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Abstract. Performance of AO systems on ELTs depends not just on seeingpattaameters such as strength of
high-altitude turbulence are more relevant for the laser tomographkitdNigod for some instruments are not so
good for others, so there is a clear advantage to go from the simple scleeguling on seeing to a more complex
strategy of selecting in a multi-parameter space. The need to know thosepdttenic parameters in real time
drives the requirements to the ELT site monitors and their data. It is sieghfesmeasure atmospheric parameters
and internal seeing along the line of sight by an internal seeing monitoplementing the external site monitor.

1 Standard and advanced queue scheduling

Extremely large telescopes (ELTs) will work with adaptiwgtics (AO) most of the time. The per-
formance of AO and, consequently, the science output of Effengly depend on the atmospheric
conditions. Operation of ELTs in queue-scheduled (QS) matien observations are done under op-
timum, rather than random, conditions, is an obvious chditmdern large telescope already work in
the QS mode driven by the seeing measured by site monitors.

The QS on seeing will not be the best choice for ELTs, howelkeir AO systems will use
laser guide stars (LGSs) and tomography and their perfacenaiill mostly depend on the turbulent
conditions in the high atmosphere. Therefore, a bettercehwiill be to schedule observations on
relevant atmospheric parameters related to the quality of AO science. Those parameters \ifiled
depending on the type of AO. Let us call this stratagyanced queue scheduling (AQS) to distinguish
it from the standard queue scheduling (SQS) on seeing aralabsical scheduling (CS) when nights
are assigned in advance without regard to atmospheric thomsli

Considering that ELTs and their instruments representlamgestment, even a modest gain in
productivity achieved by changing the strategy from SQS@®BAs worth the fort. In this contribu-
tion, SQS and AQS are compared on two examples using reakptradc data. Then we detail the
requirements to the ELT site monitors and their data pradasteeded for the AQS.

2 Atmospheric parameters relevant for AO

Performance of ELTs depends oiffdrent atmospheric parameters (Table 1). Consult [1] fod#fe
nitions of those parameters. In the case of seeing-limibséwations without AO, the delivered image
quality (DIQ) is relevant. It depends on the total seeigdor, equivalently, on the Fried parameter
ro = 0.981/g0) and dfective turbulence outer scalg. However, the DIQ is alsoftected by the
internal seeing in the ELT and by the quality of its optics.

The DIQ will be improved over a moderately large field by phyi compensating low turbulence
with Ground-Layer AO (GLAO). The GLAO performance dependstte remaining (un-compensated)
seeing in the free atmosphetg.e and on the thickness of the near-ground turbulence. Real-ti
knowledge of the turbulence profile (TE¥(h) is needed for GLAO operation. The resolution of the
TP has to be high near the ground, but only a coarse TP in theatiigosphere is siicient.

Most often, AO at ELTs will use several LGSs to reconstrudif®ensional instantaneous distor-
tions by means ofaser tomography. Such LTAO is necessary because with a single LGS, the cone
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effect on large ELT apertures becomes prohibitively strong ififormation derived from LTAO will
serve to compensate turbulence in the direction of the seiebject, for several selected objects, or
over some field (using multi-conjugate AO — MCAQO).

The performance of LTAO in general (and MCAO in particulagpénds on the TE2(h) and
on the system parameters in a complicated way. Situatioms wirbulence is concentrated mostly
in few strong layers are more favorable than a continuougsATition of theeffective thickness of
the atmospheréx has been introduced in [2]. The maximum angular radius of B8 constellation
needed for tomography is estimatedygs = rq/dx, depending also on the numbiérof LGSs and
their configuration. Actual TPs are such thais rarely less than 0.5 km. Considering a typical seeing
of ro = 0.9 m (at 2.2um imaging wavelength), the diameter of the 5-LGS consiselidor LTAO (and
the diameter of the science field) will be ~ 12 or less. This is- 20 times larger than the typical
isoplanatic angl@y ~ 15”. It is argued in [2] that LTAO can measure TP with a verticalalation of
the order obk. Conversely, this parameter indicates the minimum TP utisol needed for predicting
LTAO performance.

