Experimental results of ground-layer
and tomographic wavefront
reconstruction from multiple laser guide
stars
Michael Lloyd-Hart, Christoph Baranec, N. Mark Milton, Miguel
Snyder, Thomas Stalcup, and J. Roger P. Angel

Center for Astronomical Adaptive Optics, The University of Arizona, Tucson, AZ 85721
mhart@as.arizona.edu

Abstract: We describe results from the first multi-laser wavefront sensing
system designed to support tomographic modes of adaptive optics (AO).
The system, now operating at the 6.5 m MMT telescope in Arizona, creates
five beacons by Rayleigh scattering of laser beams at 532 nm integrated
over arange from 20 to 29 km by dynamic refocus of the telescope optics.
The return light is analyzed by a Shack-Hartmann sensor that places all
five beacons on a single detector, with electronic shuttering to implement
the beacon range gate. A separate high-order Shack-Hartmann sensor
records simultaneous measurements of wavefronts from a natural star.
From open-loop measurements, we find the average beacon wavefront
gives a good estimate of ground layer aberration. We present results of
full tomographic wavefront analysis, enabled by supplementing the laser
data with simultaneous fast image motion measurements from three stars
in the field. We describe plans for an early demonstration at the MMT of
closed-loop ground layer AO, and later tomographic AO.
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1. Introduction

Key advancesin adaptive optics (AO) will be enabled 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 com-
pensated 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. On telescopes of the current 8-10 m class, multi-conjugate AO (MCAO) using
tomographic wavefront sensing is expected to yield correction to the diffractionlimit in the near
infrared over fields of 1-2 arcmin diameter. Compensation of turbulence close to the ground is
anticipated to give substantial improvement over natural seeing for even larger fields up to 10
arcmin.
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The promise of these new techniques, which remain almost entirely unexplored at the tele-
scope, iseven greater for the next generation of extremely large telescopes (ELTS)[2, 3]. Indeed,
the primary motivation for our work at the MMT telescope described hereis to understand how
to design, build, and operate an AO system for the 25 m Giant Magellan Telescope, where
multi-L GS tomographic wavefront sensing will be essential. Because laser beacons are at finite
height in the atmosphere, rays of light from LGS sample the atmosphere differently from rays
of starlight. Theresulting difference between wavefronts measured from anatural star and those
from an LGS pointed in the same direction is called focal anisoplanatism. For 8 m telescopes,
the error is not so large 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.

Current AO systems that rely entirely on natural stars (NGS) for wavefront information are
severely restricted to regions of sky with suitably bright guide stars. In contrast, the gains from
multi-L GS systems will be realizable over most of the sky, enormously expanding the scientific
return from our present and future large telescopes. Indeed, the power of laser systems for
science programsis now being demonstrated by the single L GS system on the Keck |1 tel escope
[4], with others shortly to come online[5, 6, 7].

Pioneering work by Ragazzoni et a. [8] has hinted at the power of tomographic wavefront
sensing. That paper describes experiments at the Telescopio Nazionale Galileo, in which wave-
front estimates were obtained simultaneously from a close asterism of four natural starsthrough
the simple expedient of defocusing the telescope. The instantaneous Zernike modal amplitudes
measured from one star were compared to estimates derived from the modal amplitudes of the
other three. Tomographic estimation from the three beacon stars was shown to be substantially
superior to asimple average, or the use of any one of the three individually.

Of the advanced techniques enabled by tomographic wavefront sensing, only MCAO has yet
been attempted, in experiments at two solar telescopes [9, 10]. Numerical models of ground-
layer AO (GLAO) based on measurements of the vertical distribution of turbulence at a number
of sites[11, 12, 13], suggest the potential for dramatic image improvement in the near infrared.
Anderson et al.[14] have modeled GLAO performancein detail, using vertical distributions of
turbulence seen at Cerro Pachon that put roughly 2/3 of the power in the ground layer. With a
pentagonal arrangement of LGS and an adaptive secondary mirror, the study concluded that the
median image width in K band would improvefrom 0.42 to 0.18 arcsec for a5 arcmin field and
to 0.25 arcsec over 10 arcmin.

