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ABSTRACT

The Large Binocular Telescope (LBT) Project is a collaboration between institutions in Arizona, Germany,
Italy, and Ohio. The telescope uses two 8.4-meter diameter primary mirrors mounted side-by-side to produce
a collecting area equivalent to an 11.8-meter circular aperture. A unique feature of LBT is that the light from
the two primary mirrors can be combined to produce phased array imaging of an extended field. This coherent
imaging gives the telescope the diffraction-limited resolution of a 22.65-meter telescope. The first of two 8.4-
meter borosilicate honeycomb primary mirrors has been installed in the telescope on Mt. Graham in southeastern
Arizona. First Light is planned for later this year with one primary mirror and a prime focus imager. The second
of the two primaries is being polished at the Steward Observatory Mirror Lab in Tucson and will be installed
in the telescope in the Fall of 2005. The telescope uses two F/15 adaptive secondaries to correct atmospheric
turbulence.
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1. PROJECT OVERVIEW

The Large Binocular Telescope (LBT) uses two 8.4-meter diameter primary mirrors mounted side-by-side to
produce a collecting area equivalent to an 11.8-meter circular aperture. A unique feature of LBT is that the light
from the two primary mirrors can be combined optically in the center of the telescope to produce phased array
imaging of an extended field. Adaptive optics has been designed in from the beginning to augment the high
resolution imaging from visible to mid-infrared wavelengths. The main wavefront correctors are the Gregorian
secondary mirrors. The interferometric focus combining the light from the two 8.4-meter primaries will reimage
the two folded Gregorian focal planes to three central locations for phased array imaging. This coherent imaging
gives the telescope the diffraction-limited resolution of a 22.65-meter telescope. We will be able to produce
images with a resolution of 5-milliarcseconds in visible light and 20-milliarcseconds in the near infrared. The
binocular configuration leads to a compact and stiff mechanical structure. The short focal ratio primary mirrors
help minimize the size of the co-rotating enclosure. The project has been previously described by Hill & Salinari
(2002)1 and references therein.

2. PRIMARY MIRRORS

2.1. Polishing

The first of two 8.4-meter borosilicate honeycomb primary mirrors for LBT has been polished at the Steward
Observatory Mirror Lab in Tucson, Arizona during 2002. During 2003 it was tested in its final mirror support
cell and then transported to the mountain. These paraboloidal primary mirrors have a focal ratio of F/1.142
(9.6-meter focal length) to allow a very compact and stiff mechanical assembly to be used for the telescope optical
support structure. A special computer-controlled “stressed lap” was used to polish this steeply aspheric optical
surface. The optical surface is measured using phase-shifting interferometry and a refractive null corrector near
the center-of-curvature. The surface figure of the first primary mirror was measured to deviate from the ideal
paraboloid by less than 28 nanometers rms.
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Figure 1. This photo shows the second LBT 8.4-meter primary mirror undergoing loose-abrasive lapping with the stressed
lap on the new Large Polishing Machine at the Steward Observatory Mirror Lab. The plumbing extending radially over
the mirror serves to distribute fresh polishing slurry.

The second of the two 8.4-meter primary mirrors has been generated and is presently in the polishing phase
at the Mirror Laboratory. Figure 1 shows the second primary mirror on the polishing machine undergoing loose-
abrasive lapping during June 2004. The second primary mirror will be installed in the telescope during the Fall
of 2005 to complete the binocular telescope optics.

