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Robo-AO
The First Autonomous Laser Guide Star 

Adaptive Optics Instrument

Robo-AO$is$a$collabora/on$between$the$Inter5University$Centre$for$Astronomy$and$Astrophysics$and$the$California$Ins/tute$of$Technology



• Design)and)deploy)an)AO)system)for)1<3)m)telescopes
• Laser%Guide%Star

• Robo3c

• Do)high)throughput)science)
• Lots%of%small%telescope%3me%available

• Unique%science%capability

• Make)it)affordable

• Put)copies)on)1<3)m)telescopes)around)the)world

Robo-AO)Vision
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Robo-AO)on)the)Palomar)60”



Laser&beam&projector
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Laser)Beam)Projector

• JDSU)commercial)laser
• 12%W%@%10%kHz,%λ=355nm

• Robust%and%reliable

• Op,onal)periscope
• Uplink)jiNer)correc,on)with)AO)loop







Robo-AO)Op,cal)Design
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Wavefront)Correctors

MEMS)deformable)mirror
• 12%x%12%actuators

• 3.5%μm%stroke

• UV;NIR%AR%window

Piezo)fast)steering)mirror
; %Up%to%4”%3p/3lt%correc3on

(Bifano, 2011)



Wavefront)Sensors

• Shack;Hartmann%HOWFS

• 11%x%11%subapertures

•QE%=%72%%(at%350%nm)

• Pockels%cell%range;gate

• HOWFS%3p;3lt%signal%controls%
laser%uplink%3p;3lt%correc3on

• Image%mo3on%(3p;3lt)%
measured%with%one%of%the%two%
science%instruments



High<order)Wavefront)Sensor



Visible)science)camera

• Andor)iXonEM+)DU<888)
• Electron)Mul,plying)CCD
• 44”)x)44”)square)FoV
• 0.043”)pixels)

• Nyquist%at%λ%=%620%nm

• Full)frame)rate:)8.6)Hz
• Sub)frame)rate:)~300)Hz



First$on5sky$correc/on,$August$14,$2011$



Wavefront)Correc,on



λ
(nm)

FWHM Strehl
RMS 
WFE
(nm)

625 0.11” 7.1% 161
765 0.12” 14.7% 168

890 0.14” 20.4% 178

Haro 637
(r, i, z to RGB)

~1/2 resolving power of HST

at < 1/1000th the cost



Robo-AO





Eyepiece)Adap,ve)Op,cs!



• Fedora)13)Linux)on)one)PC

• Developed)in)C++
• Extensive%mul3threading

• Server;Client%architecture

• Data%management,%logging,%
telemetry

• 120,000+)lines)of)code
• Modular%design

• Can%be%used%as%framework%for%
other%robo3c%systems
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Robo,c)Control)Sobware)

• Fully)robo,c)control)system
• Supervisor%sofware%controls%scheduling,%
opera3ons

• Watchdog%processes

• Safety)system
• Laser%safety%a%priority

• Final)system)design)very)close)to)
ini,al)system)design
• Three%years%from%design%to%robo3c%
opera3ons
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June 17, 2012: 133 observations

This is the first tim
e this has ever been done!



• About)20)observa,ons)per)hour
• Record%of%240%observa3ons%in%one%night

• Over%10,000%total%robo3c%observa3ons

• ~85%second%overhead%3me%between%science%observa3ons

• 40550$seconds$to$set$up$AO$system
• ~55%$of$robo/c$observing$/me$is$open$shuLer$science$/me

• Intelligent)queue)scheduler)

• Safety)oversight)by)individual)at)P60

• Automa,c)data)reduc,on)pipeline

Current)Opera,ons



HiloCam)IR)Camera

• IR)APD)array
• High%speed%imaging

• Tip;3lt

• 320x256)Selex)SAPHIRA)HgCdTe
• Full)frame)readout)@100Hz
• <<)1)e<)readout)noise

• Tested)at)IRTF
• Installed)on)Robo-AO)next)week

Credit: Don Hall

C.$Baranec,$D.$Hall,$D.$Atkinson,$S.$Jacobson,$K.$Hodapp,$R.$Riddle



• H2RG)detector
• 2048x2048%pixels

• Supplied%by%Navy%
DURIP%grant

• IUCAA)is)developing)
the)dewar)and)
electronics
• J,%H,%K%filters

• First)tests)later)this)
year

IUCAA)Infrared)Camera



Science)with)Robo-AO



Ul/mate$AO$Binarity$Survey$(N.$Law)

RECONS$is$covering$wide$(>100$AU)$
companions$with$proper$mo/on$surveys$
(>1”52”$separa/on)

Robo-AO:

0.1”&Q&1.0”&separa.on

1&AU&to&100&AU

Survey$for$binary$stars$over$all$spectral$
types$and$companions$down$to$brown$
dwarfs$for$most

One&instrument

One&coherent&survey



Displayed: 414  3”x3” images, about 2 nights
Completed survey of more than 3000 objects



Iden,fy)blended)binary)systems

Photometry)in)Kepler)visible)bandpass

Kepler)Planetary)Candidates



First)Kepler)paper)
accepted,)715)

KOIs,)53)
companions

Second)paper,)
~1,100)KOIs,)in)
prepara,on



R.$Riddle,$A.$Tokovinin$(NOAO),$L.$Roberts$(JPL),$B.$Mason$(USNO),$B.$Hartkopf$(USNO)

Separa/on$=$4.78”
Posi/on$Angle$=87deg$

ΔI$=$6.55

Separa/on$=$0.32”
Posi/on$Angle$=317deg$

ΔI=$2.85

Separa/on$=$1.78”
Posi/on$Angle$=204deg$

ΔI$=$4.0

Known)Astrometric)Binary)Stars Spectroscopic)Binary

Stellar)Mul,plicity)Survey



44”

M15$5$S.$Hildebrandt,$et$al.

