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ABSTRACT
Key advances in adaptive optics (AO) for both astronomical and military applications will be enabled through the
deployment of multiple laser guide stars on large-aperture telescopes. Wider compensated fields of view than are
now seen with conventional AO systems, even those equipped with single laser beacons, will be achieved with less
field dependence of the delivered point-spread function. Correction to the diffraction limit over 1 arcmin fields with
multi-conjugate AO and partial correction over 5 arcmin with ground-layer AO are anticipated. In this paper, we
report preliminary closed-loop results from an adaptive optics system deploying multiple laser guide stars, operating
at the 6.5 m MMT in Arizona, correcting the effect of the focus term from ground-layer turbulence. Five beacons are
made by Rayleigh scattering of laser beams at 532 nm integrated over a range from 20 to 29 km by dynamic refocus
of the telescope optics. The return light is analyzed by a unique Shack-Hartmann sensor that places all five beacons
on a single detector, with electronic shuttering to implement the beacon range gate. The wavefront sensor divides the
6.5 m telescope pupil into 60 subapertures. Wavefront correction uses the telescope's unique deformable secondary
mirror; significant image compensation will be realized at wavelengths of 1.2 µm and longer. Global image motion,
not sensed by the lasers, is measured from a natural star imaged onto a photon-counting CCD camera with a limiting
magnitude for full speed corrections of V=17, with some correction remaining down to V=19.

1. INTRODUCTION
The current state of the art in adaptive optics (AO) is represented by high actuator count systems on large telescopes
that deploy a single laser guide star (LGS). Such systems are now in use for both astronomical and military
applications, but are fundamentally limited in their compensated field of view (FOV) because of tilt anisoplanatism
and their degree of image correction because of focal anisoplanatism. Further advances in high resolution imaging
may yet be made through the deployment of multiple laser guide stars (LGS) [1]. Constellations of beacons may be
analyzed to yield a three-dimensional solution to the atmospherically induced wavefront aberration through
tomography. Wider compensated fields of view than are now seen with conventional AO systems will be achieved
with less field dependence of the delivered point-spread function (PSF). On telescopes of the current 8–10 m class,
multi-conjugate AO (MCAO) using tomographic wavefront sensing is expected to yield correction to the diffraction
limit in the near infrared over fields of 1 arcmin diameter. Compensation of low-lying turbulence by ground-layer
AO (GLAO) is anticipated to give substantial improvement over natural seeing for larger fields up to 10 arcmin.
The promise of these new techniques, which are only now beginning to be explored at the telescope, is even greater
for the next generation of extremely large telescopes (ELTs) [2,3]. Indeed, the primary motivation for our work at
the 6.5 m MMT telescope described here is to understand how to design, build, and operate an AO system for the 25
m Giant Magellan Telescope (GMT), where multi-LGS tomographic wavefront sensing will be essential. Focal
anisoplanatism, arising because rays of light from LGS at finite height sample the atmosphere differently from rays
of starlight, is not so severe on 8 m telescopes as to prevent high Strehl imaging in the near infrared with a single
LGS. But the error grows with aperture, and for ELTs the error would be prohibitive. It can be overcome however
by combining signals from multiple LGS which collectively fill the volume of atmosphere perturbing the starlight.
The most straightforward of the multi-LGS techniques to implement, with important scientific application, is
GLAO. By measuring and averaging the incoming wavefronts to a telescope at several different field points, an
estimate of the common turbulence located near the entrance pupil of the telescope can be made, with the
uncorrelated higher altitude contributions averaged away. This estimate, when applied to a deformable mirror
conjugated near the telescope's pupil, can correct the atmospheric aberration close to the telescope which is common
to all field points. It has been found empirically at various sites that typically half to two-thirds of the atmospheric
turbulence lies in this ground layer [4–9], so when the technique is applied, the natural seeing will improve
substantially over a large field. This will be of particular value to science programs that until now have not found
any advantage in AO. Many observations that are normally carried out in the seeing limit will benefit from improved
resolution and signal-to-noise, ultimately increasing scientific throughput. In this paper, we report early closed-loop
results from a multi-LGS system operating in GLAO mode at the MMT.