2.2. Primary Mirror Transport

The transportation of the 8.4-meter mirror from the polishing laboratory to the mountaintop was a coopera-
tive effort between the University of Arizona and Precision Heavy Haul of Phoenix, Arizona. The mirror was
transported in a specially designed box which provides multiple layers of spring isolation. The mirror box was
transported horizontally down interstate highway 10 between Tucson and Safford, Arizona. The height of one
non-bypassable overpass limited the height of the box on the truck to 4.5 meters. The truck with the mirror box
travelled at speeds up to 85 km/hour on the interstate highway with a rolling roadblock escort to control traffic.
After arriving at the observatory base camp, the box was tilted by 60 degrees and mounted on a Goldhofer
trailer for the transport up the 48 kilometers of winding mountain road. Rocks and trees along the mountain
road limited the width of the load to 7 meters. Figure 2 shows the first primary mirror in its transport box on
the way up the mountain road during October 2003. The mirror transport took 4 days of travel to reach the
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Figure 2. This photo shows the first primary mirror in its transport box on the way up the mountain road. The mirror
box is mounted on a Goldhofer trailer with a tractor pulling and a loader pushing. An operator on the Goldhofer controls
the tilt of the load as the road slope changes.

mountaintop site from Tucson. Davison et al. (2004)2 provide additional details on the engineering aspects of
mirror transportation and mirror handling.

2.3. Mirror Cells and Active Optics

The steel structure of the mirror support cells was fabricated and machined in Milan, Italy along with the rest
of the altitude-azimuth mount. In Tucson, the mirror support system was installed in the cell, and the mirror
performance was verified under the optical test tower in the Mirror Lab. Figure 3 shows the uncoated primary
mirror in the telescope cell under the test tower. Martin et al. (2004)3 describe the test setup and the results of
active figure adjustment.

The first primary mirror has been mounted on the telescope in its support cell during March 2004. Figure
4 shows the mirror being installed in its cell off the telescope after transport to the mountain. The mirror cell
contains 160 pneumatic actuators which float the mirror against the force of gravity in order to preserve and
adjust its accurate shape. Both axial and lateral forces are applied only to the backplate of the glass honeycomb.
Loadspreaders are glued to the backplate in order to distribute the forces to the honeycomb structure. Figure
5 shows some of the 160 pneumatic actuators mounted in the lower portion of the mirror support cell. Six
“hardpoints” provide the mechanical stiffness to control the position of the mirror in the cell. Air entrainment
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Figure 3. This photo shows the first LBT 8.4-meter primary mirror being tested in its telescope support cell under the
optical test tower at the Mirror Lab. The cell is mounted on air pads to facilitate moving it around the lab and under
the tower.

devices are used to circulate air through the cell and the glass honeycomb in order to keep the mirror in thermal
equilibrium at a temperature close to nighttime ambient temperature.

3. OPTICS AND INSTRUMENTS

3.1. Adaptive Optics

The baseline optical configuration of LBT includes adaptive infrared secondaries of a Gregorian design (concave
mirrors rather than the more common convex Cassegrain mirrors). The F/15 secondaries are undersized to
provide a low thermal background focal plane which is unvignetted over a 4-arcminute diameter field-of-view.
These adaptive secondary mirrors with 672 voice-coil actuators supporting a thin glass shell are now in the final
stages of fabrication in Italy. The electromechanics of the adaptive secondary mirrors are being designed and
fabricated by ADS International of Lecco, Italy and Microgate of Bolzano, Italy. The adaptive optics system
for the telescope is a cooperative effort between these companies and the adaptive optics groups at Osservatorio
Astrofisico di Arcetri in Firenze and at Steward Observatory in Tucson. The 1.6 mm thick, 911 mm diameter
thin Zerodur shells for the adaptive secondaries are being polished by the Steward Observatory Mirror Lab at
the University of Arizona. These adaptive secondaries will update their shape at kiloHertz rates to correct the
distortions in the wavefront caused by atmospheric turbulence. The LBT adaptive secondary units are described
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Figure 4. This photo shows the first honeycomb primary mirror being lowered into its support cell after being transported
to the mountain. The 16-ton mirror is lifted by a lifting fixture with 36 vacuum cups which provide a distributed lifting
force.

in additional detail by Riccardi et al. (2004).4 The electro-mechanical construction of the adaptive secondaries is
described by Gallieni et al. (2004),5 and the control electronics system for the adaptive secondaries is described
by Biasi et al. (2004).6 The LBT adaptive secondaries have been designed based on the successful operation of
a smaller secondary at the MMT as described by Brusa et al. (2004).7

