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Abstract. In this paper, we report the performance achieved by the multi laser guide star (LGS) 
implemented at the 6.5 m MMT telescope operating in Ground Layer Adaptive Optics mode. The system 
uses five range-gated and dynamically refocused Rayleigh laser beacons to sense the atmospheric 
wavefront aberration. Corrections are then applied to the wavefront using the 336-actuator adaptive 
secondary mirror of the telescope. So far, the system has demonstrated successful control of ground-layer 
aberration over a field of view substantially wider than is delivered by conventional adaptive optics. We 
report a reduction in the width of the on-axis point-spread function from 1.07” to <0.2” in H band. Finally, 
we also describe the status of the development of least-squares Laser Tomography AO mode for the MMT 
laser system. In this case the reconstructor is obtained using simultaneous measurements of the wavefronts 
from the LGS and an additional natural guide star. 

1. Introduction  
With the development of the Extremely Large Telescopes (ELTs) the design of adaptive optics 
(AO) systems capable of taking advantage of their potential resolution becomes a key element 
of the design. These new systems consider the use of one or several laser guide stars (LGS) to 
increase sky coverage.  
 
To overcome the limits set by focal anisoplanatism error induced by finite height laser beacons 
tomographic wavefront sensing coupled with multi-conjugate adaptive optics (MCAO) was 
first proposed by Beckers in 1998, [1]. Tests on the sky using the MCAO Demonstrator 
(MAD) at the Very Large Telescope (VLT), [2] have shown promise to realize the potential of 
current 8-10 m class telescopes and also to serve as an AO technology demonstrator for future 
ELTs.  
 
Several variations of tomographic wavefront sensing have been developed. In the case of 
ground layer adaptive optics (GLAO) an estimate of the aberrations close to the telescope 
aperture is used. These aberrations arising in the boundary layer are common to all guide stars. 
GLAO provides partial image correction over a wide field of view. GLAO was first suggested 
by Rigaut [3] and Angel & Lloyd-Hart [4] and demonstrated on-sky with natural stars using 
MAD at the VLT in 2007 and with lasers at the MMT [5,6]. In contrast, laser tomography AO 
does a tridimensional reconstruction of the turbulence, allowing improved correction for any 
given target within the field of view (FOV). 
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The Center for Astronomical Adaptive Optics (CAAO) at the University of Arizona is 
implementing two variations of tomographic AO using five Rayleigh LGSs: GLAO and Laser 
Tomography AO (LTAO) [7]. Both techniques use the 6.5 m MMT telescope at Mt. Hopkins 
in Arizona. In this paper, we present the latest results achieved in GLAO mode and a 
description of the approach used to compute LTAO reconstructors using least-squares 
minimization and its implementation at the telescope. 
 

1.1. MMT Multi Laser Adaptive Optics system overview 
The MMT multi-laser guide star (MLGS) AO system utilizes five artificial guide stars, created 
via Rayleigh scattering in the atmosphere, and also a natural guide star (NGS) to acquire tip-
tilt information. The LGS wavefront shapes are recovered with a PC-based real-time 
reconstructor code and converted into commands for the adaptive secondary mirror (ASM) [8]. 
 
Two Nd:YAG 5.2 kHz pulsed lasers are combined into a single 532nm and 27W beam  using a 
polarizing beam splitter. The beam is then divided into five beacons creating a pentagonal 
constellation using a computer-generated hologram, which can rotate to compensate for the 
field rotation induced by the telescope tracking. Finally, the beams are propagated from behind 
the secondary mirror of the telescope using a laser beam projection telescope [9]. A fast beam 
steering mirror (FSM) controlled at 1 kHz serves to reduce the laser beam jitter. 
Accelerometers installed at the secondary mirror hub [10] measure vibrations and send a feed 
forward signal to the FSM in order to minimize the impact of vibrations on the beam pointing.  
 