In an earlier paper [15], we reported results of open-loop tests of ground-layer wavefront
reconstruction using a constellation of five Rayleigh laser guide stars (RLGS) at the MMT.
Here, we briefly review the multi-beacon sensing system and the ground-layer results from
that paper, and describe further analysis of the data in which the wavefront of a probe star
is estimated from a tomographic reconstruction of the RLGS signals and the real-time image
motion of other nearby stars. In this case, none of the RLGS nor the tip-tilt stars were coincident
with the probe star whose wavefront was to be recovered.

2. Brief description of the beacons and wavefront sensor

For afull description of the laser beacon and tomographic wavefront sensing systems, we refer
the reader to previously published accounts[15, 16]. 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 [4, 17, 18]. For our work at the 6.5 m MMT, we have created five beacons,
generated by Rayleigh scattering, with two commercial, pulsed doubled-YAG lasers at 532 nm.
Single Rayleigh beacons gated to an altitude of ~ 12 km have previously been used for AO at
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small telescopes [19] 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.

For our experiments, though, Rayleigh beacons are ideal. In our system the range gate is
centered at 24 km altitude, high enough to sample collectively most of the turbulence. To in-
crease signal strength, the sensor system includes optics to focus the telescope dynamically, to
maintain sharp images of each laser pulse at it rises from 20 to 29 km [16, 20]. In thisway, the
range gate is extended to be ~ 20x longer than the telescope’s normal depth of field. Even at
this high altitude, focus anisoplanatism would remain a difficulty with asingle beacon, but with
five, itisnot an issue, precisely because our goal isthe devel opment of tomographic techniques.

The five beacons, each with a projected power of 4 W, are arranged in a regular pentagon
of 2 arcmin diameter. The return flux at zenith has been measured at 1.1 x 10° photoelectrons
m~2J-1 over the full range gate. The images from all five beacons are recorded on a novel
implementation of the Shack-Hartmann wavefront sensor (WFS), which includes the dynamic
focus optics and a single electronically shuttered CCD. A prism array at the exit pupil divides
it into 60 subapertures of equal area arranged in a hexapolar geometry.

A separate conventional Shack-Hartmann sensor looking at a natural star provides simulta-
neous ground-truth wavefront information for comparison with reconstructions from the LGS.
The NGS sensor can be moved in order to probe different regionswithin the L GS constellation.
In addition, afast-framing camerawith 2.5 arcmin field of view images the field in and around
the LGS constellation. By tracking a suitable asterism, rapid tip-tilt signals from natural stars
inthisfield are recorded as an aid to the tomographic reconstruction.

3. Dataanalysis

For the open-loop results described here, the three wavefront sensing cameras were run at typ-
ical rates of 50 and 100 fps. A typical data set comprises continuous 60-s sequences of frames
from all three cameras simultaneously. Wavefronts are reconstructed on the Zernike basis set
from the NGS and each of the five LGS separately, and the image motions from stars in the
wide-field camera are estimated by a correlation tracking algorithm with a gaussian template.
Figure 1 illustrates the output from the three cameras and the reconstructed wavefronts derived
from them.

3.1. Summary of GLAO results

The ground layer contribution to stellar wavefront aberration is computed as the average of the
wavefronts reconstructed from the individual LGS beacons. Atmospheric turbulence close to
the ground is common to the star and each LGS beacon, while higher atitude aberration, dif-
ferent for each beacon, will be mitigated in the average. Since al field points share thiscommon
ground layer turbulence, the use of GLAO promises a reduction of stellar wavefront aberration
over awide field. The techniqueis likely to be valuable because it is found empirically that up
to two thirds of atmospheric turbulenceis typically located near the ground [21].