3.2. AGW Units and Guiding

Acquisition, guiding and wavefront sensing (AGW) units for the Gregorian focal stations are being built in
Potsdam. The units provide relatively conventional capabilities for acquisition imaging and off-axis guiding.
They also provide off-axis wavefront sensing for focus, collimation and active wavefront correction. The AGW
units are described in detail by Storm et al. (2004).8 Each side of the telescope has its own guiding and active
optics loops. Slow and common corrections from the two sides are sent to the mount, while the distinct and/or
faster corrections are handled by the adaptive secondary mirrors and their hexapod supports.

Within the same AGW unit housing there is also fast (1 kHz) on-axis wavefront sensing capability for the
adaptive optics system. These modules use a pyramid wavefront sensor with up to 30 resolution elements across
the pupil. The on-axis units are being built in Arcetri along with the software for the adaptive optics system.
The entire adaptive optics closed loop will be integrated and tested in a tower in Arcetri before being installed
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Figure 5. This photo shows some of the pneumatic mirror support actuators in the lower portion of the mirror cell. The
vertical cylinders provide the axial force, and they work in concert with the angled cylinders to provide lateral force when
the telescope moves away from the zenith.

on the telescope in 2005. The overall adaptive optics system for the first adaptive observations with LBT is
described by Esposito et al. (2004).9 The software for controlling the LBT adaptive optics system is described
by Fini, Puglisi & Riccardi (2004).10

3.3. Instrumentation

Facility instruments for LBT include a pair of wide-field prime focus cameras being built in Italy by a collaboration
of astronomers centered in Rome and Florence. These cameras will be the first scientific instruments used on the
telescope. The prime focus imagers are deployed into the optical beam on swing arms so they may be quickly
and easily interchanged with the Gregorian secondaries. Below the primary mirrors, two large optical-ultraviolet
spectrographs are mounted at the direct Gregorian focal stations. These two dual-beam spectrographs are being
built in Ohio. A pair of flat tertiary mirrors will be mounted on swing arms above the primary mirrors to
bend the Gregorian focal planes into the center section of the telescope. A pair of near-infrared spectrographs
optimized for wide-field multiobject work and for diffraction-limited observations will be mounted at one pair of
the bent Gregorian focal stations. These infrared spectrographs are being built in Germany by a collaboration
centered in Heidelberg and Munich. Additional details on the LBT facility instruments can be found in Wagner
(2004).11
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The other two pairs of bent Gregorian focal stations will be mainly used for phased array imaging. Two
“strategic instruments” are being built to combine the light from both primaries and take advantage of the
diffraction-limit from the full 22.65-meter baseline. (The 22.8m edge-edge separation of the primary mirrors
is slightly reduced by the pupil stops at the Gregorian secondaries.) An instrument emphasizing nulling inter-
ferometry in the mid-infrared is being built in Arizona. An instrument emphasizing phased array imaging in
the near-infrared with multiconjugate adaptive optics is being built by a collaboration centered in Heidelberg
and Florence. A more detailed description of the plans for interferometry and phased array imaging on LBT is
provided by Herbst & Hinz (2004).12

4. TELESCOPE

4.1. Mechanical Structure

The binocular telescope is mounted on an altitude over azimuth mount inside a co-rotating enclosure. Hydrostatic
bearings built by Tomelleri in Verona, Italy provide a smooth motion of the telescope with very low friction. The
azimuth and elevation drives each have four brushed DC servomotors directly driving pinions (60:1) against 14-
meter diameter segmented gear sectors. Both the bearings and the motors were designed to preserve the structural
stiffness of the telescope. The telescope elevation structure accommodates swing arm spiders which allow rapid
interchange of the various secondary and tertiary mirrors as well as prime focus cameras. The detailed design of
the telescope structure was done by European Industrial Engineering of Mestre, Italy and ADS International of
Lecco, Italy. The telescope structure was fabricated and pre-assembled by Ansaldo-Camozzi in Milan, Italy. It
was shipped to Arizona in compact sections weighing up to 60-tons. The main sections of the telescope structure
were moved up the mountain in the Fall of 2002 and the telescope was assembled during the following year.
Figure 6 shows one of the two “C-rings” that form the elevation bearing approaching the LBT enclosure. The
telescope is now completely reassembled in the operational enclosure on Mt. Graham. The moving mass of the
telescope structure is around 650-tons. Figure 7 shows the first primary mirror and cell together being installed
on the telescope in the spring of 2004.