Table 1. Atmospheric parameters for advanced ELT queue-scheduling

Operational mode  Atmospheric parameters

Seeing-limited Seeing, Lo, DIQ

GLAO Turbulence profileC2(h)
LTAO, MCAO TP C2(h), LTAO angleyy, time constant,
Extreme AO Seeingy, time constant,

Finally, extreme AO (ExAQ) uses natural guide stars (no @tfext), but aims at very high degree
of compensation. In this mode, the relevant parametersharéntegrated seeing and the AO time
constantrg.

3 Examples of advanced queue scheduling

We try to compare quantitatively three types of schedul®§; SQS, and AQS. The TPs measured
at Cerro Tololo with the robotic MASS-DIMM site monitor [3)ver the period of 4.8 years are used
as input data. Those TPs have low vertical resolution (idgaic grid of 6 layers from 0.5km to
16 km and the ground layer) and time resolution of 1 min. Theti@® constanty was estimated
simultaneously by the same monitor. The data were kindlyamed by S. Els. To make the data
volume manageable, we used only every 50-th TP, or 8517 TR d33161, which is equivalent to
sampling randomly the conditions every hour.

We consider as a tesase 1 an AO system with a single sodium LGS at 90 km altitude working
at the 8-m telescope such as Gemini or VLT. The tip-tiit NG&ti80’ from the science object.
To highlight LGS-specific errors (condfect and tilt anisoplanatism), the system has a very high
compensation order (240 modes) and the servo lag error Isated. For each TP, the PSF on-axis
and at 20 offset in the H bandA = 1.65um) is calculated by the fast Fourier method outlined in [4].
Such AO system would have on-axis Strehl ratio of 0.95 undediam condition if used with NGS,
but the actual median Strehl is 0.25.

As case 2, a 42-m telescope with a similarly high-order AO and a tipNiGS at 30’ is modeled.
With a single sodium LGS, the con&ect is so important that even in the K-band=£ 2.2um) the
median Strehl on-axis is 0.11. Although the use of LTAO waltgpical for ELTs, this simple test case
with a single LGS is chosen to highlight the role of hightaltie turbulence, also relevant for LTAO.

Figure 1 plots the on-axis Strehl ratio for the 8-m telescapa function of seeing and isoplanatic
angle. The performance is correlated with the seeing onbylpdecause it is determined mostly by
the high-altitude turbulence, whereas the seeing is mpstigtuced in the low atmospheric layers. On
the other hand, the relation between Strehl and isoplaaatited, is nearly perfect. Partially, this
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Fig. 1. On-axis Strehl ratio for an 8-m telescope (case 1) as a function ofgs@eit) and isoplanatic angle (right).
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Fig. 2. The full lines show the probability of obtaining a Strehl ratio better than anghadue, with vertical lines
marking the best quartile. The dotted, dashed, and dash-dotted liveshehBtrehl distributions for the best 25%
of nights selected according 3, £ree, andé,, respectively. The left plot refers to the case 1 (8-m telescope,
H-band), the right plot to the case 2 (ELT, K-band), both working at&€®ololo.

correlation is an artifact of a low TP resolution. Anywayt{liis case, usingp as a queue-scheduling
parameter will give better results than using seeing.

The overall distribution of Strehl ratidS for the case 1 is plotted in Fig. 2 (left) in full line. This
distribution corresponds to the performance of an AO syst@imCS (no relation to conditions). For
the sake of argument, suppose that the science progranreedhée best-quartile AO performance,
S > 0.33. Only one night out of 4 will produce useful data.

Suppose now that the same AO program gets best 25% of nigkttexk by some atmospheric
parameter. If the selection is done on seeipdSQS), successful observations will be obtained with
the probability of 50%. A somewhat better result will be @&sleid if we use free-atmosphere seeing
&iree (€Xcluding turbulence below 0.5 km) as a scheduling caterHowever, nearly guaranteed per-
formance is delivered if AQS is based on the isoplanaticefglTherefore, there remains no doubt
that the relevant atmospheric parameter in this case withbasoplanatic angle, rather than seeing,
and that AQS on this parameter can improve the science rigimmthe AO system by as much as two
times.