Wavefront recoveries using this approach, under seeing conditions of ~ 1.1 arcsec, are de-
scribed in detail in our earlier paper [15]. Since then, we obtained additional datain seeing of ~
0.5 arcsec (ro = 22 cm at 500 nm wavelength), at the 15th percentile for the site measured over
the past two years. In both cases, the fidelity of the estimation across the field encompassed by
the LGS was investigated by offsetting the tel escope and the beacons with respect to the NGS.
The ground layer wavefront reconstruction estimated the 25 modes of Zernike orders 2 through
6 from the LGS. Figure 2 showsthe residual stellar wavefront error after GLAO correction as a
function of angle from the center of the LGS constellation. Ground layer correction of the data
taken in poorer seeing yielded an average 38% improvement in RM S wavefront aberration over
the full field enclosed by the beacons, and extended well outside the constellation. For the new
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Fig. 1. Sample data from the three real-time cameras and the corresponding reconstructed
wavefronts. The movie (1.8 MB) shows on the top row, from left to right, continuous and
simultaneous sequences of frames from the NGS Shack-Hartmann sensor, the wide field
asterism camera, and the LGS Shack-Hartmann sensor. (The star images in the asterism
have been magnified x4 compared to their spacing.) The boxed star in the asterism is the
same as used on the NGS sensor; the light is split between the two. The lower panels show
thereconstructed NGS wavefront (left), theindividual LGS wavefronts (right) and the NGS
wavefront as estimated by tomography (center).

data, when the seeing was already excellent, ground layer correction was consistently beneficial
across the field, although the fractional improvement within the constellation was actually less
at 25%, with correction not extending as far beyond the beacon radius. Across this broad range
of conditions, spanning roughly the middle half of the probability density function of seeing at
the MMT, the point-spread function (PSF) delivered by a closed-loop system would show mor-
phological variation much less than one would expect from the raw seeing. Furthermore, this
result suggests that ground-layer correction with LGS will be a powerful tool for recovering
good image quality especially when the native seeing is worse than median.

A key parameter for GLAO is the thickness of the boundary layer, since it determines the
corrected field of view. Very little is known about the boundary layer from current site surveys
because the GLAO concept is quite recent, and the ground layer thickness has aimost no im-
pact on any other observing mode of a telescope. We have estimated the thickness during our
observations by a method described in [15] which examines the anisoplanatic behavior of the
stellar wavefront with respect to the individual LGS wavefronts. The RM S difference between
the two with angular separation 6 is expected to grow as (6/60)%3. The isoplanatic angle 6,
for the ground layer is related to the turbulence-weighted mean height h of the layer through
0o = 0.314cos{ ro/h [22]. For the observations of September 2004, we find h = 380 m. For
the June 2005 data, despite the lower absolute strength of the ground layer, its mean height was
greater, with h =530 m.
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Fig. 2. Wavefront correction of starlight on the basis of the average LGS signals. The dashed
lines show the uncorrected error while the solid lines show the RMS residua wavefront
phase after ground layer correction as a function of angular distance between the star and
the geometric center of the LGS constellation. Tilt (global image motion) is excluded since
it isnot sensed by the lasers.

3.2.  Tomographic reconstruction along a single line of sight

Thetomographic solution of the beacon wavefrontsin principleyields athree-dimensional view
of the aberration. In the simplest application, the instantaneous wavefront from an astronomical
object is estimated by integration through the volume along the line of sight to the object, and
the compensating phase is applied to a single deformable mirror (DM). The technique, called
laser tomography AO (LTAO), delivers adiffraction-limited field of view limited by the normal
isoplanatic angle. Each of the steps of this process, illustrated in Fig. 3, is linear. In practice
therefore, all the steps may be multiplied to give asingle linear function. In thisway, LTAO can
be implemented in a conventional way through a matrix multiplication of the combined vector
of slopesfrom all the beaconsto yield acommand update to the DM. For clarity in our analysis,
we have chosen first to reconstruct separately the wavefronts from each of the LGS and then to
apply atomographic reconstructor matrix to estimate the wavefront of the probe star.

