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ABSTRACT 

 
Visible Light Laser Guidestar Experiments (ViLLaGEs) is a new Micro-Electro Mechanical Systems (MEMS) 
based visible-wavelength adaptive optics (AO) testbed on the Nickel 1-meter telescope at Lick Observatory.  Closed 
loop Natural Guide Star (NGS) experiments were successfully carried out during engineering during the fall of 
2007.  This is a major evolutionary step, signaling the movement of AO technologies into visible light with a MEMS 
mirror.  With on-sky Strehls in I-band of greater than 20% during second light tests, the science possibilities have 
become evident.   
 
Described here is the advanced engineering used in the design and construction of the ViLLaGEs system, comparing 
it to the LickAO infrared system, and a discussion of Nickel dome infrastructural improvements necessary for this 
system.  A significant portion of the engineering discussion revolves around the sizable effort that went towards 
eliminating flexure.  Then, we detail upgrades to ViLLaGEs to make it a facility class instrument.  These upgrades 
will focus on Nyquist sampling the diffraction limited point spread function during open loop operations, 
motorization and automation for technician level alignments, adding dithering capabilities and changes for near 
infrared science. 
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1. INTRODUCTION 
 

A pioneering institution in the field of astronomical adaptive optics (AO), the Lick Observatory at Mount Hamilton 
currently operates a facility-class laser-guide-star near-infrared (IR) AO system (“LickAO”) on the 3-meter Shane 
telescope, developed in the 1990s1,2,3 Continuing this legacy of AO technology development, the Lick Observatory 
has successfully demonstrated a Boston Micromachine’s Micro-Electro Mechanical Systems (MEMS) deformable 
mirror in visible adaptive optics system (ViLLaGEs)4.  Successful closed loop operations were achieved during the 
first light run on the second night.  The ViLLaGEs system is an experimental testbed that went from conception to 
first light in less than two years and will operate for the next two years on the Nickel 1-meter telescope.  Such a 
short time scale was possible by leveraging knowledge gained from the LickAO5,6, MEMs research conducted at the 
Laboratory for Adaptive Optics7, and several engineering tools which will be reported on here. 

ViLLaGEs was conceived as a technology testbed and was not originally intended to be a facility class science 
instrument.  During second light closed loop operations, a Strehl of 20% in I-band was achieved on star α Ari.  
Performance of this magnitude was not expected this early on and triggered several science target discussions.  
ViLLaGEs could be converted into a facility class instrument to achieve many of the science goals now desired for 
this system.  A possible set of changes are proposed here in §4. 
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2. SYSTEM DESCRIPTION 

 
The ViLLaGEs system uses a Hartmann wavefront sensor (WFS) with a PI S-334 tip tilt mirror and a Boston 
Micromachine’s 140 actuator MEMs deformable mirror (DM).  The bench is horizontal with the optics on the top 
side when the telescope is at zenith.  Light from the f/17 telescope is turned onto the bench and aligned into 
ViLLaGEs by a pair of mirrors.  Just upstream of the cassegrain focus, a negative lens creates an f/41.7 beam, which 
is our location for placing a fiber for testing purposes.  A second lens collimates the light and creates a 3.6 mm 
diameter pupil, where a tip/tilt (T/T) mirror is located.  A 1:1 relay creates another 3.6 mm diameter pupil for the 
MEMS.  A relay between the T/T mirror and MEMS was necessary because placing the T/T mirror in the same 
optical space as the MEMS would cause unacceptably large pupil wander.  It would be possible to integrate the 
MEMS onto a T/T stage, though this was not done because changing to a different type of DM would require an 
unwanted change to the T/T function.  A change in beam diameter on the DM can be implemented with a change of 
relay optics, which is generally straightforward, and can be easily swapped via the use of rails for the optics.  
 
ViLLaGEs Layout 
 
In Figure 1, one can see where this layout is significantly different from other AO layouts.  The light is split into two 
paths, one which reflects off the DM (the corrected path) and one that bypasses the DM (the uncorrected path).  The 
corrected and non-corrected paths are imaged adjacently onto both the WFS and the science camera.  This allows for 
a quick switch between open-loop and closed-loop configurations.  More significantly for experimental verification, 
this makes it possible to obtain simultaneous measurements (rather than sequential measurements) between 
corrected and non-corrected states.  This is useful for a testbed, which is a first part of ViLLaGEs’ 
function.

 
Figure 1 ViLLaGEs Layout - Top View 

 
A 50/50 beamsplitter (BS1) splits the light between corrected and uncorrected paths.  The light on the corrected path 
reflects off the DM, while the uncorrected light reflects off a flat mirror.  Another 50/50 beamsplitter (BS2) creates 
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paths for both uncorrected and corrected light to reach the WFS and the science paths.  The two paths are offset 
from each other such that the pupils in the WFS do not overlap and science camera images have a minimal overlap. 
 
The WFS CCD is a SciMeasure Lil’Joe (E2V chip, 80x80 pixels, 24µm pixels), which is divided into four portions:  
Shack-Heartmann (SH) WFS (corrected light), SH WFS (uncorrected light), tip/tilt sensor, and laser guide star 
(LGS) diagnostic.  The lenslet array uses 328µm lenslets with a focal length of 24mm.  A “dot relay” relays the 
spots created at the lenslet focal plane onto the WFS CCD.  The plate scale on the CCD is 1.97 arcseconds/pixel.  
There are nine subapertures across the beam’s diameter, and four pixels per subaperture.  The WFS path has a relay 
telescope to convert the 3.6 mm MEMS pupil to a 2.9 mm pupil at the lenslets; the relay uses three elements to 
allow for easy changes of pupil size while maintaining pupil location.   
 