2. THE MMT’s MULTI-LASER AO SYSTEM
For a full description of the multi-LGS and wavefront sensing systems, we refer the reader to previously published
accounts [7,10]. Earlier work on laser-guided AO has been confined to a single beacon, usually created by resonance
scattering in the sodium layer at 90 km altitude. For our work at the 6.5 m MMT, we have created five beacons
generated by Rayleigh. Single Rayleigh beacons gated to an altitude of ~12 km have previously been used for AO at
small telescopes [11] but the strong focus anisoplanatism and incomplete sampling of higher turbulence make a
single such beacon of little value for an 8 m class telescope.
The MMT’s multiple laser guide star (LGS) AO system is comprised of four main components: the lasers and
associated beam launch telescope, a Cassegrain mounted instrument containing the wavefront sensors (WFS), a realtime reconstructor computer and the adaptive secondary mirror (ASM) [12]. The beacons are generated with two
doubled-YAG lasers at 532 nm, pulsed at 5 kHz, of 15 W each. The laser launch telescope combines the two beams
in crossed polarizations, then breaks the combined beam into five that are projected from behind the secondary
mirror of the MMT into a regular pentagon of beacons on the sky with a radius of 60 arcsec. These beacons are
dynamically focused in the return optics [13] from an elevation of 20 to 29 km above the telescope. The long range
gate, which greatly exceeds the telescope’s normal depth of field at that range, increases the photon return and
allows the use of low-power lasers.
The wavefront sensing instrument, built on a custom optical breadboard, is shown in Fig. 1. After wavefront
compensation at the MMT’s secondary mirror, light passes through a hole in the center of the breadboard to the
entrance window of the science camera. This is a dichroic beam splitter which transmits light longward of 1 µm into
the science dewar and reflects visible light back up into the WFS. Laser light is separated by a notch reflector
centered at 532 nm into the dynamic refocus optics and on to the LGS WFS. The remaining visible light from stars
in the field, longward and shortward of 532 nm, is transmitted by the notch reflector to a fast tip-tilt camera with a
searchable 2 arcmin field using an electron multiplying L3 CCD, a standard natural guide star (NGS) ShackHartmann WFS with 12×12 subapertures which can be used for open-loop testing or other calibrations, and a wide
field video camera used for acquisition.

Fig. 1. Photograph of the wavefront sensing instrument. The main white arrow shows the light coming from the
f/15 adaptive secondary. The yellow arrow shows visible light reflected off the tilted science instrument entrance
window. The green arrow shows the path of the LGS light reflected off the rugate filter into the laser wavefront
sensor. The red arrow shows the remaining visible light as it passes to the tilt, wavefront sensor and wide field
cameras.

The images from all five laser beacons are recorded on a novel
implementation of the Shack-Hartmann WFS, which includes the
dynamic focus optics and a single electronically shuttered CCD. A
prism array divides the pupil into 60 subapertures arranged in a
hexapolar geometry as shown in Fig. 2. The LGS WFS may be run at
frame rates up to 500 Hz with good signal-to-noise ratio.
The real-time reconstructor computer reads frames from the laser
WFS and tilt sensor and computes corrections to be applied to the
ASM. The hardware is a PC comprising a dual quad core Xeon
X5355 CPU running at 2.66 GHz, with 2 GB of memory. It runs the
CentOS operating system with RTAI real-time extensions, and uses
an EDT PCI-DV framer grabber card for communication with the
laser WFS controller. The software is written in C and has been
developed in-house. In GLAO mode, the slopes from corresponding
subapertures are averaged over all five beacons before being
multiplied by the reconstructor matrix. In future use for LTAO, the
reconstructor matrix will be five times larger which will require that
the matrix multiplication software be parallelized and split across
several CPUs.

Fig. 2. Example frame from the MMT’s
laser WFS showing the five beacons
sampling the pupil with 60 subapertures
each. The range gate of the WFS camera
is 20 to 29 km.

