












 

 

                                                                                                                                                                        

 
 
Figure 8: Left: A selection of 4 of the 585 modes and step responses of the ASM. They are all excellent and 
will allow 1 KHz response at the telescope with a standard 60 micron gap. Right: Here we see how well the 
ASM can track real turbulence phase screens. The MagAO system can follow 1100 nm rms (typical 0.65” 
seeing) of turbulence injected at 1 kHz to within just 33 nm rms residual at 1.4 airmasses – excellent dynamic 
behavior. Also The total >30microns stroke of the mirror is more than enough to obtain an excellent optical 
“flat” without using a significant amount of system stroke. 
 
 

 
 
 
 

 

Fig 9: LEFT: The ASM mounted on its interface ring for the Magellan Telescope top end (cage). 
Right: The ASM with its wind screen attached. Also the calibration retroreflector (CRO) unit is 
shown installed with our struts below the windscreen ring. This CRO unit will only be needed 
during daytime calibration of the loop with an artificial source that mimics a real NGS star.   
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An important goal for this secondary is a robust software control system for the highest reliability and least 
maintenance.  We have much experience through on-telescope use of the MMT and LBT secondary, fixing 
practical problems and developing safe operating procedures.  All of these have been incorporated into the 
new AOsup and ADsec control systems. Software and hardware elements have been included to keep 
mirror position and actuator forces within safe margins.  This control system will form a solid basis for 
future ELT deformable secondaries like that planned for GMT. In fig 7,8 we show the successful electro-
mechanical tests of the Magellan shell with the full Magellan ASM hardware and electronics. 

 

 

 
 
Figure 10: Here we have our detailed numerical simulations of the MagAO system’s error budget with a 
bright guide star. In the plot below it is clear that the VisAO system will have moderate SR with bright guide 
stars. This is due to the excellent combination of a next generation ASM combined with a PWFS which can 
increase its Strehl with a diffraction-limited spot on the tip of the pyramid (photo: note the excellent results of 
a near clone of our system has achieved on the 8.4m LBT during first light).  See Males et al. 2010 for more 
details on these CAOS simulations. 
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3. New Science Enabled with the Magellan ASM 
Several new science fields will be opened up in the south with our new ASM.  Mid-IR AO (low emissivity 
8-25 μm imaging and 8-14 µm spectra) will be immediately available in the southern hemisphere for the 
first time. We will use the mid-IR AO camera MIRAC4 for the first facility mid-IR AO camera in the 
south. As well we will use the BLINC nulling interferometer for unique nulling of host stars (to reveal new 
debris disks) in the south. In addition the very high number of actuators (585) on a 6.5m telescope will 
enable some modest correction in the visible 0.5-1.0µm (Vis AO). See our detailed numerical error budget 
derived with the CAOS AO simulation package in figure 10. 

 

3.1 Thermal Mid-IR 
AO Science 
Enabled in the 
Southern 
Hemisphere 
Science with adaptive optics 
in the thermal infrared will 
be possible with the 
Magellan adaptive secondary 
with a concurrently 
developed Thermal-IR 
camera, the Mid-Infrared 
Array Camera (MIRAC4) 
and associated nulling 
interferometer, the Bracewell 
Infrared Nulling Cryostat 
(BLINC; See fig 11). 
 
 
 

T Tau N & South PSF (Pollux) Super Resolution Residual from PSF fit

South A & B 

Figure 11: Images of the prototype young triple T Tauri. These images were made at first light of the Magellan 
Facility instrument MIRAC4 (at the MMT with our existing ASM). Here we see how ~100% Strehl Mid-IR AO 
can be used to probe structures at ≤0.3λ/D. Here we are able to use super-resolution to resolve T Tau into a triple 
system for the first time in the Mid-IR. In particular, we have split T Tau South A from South B which are only 
0.11” apart.  Moreover, we find that South A has deep Silicate absorption  proving the existence of an edge-on 
disk. While South B has no such absorption, implying that South A and South B do not have aligned disks 
(Skemer et al. 2008). This result was only possible with the use of Mid-IR AO. Many more exciting discoveries 
will be possible with Magellan and this MIRAC4 camera combined with observing the young southern clusters.   