The Rayleigh scattering return signal from the laser beacons is captured by the LGS wavefront 
sensor camera (WFS) [11], which uses dynamically refocused optics [12] and an electronically 
shuttered CCD to increase the depth of field and integrate the photon return over the range 20–
29 km. A prism array with 60 elements in hexapolar configuration divides the pupil of each 
beacon into 60 subapertures that are then imaged on the LGS WFS CCD, which is read out at 
400 Hz. Overall tip-tilt information is acquired from the centroid motion of a NGS image 
using an electron-multiplying camera. Independent high-order measurements of the NGS 
wavefront can be obtained using a separate traditional 12×12 Shack-Hartmann NGS WFS. 
Slowly varying non-common path aberration information is obtained from this camera, and 
corrected automatically by sending offsets to the ASM. The real-time reconstructor computer 
operates with a reconstructor matrix that defines the type of correction to be applied, which 
can be GLAO or LTAO. 

2. Current GLAO system performance  

2.1. The GLAO approach at the MMT 
The GLAO goal is to obtain a uniform moderate correction over a wide field. For this purpose 
the ground layer information is recovered by taking the average of the slope data obtained 
from the five laser beacons. High altitude information is filtered by the average operation since 
the slopes are not correlated. As a result, 60 averaged slope pairs are fed into the GLAO 
reconstructor matrix. This matrix is built from an analytical model of the telescope and the 
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MLGS system; from this model the influence function that describes the effect on the WFS 
signals of shape changes applied to the Deformable Mirror (DM) is obtained. The 
reconstructors, which control the DM from a LGS WFS input, can be computed then as the 
Singular Value Decomposition (SVD) pseudo-inverse of the influence function. A description 
of the algorithm has been presented in the literature [13, 14]. 

2.2. Latest performance  
Results obtained during May 2011 show the best performance achieved so far. The system was 
used with science instrument PISCES [15], which is an imager in J, H and K bands using a 1K 
x 1K Hawaii array. We used a high-resolution objective resulting in a plate scale of 0.0245” 
per pixel offering better than Nyquist sampling of the PSF. The resulting FOV of the 
instrument in this configuration is 25.1”. Sets of 50 images of one-second exposure in H band 
were taken in closed loop and then co-added; immediately afterward, equivalent sets were 
taken in open loop. The target was the star TYC3171-151-1 that had a V magnitude of 10.5 
and 9.2 in H band. This star was also used to close the tip-tilt loop, with the flux shared with 
the NGS WFS to allow continuous static aberration correction of the system. The data were 
taken with the loop running at 400 Hz. 
 
A comparison of the open loop image and the closed loop counterpart is shown in Figure 1. 
The seeing conditions were 1.07” in H band based on measurements of the target’s FWHM in 
several open loop data sets, including the one shown on the lower image in Figure 1. The 
upper image shows the same field in closed loop. The PSF FWHM of the target is reduced to 
0.196” or by a factor of 5.45 with respect to the natural seeing FWHM and a peak intensity 
enhancement factor of 7.1.  
 

 
Fig. 1. Images of the target in closed loop (top) and open loop (bottom) in H band. The natural 

seeing was in average 1.1” in H band. The FWHM of the close loop image is 0.196”, which 
represents a reduction of the PSF size of 5.45 times with respect to the open loop images.  
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The average FWHM of the five stars in the FoV is 0.192”. The PSF morphology is 
homogeneous for all the objects and the standard deviation of the FWHM is only 0.005”. A 
slight elongation in all the stellar PSFs attributable to residual astigmatism and defocus 
indicates that overall performance is still limited by non-common path aberration rather than 
uncorrected seeing. Table 1 lists the closed loop average performance obtained. The 
substantial improvement in peak intensity and PSF width, and the uniformity of the 
improvement over the field suggest that the ground layer accounted for much of the total 
aberration at the time of these observations, although no proven Cn

2 profiling tool was 
available to confirm this hypothesis. 
 

Table 1. GLAO average performance in H band. 
 

Closed loop 
FWHM 

FWHM Std. 
Dev. 