Data from the three real-time cameras have been analyzed in this way. Spot positions in
the Shack-Hartmann patterns recorded on the LGS WFS were extracted frame by frame to
a precision of 0.03 pixels (0.026 arcsec) by finding the local peaks in the correlation of the
data with a gaussian of width 1.8 pixels. For each 60 s data set, the mean position of each
spot was subtracted from its instantaneous position, thereby removing the effects of telescope
aberration and long-term collimation drift. Wavefronts from each LGS were then reconstructed
from the residual spot positions by fitting the first 44 Zernike modes (orders 1 through 8) using
a synthetic reconstructor matrix derived from a model of the prism array in the WFS optics.

In a closed-loop system, the reconstructed LGS tilt modes would be used to control beam
jitter by driving afast steering mirror in the laser beam projector optics, but for this open-loop
analysis they are discarded. Instead, the higher order LGS measurements are supplemented
by the image motion from three stars in the wide field asterism camera, shown in Fig. 4. The
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Fig. 3. The processing sequence for laser tomography AO. Light from each beacon is
recorded by awavefront sensor (1), and the individual beacon wavefronts are reconstructed
(2). The three-dimensional structure of the aberration is recovered by tomography (3).
A spatial integration aong the line of sight estimates the stellar aberration (4), which is
mapped onto the DM actuators (5) and (in a closed-loop AO system) integrated in time to
give the required actuator commands (6). In practice, steps (2) through (5) can be imple-
mented as a single matrix-vector multiplication.

V=107 &

53"

V=12.6

Fig. 4. Sample frame from the asterism camera. Light from the central star was also fed
to the NGS WFS. Image motion of the three brightest stars surrounding this one were
used to estimate global tilt and second order modes in the tomographic reconstruction. The
positions of the beacons are illustrated by the green stars. To account for field rotation, the
LGS pattern was rotated in the beam projector optics, maintaining a fixed orientation with
respect to the asterism asthe MMT tracked.

stars allow determination of the tilt terms in the central probe star’s wavefront, and a three-
dimensional solution to the second-order terms focus and astigmatism [23]. Separately, the
wavefronts from the probe star were reconstructed to the same order from the NGS sensor
measurements. For comparison, a ground layer estimate of the probe star’s wavefront was also
reconstructed from these data.
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Our tomographic reconstruction assumes alinear relation between the wavefront of the probe
star and those of the LGS, represented by the equation

aps=Th «y

where &ps is the vector of Zernike polynomial coefficients characterizing the estimate of the
probe star wavefront, b is a vector containing the Zernike coefficients of all the reconstructed
LGS wavefronts and the tilt measurements from the three field stars, and T is the tomo-
graphic reconstructor matrix relating the two. We wish to find a tomograph T that minimizes
(Japs — ps|?), the squared norm of the difference between the measured probe star wavefront
coefficients aps and their estimates, averaged over time. The coefficients are scaled so that this
also minimizes the RM S residual phase in the reconstructed wavefront.

Toinvestigatethe limit of tomographic performance permitted by the datain thisleast squares
sense, we have derived T by a direct inversion of the data, using singular value decomposition
(SVD). This approach does not rely on any a priori model of the atmospheric C2 profile or
knowledge of the noise characteristics. A matrix B is constructed from 3057 data vectors b,
and inverted with SVD to give BT. A similar matrix A ps IS constructed from the corresponding
aps vectors. The tomograph is then given by

T=ApB". 2

Applying T to vectors b drawn from the same data set used to compute it yields the best fit
solution and characterizes the noise floor in the data.

The noise sources fall into two broad categories. The first comprises instrumental effects
such as read noise and charge diffusion in the WFS, and photon noise from the lasers. These
can be reduced by better (and generally more expensive) hardware. The second arises because
of atmospheric effects: broadening of the LGS images by turbulence in the uplink, speckle
structure in the NGS Shack-Hartmann sensor spots, and aliasing of high altitude aberrations
that are not well sensed by the chosen L GS constellation. These are more difficult to overcome.
A full discussion of these in the context of the MMT experiments is beyond the scope of this
paper, and will be addressed in alater publication.