3. IMPACT OF GLAO
Ground-layer correction was first suggested by Rigaut [14] as a way to improve wide field imaging for large
telescopes. Since then, numerous simulations have shown that GLAO can effectively and consistently improve the
atmospheric seeing [4,15,16]. GLAO was first demonstrated using three bright natural guide stars on a 1.5 arcmin
diameter with the Multi-conjugate Adaptive Optics Demonstrator (MAD) fielded at the VLT in early 2007 [17].
Because of the limited number of suitably bright natural guide star constellations on the sky, MAD was not designed
to support routine science observations. However, plans are currently underway to implement GLAO at several
telescopes around the world with a variety of techniques [18–22].
The MMT multiple laser AO system, after being in development for several years, is currently being commissioned.
Its main goals are to prove the concepts of GLAO with LGS and laser assisted tomographic adaptive optics (LTAO),
and to support science observations. In that capacity, beginning in early 2008, GLAO will provide diffractionlimited imaging in the thermal infrared bands from 3.5 to 10 µm and substantial seeing improvement in K (λ = 2.2
µm) and shorter bands over all the sky accessible above 45° elevation. With the addition of LTAO, anticipated in the
summer of 2008, diffraction-limited operation will be extended down to H band (1.6 µm). The system’s on-sky
performance will allow GLAO and LTAO performance projections for the twin 8.4 m Large Binocular Telescope
(LBT) [22], the 25 m GMT, and other ELTs.
Previous open-loop experiments have been carried out with the multi-LGS system at the MMT [23]. Wavefront data
were recorded simultaneously from all five beacons and a natural star enclosed within the LGS constellation with
the two Shack-Hartmann sensors synchronized. The average signal from the beacons was taken as a measure of the
ground layer aberration. The difference between the average laser wavefront and the stellar wavefront is a measure
of the degree of correction to be expected in closed loop. Fig. 3 shows sample PSFs computed from these residual
wavefronts, with high-order aberrations added to model the uncorrected modes of the system, and servo lag of 0.02
s. A summary of PSF metrics by waveband is given in Table 1, including the full width at half maximum (FWHM)
and θ50 and θ80, the radii enclosing respectively 50% and 80% of the energy. The data were recorded in good seeing,
and illustrate that in such conditions resolution better than 0.2 arcsec in H and K bands can expected. Data recorded
during periods of poor seeing bear out the result seen in previous work [4] that GLAO continues to perform well,
delivering image resolution of 0.2 arcsec even in seeing at approximately the 80th percentile for the site.

4. OPERATION OF THE CLOSED-LOOP SYSTEM
The RLGS WFS is unusual in that the null points of the Shack-Hartmann spots are not centered on pixel boundaries.
Furthermore, because it is not the aim of the closed-loop servo to correct all the wavefront error in each beacon, the
spots are not always driven to these null points. It is therefore important that the RLGS WFS response be accurately

Table 1. Key figures of merit for PSFs corrected by GLAO in H and K bands. The values are based on
simultaneous open-loop LGS and NGS wavefront measurements recorded at the MMT, and include the
effects of uncorrected high-order aberration and servo delay that would pertain in a closed-loop AO system.
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calibrated. The first step is the alignment of the telescope and
science camera. The adaptive secondary mirror is set to the socalled ‘flat’ position: in fact, the non-aberrated aspheric shape
expected of a rigid secondary mirror, determined from offtelescope calibrations. The telescope is then collimated, using
feedback from the science camera looking at defocused starlight.