FWHM 
reduction 

Peak intensity 
enhancement 

0.192” 0.005” 5.5 7.1 
 

Despite the fact that the FOV radius of this result is limited to a FOV of 13.9”, there is no 
indication that the performance is degrading at the edge of the sampled FOV. Moreover, 
results published by Hart et al. [7] demonstrated that the system delivers uniform correction 
over 110’’, suggesting as well that the area corrected in GLAO mode extends even further. 

3. Advancements towards tomography  

3.1. Laser tomography approach at the MMT 
In contrast to GLAO, laser tomography aims to use the information provided by each laser 
beacon to obtain a three-dimensional description of the turbulence above the telescope, the 
same principle of wavefront sensing used by MCAO, but laser tomography relies on using 
only one DM instead of several conjugated to each turbulence layer. Laser tomography AO 
can therefore achieve diffraction-limited performance but for only one line of sight within the 
FOV of the instrument. Since this approach is linear, it has the advantage that the corrected 
object can be selected arbitrarily within the FOV just by modifying the reconstruction matrix. 
 
The complexity of obtaining an analytic reconstructor can be reduced if the wavefront 
measured by a ground truth NGS star, !!"#, is used to find a linear relation between the 
metapupil and the partial samples of its wavefront, !!"#, obtained by each laser beacon 
footprint. !!"# and !!"#  can be related by the tomographic reconstructor T as follows, 
 

!!"# = !!!"#       (1) 
 
The tomographic reconstructor T is obtained as the least-squares solution that minimizes the 
squared norm of the difference of the NGS wavefront !!"#  and their estimates !!"# obtained 
from the !!"#  information. Then, the tomographic matrix is obtained as: 
 

!!" = !!"#!!"#
!!                   (2) 
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!!"#
!!  is obtained by inversion of !!"# using SVD. Since Tls is obtained using least-squares 

minimization, this tomography matrix is called least squares tomographic reconstructor and it 
contains information about the atmosphere, the telescope, and the wavefront sensor. Hence, no 
a priori !!! information is necessary and no model of the optical system is needed, reducing 
the complexity and the amount of input variables required. 

3.2. Implementation of Least-Squares Tomography  
The procedure to obtain a least-squares tomographic reconstructor implemented at the MMT 
uses the LGS WFS to sample the wavefront of each laser beacon at 400 Hz in open loop. 
Simultaneously, and in synchrony, data are recorded from the NGS WFS. The length of the 
data sets should be sufficient to fully sample the statistics of the temporal variations of the 
atmosphere. A matrix !!"#  is built up from slope vectors that are the output of the real time 
slope computer. Each vector has 602 elements, 60 (x,y) pairs from each of the five beacons, 
plus by two NGS tip-tilt global slopes. 
 
Each matrix stacks slope vectors from 8000 frames or 20 seconds of data when the camera is 
operated at 400 Hz. Normally, six data sets are concatenated to create the matrix !!"#, which 
has 48000 frames and encompasses 120 seconds. The NGS WFS is sampled at the same speed 
generating the matrix !!"#  that contains 288 x-y slope pairs as rows and 48000 frames or 
columns. The synchronization of data sets is critical when the data is acquired because least-
squares tomography relies on a linear relationship between the measured wavefronts. Both 
cameras are triggered at the same time by a TTL signal and a frame number counter is 
recorded as a pixel value in the corner of the frame. The start of the data sets is found by cross-
correlation of the NGS and LGS focus term and is computed as shown in Figure 2.  
 

 
Fig. 2. Procedure to obtain a least-squares LTAO reconstructor 

 
This procedure is efficient and robust, but requires reliable telemetry. For example, dropped 
frames rapidly distorted the cross correlation peak as shown in Figure 2, where 75 contiguous 
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frames were lost, causing a double peak. In contrast, if the frames are lost in a scattered 
manner, the cross correlation peak will diminish. To overcome this problem, the dropped 
frames are identified in both data sets using the difference in the frame number. Then, the 
missing frames are also removed from both data sets in order to keep each frame concurrent in 
both wavefront sensors.  

Removing frames from the data set will not affect the performance of the reconstructor if there 
are enough samples to overcome the noise of individual measurements, the time span of the 
measurements is enough to average atmospheric variations, and all the measurements remain 
synchronized. To make the SVD operation feasible, the !!"# matrix is sampled reducing its 
size by a factor of 3.  