We find, as expected, that our tomographi c approach yields a substantially better estimate of
the probe star’s wavefront than the corresponding ground layer recovery. To illustrate, Fig. 5
shows the evolution of the focus term in the probe star’s wavefront over a 10 s period and its
GLAO and LTAO estimates. Figure 6a shows the RM S wavefront error averaged over the full

Ground Layer Correction (Defocus)
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Fig. 5. Evolution of focus in the probe star's wavefront, shown in blue on the two plots,
with the ground layer estimate (a) and tomographic estimate (b) plotted in black.
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Fig. 6. For each of 9 data sets, each 60 slong, (a) shows the RM S wavefront error summed
over orders 2-8 for the probe star wavefront without correction (blue squares), and with
GLAO (red circles) and LTAO (green triangles) correction. Values of rg, shown in (b) for
a wavelength of 500 nm at zenith, have been computed for the total seeing (blue squares)
and the ground layer contribution (red circles) only. The data sets were recorded over a 2
hour period and are here numbered chronologically.

60 s of each of 9 data sets, recorded over aperiod of 2 hours. The valuesreflect the contributions
from the modes through order 8 that were reconstructed, with the exception of tip and tilt. These
two modes contain the majority of the wavefront error, but are not sensed by the lasers and
therefore give a somewhat misleading sense of the overall degree of correction.

Values of rq for each data set are shown in Fig. 6b at a wavelength of 500 nm and corrected
to zenith. We start by computing values for the mean square aberration in the modes of each
Zernikeradial order separately. Applying the formalism developed by Chassat [24] then yields
estimates of both rg and the outer scale of turbulencelL g. Our estimates of L rangefrom 12 mto
25 mover the 2 hour period during which the datawere recorded, in line with other observations
at good sites [25]. (We note in passing that the variable directly estimated by Chassat’s method
is D/Lo, where D is the telescope diameter. The truncated forms of the infinite sums given in
Refs. 24 and 25, appropriate for the small apertures used in those studies, must be extended in
our case whereD/L > 0.25.) Also shown in Fig. 6b are valuesfor the ground layer turbulence,
computed in the same manner from the strength of the Zernike modes of the ground layer
estimate from the LGS. We find the average distribution of turbulence for these data puts 70%
of the power in the boundary layer with the remainder at higher atitude. This represents an
upper limit, since high altitude aberration on large spatial scales will remain partially correlated
in the LGS signals and be indistinguishable from true ground layer aberration.

The plots of Fig. 6 show a consistent improvement with both types of wavefront compensa-
tion. Of particular note is data set 2, which stands out from its neighbors as having distinctly
worse seeing. Yet after ground layer correction, the residual aberration is reduced almost to the
same level in all three cases, indicating that the momentary worsening was attributable to alow
lying phenomenon.

3.3.  Yynthetic point-spread functions

From the residual wavefront errors after either ground layer or tomographic estimation at each
time step, a synthetic corrected PSF can be cal culated. Figure 7 shows examples computed for a
sourceon axisin K band (2.2 um) froma60 s continuous data sequence recorded in seeing con-
ditions of ro = 14.7 cm at 500 nm wavelength. The reconstruction estimated the first 44 modes
of the probe star's wavefront, now including tip-tilt. To generate realistic instantaneous PSFs
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Fig. 7. Synthetic point-spread functions computed at 2.2 um wavelength from wavefronts
before and after correction. The movie (1 MB) shows PSFs with no correction (left), with
GLAO correction (center), and with LTAO correction (right) over a 10 s period. The frame
rate has been slowed from the original 50 Hz to 15 Hz. The lower panels show PSFs aver-
aged over the full 60 s sequence.

for the movie of Fig. 7, the wavefronts were augmented with temporally correlated Zernike
modes from orders 9 through 30 drawn from an uncompensated Kolmogorov distribution. The
integrated PSFsin Fig. 7 include uncompensated Zernike modes from orders 9 through 100.