 
Figure 12: The Vis AO camera (left half) of the WFS optical table (which 
itself patrols ±90” for guide stars) for more detail on the Vis AO camera see 
Kopon et al. 2010, Males et al. 2010 these proceedings. 
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3.2 VisAO: A Visible AO facility for Magellan 
 

Our dense actuator grid has an effective actuator spacing of 23 cm when the pyramid sensor is “28x28” and 
fully sampled (i.e. when the WFS CCD39 is used in unbinned mode; this is higher resolution sampling than any 
other large telescope AO system in operation today for science- save the LBT). So that implies that we are well 
sampling the turbulence at a lambda where ro=46 cm. At the excellent Magellan site where often ro=20 cm at 
0.55 μm it is clear that at λ~ 0.9 μm there will be AO correction on bright stars.  Hence moderate Strehls will be 
possible in the red on good nights on bright stars (see fig 10 for more details). The resulting angular resolutions 
of such CCD images will be a spectacular 20-30 mas (although the corrected FOV will be limited by the 

isoplanatic angle to less than the CCD’s 8.5” FOV typically). To maximize this VisAO science without 
impacting our Mid-IR AO mode we have designed an AO science CCD with an ADC ready at first light to 
capitalize on these amazing resolutions (2.7x better then the best HST ACS images). For more on our Vis AO 
science camera and advanced ADC see fig 12,13 and the paper by Derek Kopon  (Kopon et al. 2008; 2009; 
Kopon et al. 2010; 7736-105). 

 
One might question if adaptive optics in the visible is even possible with 585 modes. The Pyramid WFS 

optical Strehl achieved by Esposito et al. (2010) for the LBT scaled to our system suggests that at R band we 
will have ~30% Strehls assuming residual tip-tilt jitter is less than 5 mas rms (see fig 10 for our full error 
budget). While these Strehls are low compared to what will be achieved at 10 μm, there is still a large body of 
science that can be done at lower Strehl. Indeed most current ~200 actuator 8-10m AO systems do not achieve 
Strehls much higher than 2-5% in the I band (0.85 μm).  

 
To take full advantage of the periods in a night when the seeing is <0.7” requires the VisAO camera to 

“always be ready”. Our design is convenient in that the VisAO camera is integrated into the WFS stage. Hence 
at “a click of a button” we can select a beamsplitter to steer 10-90% of the WFS visible light into the E2V CCD 
47 (with 8.5 mas pixels) to make VisAO science images. As well we have designed an apochromatic triple 
ADC to allow wide band (0.5-1.0 µm) Vis AO at up to 3 airmasses (Kopon et al. 2010).  

 
 
Figure 13: LEFT to eliminate residual vibrations from the PWFS we have designed a secondary independent 
2KHz tilt loop with a EMCCD, The EMCCD is fed by reflected light off the beamsplitter spot that acts as an 
anti-saturation device for the VisAO CCD. Up to 99.9% of the PSF core light is sent into the EMCCD camera 
from the inner 0.25”. The rest of the core light passes through the pick off and is imaged by the CCD47 with 
out saturation. In this manner we can obtain long 10s exposures of R=6 mag stars at 40% Strehl without 
saturation of the PSF core. RIGHT: here we see the UA Magellan AO lab, with working CCD39 and CCD47 
cameras and electronics and software. All the VisAO optics have been tested and yield SR>96% at 0.53 μm. 
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4. OVERVIEW OF THE COLD STOP 
 

At a diameter of 0.851 m the Magellan secondary just fits the pupil size for an on-axis star. Thus this 
critically sized secondary mirror forms the entrance stop of the telescope optical system.  Some scattering (by 
diffraction) of the warm slightly oversized reference body will illuminate the edge of the pupil. A slightly 
(<5%) undersized cold pupil inside the Mid-IR camera will eliminate most of this diffracted thermal light, 
leading to <1% increase in system emissivity at 13 μm (P. Hinz, GMT internal study).  

 

 
 
 
 
 
 
 

 
Figure 14: The current design for the AO WFS & Shack Hartmann (SH) off-axis active optics guider for 
the Nasmyth port Assembly (shown with the MIRAC4 camera mounted). For Mechanical design see 
Gasho et al. (2009). The WFS can patrol ±90”. Inset at bottom shows the fabricated system in the UA 
shop before anodizing with the WFS 3-axis stage mounted inside. Note the NAS ring and inner crab 
mount allow the WFS to be <1mm in X and Y and +3 mm in Z. In angle the WFS is at 30 degrees to 
within 5 arcmin (mechanical). Overall the NAS unit is well within spec. Note there is an extra VisAO 
electronics box beside the CCD box that is not shown here. 
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5. MAGELLAN AO MAJOR FUTURE MILESTONES 

Despite the complexities of the system we have made good progress since CDR in June 2009. At this point 
most of the hardware has been fabricated and delivered. We are now in the integration phase. The future 
major milestones are:  

• July 2010 – final electromech ASM acceptance tests at Microgate (done) 
• March 2011 – start optical calibration of the integrated system  
• Dec 2011 – finish “end-to-end” closed loop tests at Arcetri Obs. 
• Jan 2011 – Ship Magellan ASM and MIRAC4 to Magellan. Day time Tests. 
• March 2012 – First Light of Magellan AO  (ASM & WFS) 
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