The final reconstructor !!"!!"#$ is an end-to-end tomographic reconstructor, where !!"# is the 
influence function of the ASM that maps the modal wavefront correction to actuator 
commands and !!" is the reconstructor that converts slopes to modes.  

!!"!!"#$ = !!"#!!"!!"                 (3) 

3.3. Tomographic reconstructor results 
Using telemetry obtained during May 2011, a tomographic reconstructor was built based on 
12000 frames. To validate the accuracy of the synchronization determined by defocus cross-
correlation, synchronized flashing LEDs were installed in front of the NGS and LGS WFS. 
The LEDs were pulsed simultaneously at a frequency of 1 Hz with a low duty cycle causing an 
abrupt change on the overall illumination, but not saturation, of the frame while the flasher was 
in operation during the first 10 seconds of the data set. The affected frames were discarded 
before computing the tomographic matrix. 

In the post processing code, the overall flux of each frame was calculated generating a vector 
that had a clear train of rectangular pulses. The edge of each pulse did not span more than two 
frames. Again, the cross-correlation of the flux of both wavefront sensors was computed and 
the synchronization point was easily found. This method proved to be very valuable when 
dropped frames existed in the data set, since in such cases the defocus cross-correlation peak 
becomes ambiguous.   
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Fig. 3. On the left the LS-Tomographic estimation of the defocus term is compared to the 
measured value. On the right the residual RMS of modes 2-8 is shown. 

 
A combination of the two methods, flux intensity and defocus cross-correlation, was used with 
the real data to address the synchronization problem. Initially, the starting point was found 
using the intensity information because it was unambiguous, but it did not provide any 
information about dropped frames in the rest of the data set. In contrast, by using the defocus 
information the integrity of the complete data set was verified. 

With the NGS and LGS data sets synchronized and after the dropped frames were filtered, the 
tomographic matrix Tls was obtained. This reconstructor was tested by comparing the 
estimated wavefront obtained from the LGS WFS with the measured by the NGS WFS. 
Presented on the left plot of Figure 3, the time evolution of measured defocus, shown in red, 
compared with the estimated defocus obtained using the tomographic reconstructor, shown in 
blue. The residual RMS of order 2 to 8 is shown on the right plot. The measured amplitude of 
each term is well described by the estimated value obtained using tomography.  

The RMS wavefront for modes 2-8 was reduced from an uncorrected value of 402 nm to 
LTAO residuals of 311 nm. It is expected to improve this value by increasing the number of 
samples taken into account for the SVD and also by implementing better filtering techniques to 
find and remove dropped frames. 

4. Future work and conclusions 
The operation of GLAO mode at the MMT telescope has demonstrated its potential to enable a 
broad range of science cases by delivering a uniform wavefront correction over wide field. The 
results presented in this paper show a reduction of the PSF FWHM by a factor of 5.5 in H band 
and a peak intensity increase by 7.1 uniformly over the FOV, emphasizing the capability of 
GLAO and the importance of the ground layer effect for current facilities and for future ELTs. 

The generation of a least-squares tomographic reconstructor that can be used on-sky requires a 
fast and robust procedure to manipulate, synchronize, and filter the data. The reconstructor will 
be valid only for the conditions when the data was acquired, therefore any change in telescope 
optics due to flexure, temperature, or the distribution of the atmospheric layers will diminish 
the performance of the reconstructor. The goal is to minimize the acquisition and processing 
time to less than 15 minutes, requiring a fully automated procedure to transfer and manipulate 
the NGS and LGS WFS data. Work is now needed to generate these tomographic 
reconstructors through a robust procedure that minimizes human intervention. 

The Imaging and Spectroscopic modes of ARIES [16] are being commissioned providing 
adequate sampling for the expected diffraction-limited performance of a tomographic 
reconstructor. 

The MLGS system at the MMT telescope is expected to continue GLAO operations during 
2012. Engineering time also will be allocated to advance the laser tomography procedure and 
implementation. 
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