No AO

GLAO

To calibrate the RLGS WFS, a bright star is placed on the NGS
WFS and the loop is closed with this system. This reduces most of
the effect of the atmosphere and provides a less aberrated path
between the laser beacons and the laser WFS. While the NGS loop
is closed, images of the laser beacons are recorded on the laser
WFS over a period of a minute. The images are averaged and the
centroid position of each Shack-Hartmann spot is calculated.
These are used as the null points for the spots. This can be done
without the NGS WFS, using just the flat position of the mirror, Fig. 3. Top: instantaneous PSFs with no
but more of the non-common path errors will be taken out if the correction (left) and GLAO correction (right).
closed-loop NGS system is used in the calibration. A 6×6 pixel Bottom: simulated 60 s integrations with the
subaperture is defined around each spot on the RLGS WFS same degrees of compensation.
camera. The slopes within these subapertures are calculated from
the averaged laser WFS frame and are saved as slope offsets along with the subaperture locations. A sky background
frame is also taken by the reconstructor with the laser beacons turned off.
The system is then ready for closed-loop operation. Frames from the RLGS WFS are sent to the reconstructor. After
background subtraction, spot positions are calculated for each subaperture by a correlation tracker algorithm and the
offsets removed. The resulting vector of slopes is augmented by the latest global tip-tilt signals available from the
tilt camera which runs asynchronously. Command updates for the adaptive secondary are generated by multiplying
the augmented slope vector by the reconstructor matrix, and applying a scalar system gain. Before being sent to the
mirror, the command vector is corrected for the presence of uncontrolled modes. In typical GLAO operation, 54
modes will be controlled, but the ASM has 336 actuators; including piston, there are therefore a total of 282
uncontrolled modes which may be excited by external perturbations such as wind buffet, vibration, or actuator crosstalk. To remove them from the mirror shape, the vector of capacitive sensor signals from all 336 actuators is
multiplied by a modal filter matrix which spans the null space of the reconstructor matrix. The resulting vector is
subtracted from the actuator command update vector on each cycle of the servo loop.

5. CLOSED-LOOP RESULTS
The first closed-loop result was obtained during a telescope run in July of 2007 of 4 nights. The run was almost
entirely lost to weather, with only four hours of usable time during which the seeing was never better than 1.5 arcsec
at 500 nm. This unfortunately limits the results we are able to show here. As a first test, a reconstructor matrix was

built that controlled just global image motion from the NGS and focus from the average RLGS signal. The modal
filter matrix accordingly removed all other modes from the command signal. Telemetry was recorded on the
reconstructor; the seeing conditions at the time of the observations, calculated from the uncorrected laser modes
were consistent with r0(500 nm) = 8.1 cm, the 88th percentile for the telescope.
After calibration of the laser WFS, the hexapod holding the ASM was moved 20 µm towards the primary mirror.
This added a static focus offset of -426 nm for the AO system to correct in addition to the atmospheric term. Fig. 4
shows the measured residual focus and uncorrected 45° astigmatism modes as recovered from the recorded slope
information from a single data set lasting 2 minutes on the laser wavefront sensor. The data were recorded with the
system running at 208 Hz update rate. The control loop gain was initially set to zero, raised to 0.2 at 12.5 s and
incrementally increased to 0.9. As can be seen in figure 3, the measured focus mode moves towards a mean value of
0 nm when the loop gain is increased from zero, correcting the static offset added with the movement of the
hexapod.

Fig. 4. (Left) Measured ground-layer focus mode during closed-loop correction of focus. The tick marks
show when the gain factor, which starts at zero at time = 0 s, increases to a new value. (Right)
Simultaneous measurement of uncorrected 45° astigmatism.
The RMS wavefront error in astigmatism during the closed loop correction focus was 341 nm. Since both
astigmatism and focus modes are from the same Zernike radial order, they are expected to have the same statistics.
Over the first 12.5 seconds, when the gain was still set to zero, and assuming a mean offset of -426 nm, the RMS
focus error is 265 nm; the difference due likely to small number statistics of temporally correlated data. Table 2 lists
the RMS wavefront error measured as a function of gain value. After the control loop was closed and the gain set to
0.9, the wavefront error in focus drops to 130 nm RMS, approximately a 60% reduction compared to the
uncompensated astigmatism mode.
Table 2. RMS wavefront error during closed-loop correction of focus as a function of gain factor. *Focus of
zero gain assumes a mean value of -426 nm.
Mode
Astigmatism

Focus

Gain
0
0
0.2
0.4
0.6
0.8
0.9

RMS (nm)
341
265*
190
127
142
144
130

Number of frames
12965
1301
1352
520
936
2600
6256

Fig. 5 shows the power spectra of the modes shown in Fig. 4 during closed-loop operation. The focus spectrum is
split into times of low gain (0.2, 0.4 and 0.6) and high gain (0.8 and 0.9). The GLAO loop is correcting for power in

focus below ~ 2 Hz, with greater correction occurring with a higher gain factor. There is a spike in the spectra at
13.7 Hz due to vibrations in the secondary hub.