Table 1 below shows the corresponding widths and relative peak intensities for the time
averaged PSFs, and for PSFs computed similarly in the J band (1.25 um) and H band (1.65
um). Ground layer correction is of particular value in the two longer wavebands, where the
image width is reduced by afactor of ~ 4, and there is a substantial increase in peak intensity.
Given that the seeing at the time the data were taken was at about the 50th percentile for the
telescope, one can expect closed-loop GLAO performanceat ~ 0.2 arcsec or better in H and K
bands for the majority of the time.

Table 1. Image quality metricsat 1.25 um, 1.65 um and 2.2 um.

Metric Waveband Uncorrected GLAO LTAO Diffraction limit
FWHM (arcsec) J 0.771 0.384 0.100 0.040

H 0.651 0.162 0.081 0.052

K 0.543 0.123 0.088 0.070
Relative peak intensity J 1.0 20 4.1 485

H 1.0 33 8.3 212

K 1.0 6.0 135 825

With tomographic correction, the K band is corrected almost to the diffraction limit, with a
14-fold increase in peak intensity to a Strehl ratio of 16%. The relatively low order reconstruc-
tion is insufficient to achieve the diffraction limit at the shorter wavelengths, but the improve-
ment in resolution and peak brightness are both substantial.
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4. Conclusion

We have taken the first steps in exploring the practical techniques required for tomographic
wavefront sensing. With 60 subapertures placed over the MMT’s 6.5 m aperture and with the
WEFS running at 100 Hz, both the spatial and temporal scales of the wavefront estimation were
modest. Neverthel ess, we can now say with confidence that there are no fundamental obstacles
to closed-loop AO systems with multiple LGS driving altitude conjugated correction.

Our own work at the MMT will see the implementation of both GLAO and LTAO with the
MMT’s adaptive secondary mirror. Both techniques will benefit from extensions of the recon-
structors used for the open loop results to date. The former will likely be improved by atomo-
graphic analysis to identify the ground layer contribution with greater fidelity than the smple
average of the LGS wavefronts. This would render more uniform PSFs within the corrected
field. Tomographic recovery in general will show improved accuracy and robustness by the in-
corporation of a priori statistical knowledge of the atmospheric aberration and the system noise
and optimal linear filtering [26]. The application of these principles, well studied theoretically,
to our tomographic datais ahigh priority for future work.

A new LGS wavefront sensor instrument package, designed as a tool for scientific produc-
tion has now been completed; in April 2006 it was successfully checked out in a 5-night run
at the MMT with the adaptive secondary in open loop. Early application to scientific programs
will focus on seeing improvement with GLAO, taking advantage of existing near infrared in-
strumentation. This choice is motivated by a number of considerations. Not only is GLAO the
easiest multi-beacon technique to implement, but the MM T'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 arcminutesis likely to be very productive, both for imaging and high resolution
multi-object spectroscopy where the many-fold improvement in encircled energy within 0.2
arcsec will be of particular value.

Further exploration of tomography will investigate the components of the algorithm outlined
in Fig. 3. We will start with the recovery of C2 profiles from two sets of open-loop LGS data,
taken close together in time, where the probe star is first on axis and then further out in the field
of the LGS constellation. The technique to determine the profilesis very similar to slope detec-
tion and ranging (SLODAR) [27]. The derived profiles will be collapsed into a small number
of layers. A tomographic reconstructor matrix will be computed to solve for the instantaneous
shapes of DMs taken to be at each of these layers. The tomograph will be applied to the NGS
datain the two cases, to explore the fidelity and field dependence of MCAO correction.

Closed-loop LTAO, relying just on the adaptive secondary, will be tested in paralel with
GLAO. The hardwarerequired isidentical for each, with only the elements of the reconstructor
matrix to be changed. This suggests a new avenue for research, in which the corrected field
of view and the degree of wavefront compensation are traded against each other according to
the demands of the immediate science program and the prevailing atmospheric conditions. The
MMT system will be uniquely placed to explore this parameter space.
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