The science path uses two lenses to create an f/111 beam to produce a 0.027 arcsecond/pixel plate scale (empirically 
measured).  The first is a Newport PAC058 f/150 and the second is an Edmunds 45424 f/-35.  This large f# is 
intentionally oversampled in the I-band, to facilitate performance measurements by resolving the Airy rings.  Filters 
are placed in the science path to provide attenuation and wavelength selection. 
 
For the LGS experiments a pulsed laser will be used.  This is so the guide star light from the sodium layer can be 
time gated into the receiving system.  This removes contamination from the light scattered off shared optical 
elements and from the lower atmosphere (Raleigh backscatter).  For diagnostics, a small portion of the outgoing 
laser light is fed to the Hartmann sensor via a retro path.  Otherwise, the outgoing light will be blocked from the 
receiver path with a chopper wheel timed to the laser pulses. 
 
In LGS mode, a natural T/T star is required and there is a quadrant of the WFS CCD designated for T/T sensing.  
For LGS T/T, a portion of the corrected path light will be intercepted directly after the DM and folded back into the 
WFS path just downstream of the lenslets.  The optics in the T/T light path creates an image of the T/T star at the 
focus of the lenslets.  This image is subsequently relayed onto the CCD.  The plate scale at the CCD for the T/T star 
is 0.33 arcseconds per pixel, and the FOV is approximately 12x12 arcseconds. 
 
 The ViLLaGEs system has much of the functionality of the LickAO system for the 3-meter telescope, but does so in 
a much smaller package.  Much of the size reduction is due to the MEMS DM (3.6 mm versus 71mm for the 3-m 
system).  Using a quadrant of the WFS CCD as a T/T sensor eliminates the need for a separate T/T camera.  It also 
provides a high-speed scoring camera. 
 
 

3. DESIGN AND ENGINEERING 
 

ViLLaGEs was built, tested, and put on-sky in less than two years, a very ambitious accomplishment.  Without 
current three-dimensional parametric modeling and design, finite element analysis (FEA), and optical design tools 
(as well as the portability of data between these tools), the odds for success on this effort would have been slim. 
 
1.1 System Description 

 
ViLLaGEs is designed for the cassegrain focus of the equatorial 1-meter Nickel telescope.  A MEMs deformable 
mirror in an adaptive optics system reduces the overall footprint of an optical design.  ViLLaGEs’ footprint is 
approximately one square meter as compared to the LickAO system which is about three square meters.  Even with 
this smaller footprint, 200 lbs worth of electronics are required for operations.  The real-time controller and power 
supply for the deformable mirror (DM) must be in close proximity to the device and are therefore carried with the 
instrument.  Initial estimates of the mass and center of gravity (405 pounds and 63 inches from declination pivot) for 
the entire package were not outside the limits for telescope balance.  However, for such an approach, mass 
distribution and minimization become the primary design criteria. 
 
The Nickel has a short cylinder below the primary mirror cell called the telescope utility bin (TUB).  It houses the 
guide camera and other utilities.  A flange at the bottom of the TUB is the instrument mounting interface.  The 

Proc. of SPIE Vol. 7018  701841-3



TUB

Wave Front
Sensor

HexapoTrus:/_

Optical Bench Incoming Light
CCI) Ilewar

 

 

concept for the instrument based on the optical design was a bench-mounted layout on a plane normal to the optical 
axis approximately 10” below the TUB.  A three-point attachment scheme on the TUB flange leant itself to using a 
hexapod determinant structure8 to couple an optical breadboard containing the instrument to the telescope.  
 

 
Figure 2  The Optical Bench of ViLLaGEs Mounted on the Nickel 1meter telescope (isolated for 
clarity). 

 
The rack containing the support electronics is mounted below the breadboard.  For balance reasons, the design 
required the mass of this rack to be minimized and centered as close to the optical bench as possible.  It was also 
necessary to enclose the rack and remove the 0.5 kilowatts of heat generated within.  Finally, this rack would have 
significant weight.  It was desired to attach this load to the telescope independently from that of the optical bench.  
The intent being to decouple these masses for flexure concerns in the presence of a changing gravity vector.  While 
not unprecedented, this type of decoupled support for the flexure sensitive optical portions of the instrument and the 
ancillary electronics is an important strategy for instruments subjected to a changing gravity vector.  This becomes 
increasingly advantageous as portions that are not flexure-critical dominate the total mass of the instrument.  This is 
often the case for adaptive optics instruments, such as Altair9, the Gemini North adaptive optics system. 
 
1.2 Truss Design 

 
A determinant hexapod connecting two structures eliminates the coupling of bending moments from one to the other 
– in this case from the telescope into the bench.  That is to say deflections of the truss members supporting the 
bench, (which vary as the telescope rotates) result only in rigid body motion of the instrument.  This then becomes 
primarily a beam steering (first order correction) issue.  For the truss to behave this way, the axes of all struts 
entering a single node must intersect at the same point and these strut/node connections must behave as pinned joints 
(zero bending momentum).  Our hexapod is a welded truss so the joints obviously are not pinned.  They are treated 
as such in the first load estimate.  This was made using link elements in an ANSYS finite element analysis with 
mass estimates from the optical bench (and several gravity orientations).  We tailor the struts’ cross-section and 
therefore the axial stiffness to produce the required rigidity between the telescope and instrument.  Each strut is then 
analyzed for buckling (often the limiting factor), and the cross-section moment of inertia increased if required.  
Finally, link elements are replaced with solid elements and the model of the structure is analyzed to ensure bending 
is sufficiently low where the struts enter the nodes.  (If required, struts could be necked down near nodes in order to 
reduce bending stiffness but maintain axial stiffness.  This was not required on ViLLaGEs as it has a relatively 
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