Fig. 5. Power spectrum of astigmatism (green), focus at low gain (0.2, 0.4 and 0.6; blue) and focus at high
gain (0.8 and 0.9; red) during closed-loop correction of focus.
The commanded focus position of the ASM has also been recorded. This is shown in Fig. 6 along with the times the
gain was changed. The mean position of the mirror during non-zero gain is -202 nm. Because of the factor of two
between the mirror shape and the optical path difference added by the mirror, it is compensating for -404 nm of
static defocus; agreeing to within 5% with the -426 nm added by the 20 µm hexapod offset.

Fig. 6. Adaptive mirror focus mode command during closed-loop correction of focus.
The power spectrum of the commanded focus position of the ASM has also been calculated and appears in Fig. 7.
The spectrum has been calculated during times of low and high gain. With a higher gain factor, the adaptive mirror
is putting more power into higher frequencies, above ~ 1 Hz, with no noticeable noise floor. However, this does not

lead to a reduction in the power at corresponding frequencies in the residual wavefront error. This is believed to be
an artifact of the simple integral controller implemented in the ASM which provides insufficient phase margin at
frequencies above a few Hz at the update rate of 208 Hz. In the future this will be addressed by bypassing the
ASM’s built-in controller and implementing a PID controller on the reconstructor computer, with the addition of a
Kalman filter to account for the observed and repeatable noise spikes in the spectra.

Fig. 7. Power spectra of the adaptive mirror command of focus mode with low gain (blue) and high gain
(green) during closed-loop correction of focus.
Following the successful test of focus control, the next step would have been to increase the modal control space one
radial order at a time to collect similar data on performance as a function of spatial frequency. This was prevented
by very rapid deterioration in weather conditions that rendered the rest of the run unusable.

6. CONCLUSIONS
With the very brief sky time available so far, correction of wavefront error with a multi-LGS GLAO approach has
been demonstrated for the first time in a limited test. The reduction in power of the focus mode during closed-loop
operation shows that the system is functioning and high-order correction is only a few steps away.
Another attempt to commission the system will be made during a telescope run scheduled for October 1 through 4
2007. During this run, it is intended to close the full high-order laser GLAO loop with the tip-tilt loop on a natural
guide star. The imaging stability, sensitivity and improvement over a 110 arcsec field will be explored with the near
IR imaging camera PISCES which has a plate scale of 0.12 arcsec/pixel, well matched to the expected GLAO PSF.
In a subsequent observing run in January 2008, the PSF will be characterized at high resolution using Clio, a thermal
infrared camera operating at wavelengths from 1.6 to 4.8 µm, with Nyquist sampling of 0.048 arcsec/pixel. Strehl
ratios of 30 to 40% are expected at 4.8 µm in median seeing conditions.
Imaging with both cameras will allow the exploration of parameters which affect GLAO correction. In particular,
variables such as control gain, reconstruction basis set and the number of controlled modes need to be optimized.
The effect of observing conditions, such as the brightness and field location of the tilt star, also need to be explored
so future science programs can anticipate the imaging performance of GLAO correction for particular targets.
Looking forward to future tomographic AO correction at the MMT, detailed calibrations of the optical system will
also be made. The ASM will be commanded to assume static shapes and their influence on the measured wavefront
of each laser beacon will be recorded. This will map out the pupil from each beacon as it is seen through the ShackHartmann prism array and will allow for increased reconstruction fidelity.

Early application to scientific programs will focus on seeing improvement with GLAO, taking advantage of existing
near infrared instrumentation [24]. This choice is motivated by a number of considerations. Not only is GLAO the
easiest multi-beacon technique to implement, but the MMT’s system is likely to remain unique for several years.
The exploitation of routine near infrared seeing of 0.2 arcsec or better over a field of several arcminutes is likely to
be very productive, both for imaging and high resolution multi-object spectroscopy (MOS) where the many-fold
improvement in encircled energy within 0.2 arcsec will be of particular value. In addition, a new high-resolution
near-infrared wide field camera, Loki, with both imaging and MOS capabilities, is being designed specifically to
take advantage of the wide corrected field afforded by the MMT's ground-layer adaptive optics system [25].
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