further. 
 
At very low frequencies, the challenge of operating in open loop with respect to the sky still 
exists, but it would appear that long integration times (longer than time required for stationarity of 
random process to be established) far off axis (where tilt is not correlated to science object) 
should provide adequate, if not elegant solutions. 
 