In the case 2 (ELT)q is also correlated with the Strehls, but not so tightly. Taeatusion on the
relative merits of CS, SQS and AQS remains the same (Figgl2t)ri

The above two examples do not mean thathould be used for AQS in all cases. They are provided
as an illustration of a study to be done foffdrent AO systems. The problem of defining relevant
parameters is complicated and does not have a unique afsweach instrument, the statistics of its
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performance metric for a typical use case can be determémetthen the combination of atmospheric
parameters which shows the best correlation with the metlibe identified as the relevant parameter
for this specific case.

We end up with a multitude of atmospheric parameters retdeafLT instruments or their oper-
ational modes. Even if the number of these parameters idatestto a minimum, will it be practical
to schedule ELT operation in such a complex way? We belies®, @iven the adequate input infor-
mation from the site monitor, an optimization software willlicate the best (and second-best) choice
of the instrument and program to be executed at any given fibdti-dimensional parameter space
for queue scheduling is advantageous because bad coisditioane instrument can be acceptable or
good for another. For example, a strong near-ground tunbeledetrimental for EXAO, will be com-
pensated well by the GLAO. The loss of valuable ELT time duméalequate AO performance will
be less with the AQS then with the SQS.

Practically, we may find out that the transition from SQS atSA€an be smooth. A multitude
of relevant parameters can be replaced by a small numberrokigs” which are not as good, but
still show a better correlation with AO performance thart geeing. Most likely, the next-important
relevant parameter will be related to the strength and sp&tdbulence in the high atmosphere. As
this turbulence is often generated by the jet stream, wisiétsélf predictable, the AQS will benefit
from the look-ahead knowledge of the atmosphere. Prognokthe jet stream is more reliable than
seeing predictions!

4 Requirements for ELT site monitors

Wave-front distortions thatféect ELT and are corrected by AO come both from the atmosplrate a
from inside the telescope — dome and mirror seeing, abenathduced by gravity and wind loads,
vibrations. Some of those internal disturbances are qagtt blurring the borderline between active
and adaptive optics. Internal distortions are already itam at the current large telescopes, they will
be even more severe at ELTs with their long light path insidme and larger, less fitistructures.
Obviously, we need not one but two site monit@gernal andinternal — ESM and ISM.

All atmospheric parameters are defined in the frameworkesthtionary-random-process theory.
The actual turbulence is not stationary in space and tinieais “patchy” as clouds. Seeing and other
parameters depend on the viewing direction and change imih Even if atmospheric parameters
were measured accurately by an ESM, they would not be quéeamst to the actual wave-front seen
through the ELT. Accurate measurements are illusory anybeause by the time we accumulate
enough data to average out random fluctuations the conslitioange! So, we should not require high
accuracy from an ESM and should try instead to supplemenilit weasurements obtained through
the ELT itself with the ISM, concurrently with the sciencdalalrhe ISM data will probably come too
late to drive the AQS decisions, but they will be a valuableptement to the science data, e.qg. for the
PSF reconstruction.

An obvious requirement to the ESM is 100% coverage of obsgr{lear) night time and the
real-time availability of its data. The data products mustude such global atmospheric parameters
as seeing (at the top of the dome level), isoplanatic anglt A0 time constant. Additionally, real-
time measurements of the turbulence profile and outer scayemrequired. If the vertical resolution
of C2(h) profiles is driven by the laser tomography, it should bedsetthan 0.5km. Atmospheric
parameters unrelated to turbulence (extinction, sodiwfilpy may be needed as well.