Demonstrated:%200%μas%in%30%minutes% Expected:%50%μas%in%8%hours%

HST$Legacy$+$Robo-AO$=$IMBH$in$M15?



SN2012A





Automated$AO$Target$of$Opportunity

• Mul,<color)robo,c)observa,ons)the)first)night)following)
discovery



While manually operated laser AO systems typically require 5-35 minutes to prepare for AO operation [11-13], 
Robo-AO requires ~50-60 seconds, on average, from the end of a telescope slew to the beginning of integration with 
the science camera; many nights of 200+ observations have already been achieved (with a current record of 240). As 
of this writing, Robo-AO has completed ~446 hours of fully robotic operations during 78 nights of allocated 
telescope time, of which ~242 hours (54%) were open-shutter science observing time. In total, ~9,000 observations 
were made, with typical exposure times ranging from 30 s to 3 minutes each, which comprise some of the largest 
high-angular resolution surveys ever performed, as indicated in Table 1. The Robo-AO “Binarity of the solar 
neighborhood” survey is a comprehensive study of the companions of nearby stars, < 35 pc, exploring the variation 
in their properties with stellar mass, metallicity, age and formation / multiplicity environment. The more than 3,000 
observed targets are five times larger in number than any other non-Robo-AO adaptive optics survey to date.  Robo-
AO is able to complete these large surveys much faster than other AO systems, such as having observed ten times 
the number of Kepler Objects of Interest (KOI) than larger telescope facilities in half of the observing time.  A third 
large survey of the multiplicity of solar type stars exceeding 1,000 targets has also been performed. 
 

Table 1. Representative sample of the largest ground-based diffraction-limited surveys performed with telescopes 
greater than 1-m in diameter (not necessarily complete).  

Survey Tel./Instrument Method Targets Time Reference 

Binarity of  the solar 
neighborhood P60 (Robo-AO) LGS AO 3,081 172 hours Law, et al. in prep. 

Solar-type dwarf 
multiplicity P60 (Robo-AO) LGS AO 1,115 49 hours Tokovinin, et al. in prep. 

M-Dwarf multiplicity 
Calar Alto 2.2-m 
(AstraLux), NTT 

(AstraLux) 
Lucky 761 300 hours Janson, et al. 2012 [14] 

Washington Double Star 
Catalog SOAR (HRCam) Speckle, 

AO+Speckle 639 16 nights Hartkopf, et al. 2012 [15] 

Young Solar analogs KeckII (NIRC2), 
Hale (PHARO) NGS AO 266 47 nights Metchev & Hillenbrand, 2009

[16] 

Planets around low-mass 
stars 

KeckII (NIRC2), 
Subaru (HiCIAO) NGS AO 125 12 nights Bowler et al. 2012 [17], 

Bowler et al. in prep. 

Gemini deep planet 
survey GeminiN (NIRI) NGS AO 85 84 hours (w.o. 

overheads) Lafrenière, et al. 2007 [18] 

Multiplicity at the 
bottom of the IMF KeckII (NIRC2) LGS AO 78 (87 

obs.) 10 nights Kraus & Hillenbrand, 2012 
[19] 

Kepler KOI validation P60 (Robo-AO) LGS AO >1,700 104 hours Law, et al. in prep. 

Kepler KOI validation MMT (Aries), 
Hale (PHARO) NGS AO 90 12 nights Adams, et al. 2012 [20] 

Kepler KOI validation Calar Alto 2.2-m 
(AstraLux) Lucky 98 19 nights Lillo-Box, et al. 2012 [21] 

 
5. FUTURE WIDE-FIELD INFRARED CAMERA 

 
The Robo-AO collaboration is currently in the process of upgrading the infrared imaging system from an 
engineering grade camera to a low-noise wide-field imager using a 2.5 ȝm cutoff Teledyne HAWAII-
2RG™/HgCdTe detector (H2-RG) which was delivered to Caltech in September 2012. The science grade H2-RG 
detector has ~ 0.01 e-/sec dark current, < 5 e- readout noise [22] and slightly higher quantum efficiency than the 
InGaAs, offering 45-80 times more sensitivity (Table 2). The Robo-AO instrument has an external camera port (Fig. 
6) designed to accommodate the expected 70-kg mass of the infrared camera. The optical design will consist of a 
simple reimaging system with cold stop and filters (J, H, K, H-br, CH4 on & off, a blank, and a spare) at the internal 

Robo-AO Survey)Performance



Student)Research



Palomar
60”

2m IGO
India

KAPAO, Table Mountain, CA

UH 88”, Mauna Kea

Minerva, Mt. Hopkins Obs.

Worldwide)Replica,on



Thank)you!
hNp://roboQao.org&&&&&&&&&&&&&&&&&&
See&videos&on&Youtube
Like&us&on&Facebook


