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Abstract

The purpose of this trade study (NGAO WBS 3.1.2.3.5) is to explore the advantages and disadvantages of adaptive optics wavefront control of the laser in order to correct for atmospheric aberrations on the laser uplink path. The main advantage of uplink correction is the possibility of obtaining a laser guidestar that is smaller in angular extent than one without compensation. Since the wavefront sensor is to first order dependent only on surface brightness of the guidestar, the smaller spot needs less total brightness which in turn implies less laser power is required to create it. With each Watt of laser power having a high marginal cost in the overall AO system, improvements that reduce the required power must be taken seriously.

1. Introduction

Laser guidestars have enabled astronomical AO systems to attain high sky coverage, opening up a wide variety of high resolution otherwise limited by the availability of natural guidestars. Still, producing high-power lasers for exciting the 589 nm mesospheric Sodium line is very costly. The Keck NGAO project is assigning a marginal cost of $100K/Watt given experience in producing or purchasing these lasers for the present LGS AO systems. Scaling to the number of LGS beacons envisioned for Keck NGAO, it will require an order of magnitude more laser power. Hence there is a strong motivation for reducing the laser power required to produce the guidestars while still maintaining wavefromt measurement performance.

2. Potential benefit of smaller LGS spot size using Hartmann wavefront sensors
In a Hartmann wavefront sensor, the key factor in wavefront measurement accuracy is the accuracy of the Hartmann spot position centroid determination. Centroid error is given by


x,y = spot/SNR
(1)

where spot is a metric of apparent spot size as seen in the focal plane of a Hartmann subaperture, in units of on-sky angle, the exact formula for which depends on the exact shape and distribution of light within the spot, and SNR is the signal to noise in the spot detection, which, in the photon-dominated case, is essentially the square-root of the number of photons in the observation. One can easily see that, if the spot size is, say, reduced by a factor of 2, the required number of photons for a given centroid accuracy decreases by a factor of 4.

Apparent spot size at the subaperture focal plane is determined by many factors. The wavefront error of the laser itself and the aberrations on the uplink path contribute to the illuminations spot size at the sodium layer. On the downlink path the atmospheric seeing further blurs this image, as does any aberrations in the wavefront sensor optics. Diffraction by the subaperture itself contributes to the blur. Depending on the baseline from the projection aperture to the Hartmann subaperture, laser guidestar spot elongation can dominate the blur in one direction. To see if uplink compensation is going to be of any help, we must quantitatively evaluate each of these sources in turn.

Assuming that uplink adaptive optics can be done perfectly, the laser aberrations and aberrations from the up-through-the-atmosphere path are removed completely. Thus r0 no longer sets the size of the illuminated spot size on the sodium layer and we are free to design the projection aperture to be larger than r0. Detailed calculations of laser propagation through turbulence have indicated that there is some improvement of spot size with projection aperture diameter up to 4 r0, or about 20-30 cm given typical seeing and the 589 nm wavelength of the sodium line. This is the size range of present day projected beams. With compensation however, spot size is limited by diffraction from the aperture instead of aberrations in the atmosphere. In this case, up to one meter diameter projection aperture can be used effectively to reduce spot size. The aperture size upper limit of approximately one meter is set by depth of focus, as explained below. Diffraction blur is about 0.12 arcseconds from a 1-meter projection telescope, and about 0.24 arcseconds from a 0.5 meter projection telescope.

Although the spot in the sodium layer is made small, it is still blurred by the downlink path. On the scale of one subaperture whose diameter is r0 (10 meters / 64 subapertures across = 16 cm, approximately r0 at 589 nm for Keck typical seeing) the incoming wave is aberrated by less than 1 radian rms, and mostly by tip/tilt, which is the signal we are measuring. The quality of the wavefront sensor optics is important of course and must be specified so as to be subdominant to the atmosphere.

Hartmann lenslet diffraction is an inescapable limit on the apparent spot size. The full-width half-max of the diffraction is approximately /d, or about 0.74 arcsecond in the case of the 16 cm subaperture.

The finite height of the sodium layer causes Hartmann spots to elongate along one axis. The elongation is given by


 = z s / zNa2
(2)
where s is the baseline from the laser projector to the subaperture, z is the height of the sodium layer, zNa is the distance to the sodium layer. With on-axis laser projection (from behind the secondary), telescope at zenith, and a Hartmann subaperture at the edge of the Keck aperture (s = 5 m), the elongation is approximately 1 arcsecond. Since z and zNa both increase with secant zenith angle, the elongation decreases proportionally to cosine zenith angle. The aperture-averaged baseline is approximately s = 3.3 m, resulting in an average elongation of 0.81 arcseconds. Spot elongation can be mitigated with a pulsed laser and some form of pulsed laser tracking in the wavefront sensor.
We have concluded that the smallest possible apparent Hartmann spot size is on the order of 0.74 arcsecond given a 16 cm subaperture, under the best of conditions for uplink compensation combined with a large projection aperture, a pulsed laser and pulsed laser tracking. This is a factor of 2 smaller than the best of measured spot diameters on sky so far and so it is enticing to think that such a size improvement might be able to reduce laser power requirements by as much as a factor of 4.

But what dominates laser “spot sizes” now? These on-sky measurements are hard to take at exposure times comparable with the Hartmann sensor. They are at best an indirect measurement from a long-exposure image. So, for the sake of arguing conservatively, we will calculate the theoretical minimum uncompensated spot size. With a 4 r0 diameter projection aperture, illumination at the sodium layer is essentially a seeing-limited speckle pattern, distributed in about 16 speckles over a solid angle /r0 in diameter, or about 0.74 arecseconds. On the downlink, this pattern is convolved with the atmospheric seeing, resulting in roughly a √ 2 increase in diameter, to about 1.05 arcseconds, which would be a lower bound on a long exposure image of it. The fact that present day observations are at about 1.5 arcseconds is probably ascribable to additional systematic error sources in the measurement. Nevertheless, even a factor of √ 2 improvement from 1.05 to 0.74 arcseconds diameter is significant in terms of laser power.