The best location for an ESM appears to be on top of the ELT d@ompensating dome rotation
to keep the pointing is much easier than extrapolating data fan instrument located in a small
tower to the height of 50-100 m. The type of the instrumentdaibed as ESM will be defined from
a compromise between requirements and cost. For examplsirtiple MASS-DIMM instrument [3]
provides all integrated parameters, but the resolutionRfsTtoo low for LTAO, while the estimates
of 7o from MASS-DIMM are only approximate. The AO time constanh ¢g measured accurately by
recording rapid fluctuations of defocus with a speciallyigiesd instrument like FADE [5] or with a
fast low-order Shack-Hartmann sensor. As such sensordadyrimplemented in SLODAR [6], this
instrument can be a good candidate for an ESM. It may well Bertbne of the existing instruments
satisfies all the requirements, calling for a new develogmen
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Fig. 3. Schematics of the laser interferometer used at SOAR. The inserts shdninties (left) and the picture of
the central part (right). The baseline is AG.5 m, wavelength 532 nm.

The internal site monitor, ISM, should sense the turbulencthe light path inside the dome and
measure the integrated atmospheric parameters on theflisight. Seeing can be estimated from
the width of the spots in an active-optics Shack-Hartmamsae(e.g. [7]). On the other hand, any
working AO system provides rich data suitable for estingtime seeing and time constant. Methods
have been developed to get such estimates [8]. Howeversatmadc characterization from AO data
is usually of low priority, instrumental biases are not ajgwaemoved and, as a result, the data on
atmospheric parameters supplied routinely by an AO systerh as NAOS are not reliable without
additional “cleaning”. This situation may change if AO diyment teams are given a clear mandate
to supplement each observation with reliable estimategnadspheric parameters.

Any working LTAO system provides, by definition, data on tuldnce profile along the line of
sight. Methods to extract such data can vary from a simple AR ike approach to something
more elaborate (e.g. [2]). Again, dedicatetbe will be needed to ensure that such data are reliable
and unbiased, but, on the other hand, they will be much mdéeeamet than a TP supplied by an ESM
looking in some other direction. The resolution of the TPt from LTAO will be matched to
the system parameters, alleviating the requirements ol 8#M. In this case, scheduling of LTAO
operation will be driven by some proxy parameters suclipasr turbulence intensity in the high
atmosphere, while the actual performance will be known arilgn the instrument is already working.

Internal seeing in an ELT can be measured by shining diagnlasier beams through the optics.
This extra light can be made iffensive to the science operation by directingfftaxis and using a
different wavelength. For example, we can implement the DIMMhodby putting two 5-cm colli-
mators with laser diodes on a spider of the ELT, directingéhiovo beams into the primary mirror at
some angle, and detecting the two spots with a sntilhxis camera near the focus. Théfeiential
and absolute motion of the spots will give a crude idea ahtermal seeing parametensy,(Lo), as
well as about vibrations of the optics. Such data will be uisef optimizing air flow inside the dome.

Considering that internal turbulence is likely non-Kolnoogv, we may replace two collimators
with multiple laser beams to measure the phase structuidum A two-beam interferometer was
attached to the spider of the 4-m SOAR telescope in April 2009he purpose of pixel-scale cali-
bration, projecting fringes with a well-known period to tleeal plane (Fig. 3). As a by-product, the
fringe motion was measured. It turned out to be quite smath mns between 33 and 66 mas (during
3 nights with low wind speed).
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5 Conclusions

Using AO on ELTs in classically scheduled mode or in queuedaling driven by the seeing will not
be the best approach. Better science yield will be obtainefiielzible scheduling based on multiple
atmospheric parameters which are more relevant to the peaface of diferent AO modes than the
seeing. The need to measure those parameters in real tives dnie requirements to the site moni-
tors. A combination of an external monitor of atmospheri@pgeters with an internal monitor which
provides data on turbulence along the line of sight and texhdilly, measures internal seeing, will be
the optimum choice to ensure the mositeent ELT operation and to accompany its science data with
relevant and reliable information on the observing condsi

I am grateful to S. Els for extracting and calibrating the data of the CTIO sitgtor used in this study.
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