3. Potential benefit of smaller LGS spot size using direct phase wavefront sensors

As mentioned above, the Hartmann sensor is limited by the diffraction of its subapertures. In a pyramid wavefront sensor, the relevant spot size lower limit is the diffraction of the entire aperture. Sensitivity of a pyramid sensor increases with decreasing spot size, down to the smaller of the dither amplitude and the aperture diffraction limit. Ditherless systems are now under serious development and laboratory experiments are confirming the sensitivity behavior. Performance is still tied to apparent beacon spot size according to equation (1).

Even though the pyramid sensor does not suffer from subaperture diffraction, its sensitivity is limited by downlink residual aberration. Thus the sensor works best in closed loop. A stand-alone sensor would operate in closed loop with its own dedicated deformable mirror, and the absolute wavefront read off from a combination of the DM’s command signals plus residuals measured by the sensor.

The benefits of uplink correction with a direct phase sensor are potentially huge. With a pulsed laser and pulsed laser tracking, the sensor takes advantage of spot size as small as a diffraction-limit. In practice, because of the geometry of the sodium layer, the limit is the diffraction-limit of a one-meter telescope, or about 0.12 arcseconds. Still, this is roughly a factor of 10 smaller than present spots, and, correspondingly, implies that a factor of 100 reduction in laser power is potentially possible. Such serious benefits, considering the $15M price tag for 150 Watts of laser power for NGAO, bears serious consideration of these more complex sensors. For fair comparison, the extra costs of the sensors must be balanced against the savings of the lasers. If each WFS requires a $400K deformable mirror for example, the total cost of the additional DMs for Keck NGAO’s 9 LGS architecture would be $3.6M. This would trade against the saving of $14.9M (99%) of the laser cost.

In summary this “100x” system would require:

· Pyramid wavefront sensors, with a deformable mirror in each channel

· Pulsed lasers and pulsed laser tracking in the wavefront sensor

· A 1-meter laser projection aperture

A 0.5 meter laser projection aperture will increase the power requirements by a factor of 4 (a “25x” system), making the laser costs savings $14.4M (96%).

4. Limit to the maximum projection aperture diameter

To make a small diameter illuminated spot in the sodium layer, the uplink projector will need to focus its beam to the sodium altitude. If the depth of focus is greater than the depth of the sodium layer (10 km) then the illuminating beam is diffractive (the sodium layer is in the far field) and increasing the projection aperture will decrease the illumination area. If the depth of focus is less than the depth of the sodium layer, then the illuminating beam is geometric (the sodium layer is in the near field) and increasing projection aperture diameter will only make the spot larger.

Depth of focus is given by


 = 2  ( zNa / d )2
(3)

The optimum spot size is achieved when the depth of focus equals the width of the sodium layer. For zNa = 90km,  = 10km, and  = 589 nm, the aperture diameter is d = 95 cm. 

5. Sodium saturation

In this brief study we have not calculated the beam illumination intensity and compared it against the saturation numbers. Suffice it to say that the approach taken in this study is to evaluate the effect of changing the spot illumination area while scaling the laser power down proportionally. Consequently, the illumination fluence (in Watts/cm2) at the sodium layer is no different than that of the baseline 150 Watt laser case, so the saturation considerations should be nearly identical.

6. Implementing uplink compensation

Adaptive optics uplink correction requires one deformable mirror per projected beam and means of determining the pre-compensating wavefronts.

Each deformable mirror must have a number of degrees of freedom appropriate for correcting visible wavelengths (the 589 nm laser line). A 36 degree of freedom DM will suffice for a 1 meter projection aperture, and a 12 degree of freedom DM will suffice for a 0.5 meter projection aperture.

Measuring the precompensating wavefront is a bit more tricky and costly. The suggested approach is to use one Raleigh beacon per sodium guidestar and a set of associated wavefront sensors. The Raleigh lasers share the projection optics with the sodium lasers and the Raleigh wavefront sensors would collect light returning into the projection telescope. The optical trains of the shared aperture would need the appropriate dichroic beam splitters. The projector and other shared optics need to handle both the sodium and the Rayleigh wavelengths efficiently. The Raleigh guidestar system needs pulsed lasers and a gated detector.

An obvious question is why not use the tomography system’s volume estimate to project wavefront estimates for uplink compensation. Unfortunately, due to the projection geometry, this would require significant extrapolation of wavefront estimates into regions of the volume not directly measured by downlink wavefront sensors. This unsensed volume is mostly the low altitude area just behind the secondary obscuration.

7. Conclusions
It appears that if one takes pains to use the type of wavefront sensor that can take advantage of it, there is a potential for a very significant reduction of required laser power if the uplink beam is AO corrected. However, the total package, which involves the success of more than one untested technology, is of reasonably high technical risk. Still the benefit potential suggests that even if the more conservative approach is taken during initial design phases, development testing of the new technologies should proceed. 

Uplink correction using the Hartmann wavefront sensor produces marginal benefit, which is likely a factor of 2 reduction in required laser power. Nevertheless, it requires serious consideration. Much of the discussion here has been based on simple, zero’th order calculations and should be followed up with more complete simulations for calculations of laser return and wavefront error budgets.
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