4.2. Aluminizing

The telescope structure accommodates installation of a vacuum bell jar for aluminizing the primary mirrors
in-situ on the telescope. The aluminizing bell jar is now undergoing final tests in Columbus, Ohio prior to the
first coating of the primary mirror.

4.3. Mount Control System

The brushed DC motors for the telescope azimuth and elevation drives are driven with Copley servoamplifiers.
The servo system for the telescope mount is implemented digitally in digital signal processors which are hosted
in a Linux computer. The computer hardware for the telescope mount control system was provided by Bittware
of Concord, New Hampshire. The system gets position and velocity feedback from Heidenhain encoders mounted
on the motor pinions as well as from Farrand inductosyn strip encoders mounted directly on the telescope axes.
Encoder and limit switch inputs are processed through a programmable logic controller which interfaces the DSP
core to the telescope hardware. A second PLC manages the motion of the co-rotating enclosure. The mount
control system has been designed and built by a group of engineers and programmers at the University of Arizona
in Tucson.

4.4. Telescope Control System

The mount control system is one of a number of sub-systems which make up the overall telescope control system.
The high-level telescope control software interfaces to a dozen sub-systems which control specific hardware. The
sub-systems include the adaptive optics system, the primary mirror cell controls, the mount control system, the
enclosure controls, telemetry, etc.. Each sub-system has ethernet connections for commmand and control, for
reflective memory and for telemetry and logging. The telescope control software is mainly being written by
programmers working for LBTO in Tucson. A pointing kernel has been purchased from Rutherford Appleton
Laboratory.
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Figure 6. This photo shows one of the two sectors that make up the elevation bearing approaching the telescope
enclosure on the Goldhofer trailer. This C-ring is 14 meters long by 7 meters wide. It represents the largest load that can
be transported horizontally on the mountain road.

4.5. Enclosure
The telescope is located at Mount Graham International Observatory in the Pinaleno Mountains of southeastern
Arizona. The elevation of the observatory is 3192 meters. The telescope enclosure was designed by M3 Engineer-
ing & Technology of Tucson, Arizona. The enclosure was constructed under the auspices of Hart Construction
Management Services of Safford, Arizona in close cooperation with the LBT Project Office. The enclosure co-
rotates with the telescope as it is tracking on the sky. The rotating mass of the enclosure is 1600-tons. The
structure rotates on four bogies with a total of 20 wheels and is driven by eight 20 horsepower AC motors. The
rotating structure seen in Figure 8 is a cubical shape with dimensions of 25 x 28 x 29 meters. The roofline of
the building is 53 meters above the ground level.

5. SUMMARY

The mechanical and electrical construction of the Large Binocular Telescope on Mt. Graham is mainly complete.
The first of two primary mirrors is installed in the telescope, but not yet coated. Controls testing and systems
integration are now in progress.

First light with only the left primary mirror and the blue channel of the “Large Binocular Camera” is expected
later in 2004. The lens assembly of the first prime focus camera was mounted on the telescope during June 2004.
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Figure 7. This photo shows the first 8.4-meter primary mirror being mounted on the horizon-pointing telescope in its
support cell. An overhead bridge crane lifts the honeycomb mirror plus the mirror support cell plus the loadspreader
beam which have a combined weight of 64 metric tons. The polished surface of the mirror is protected by a plastic cover.

Figure 9 shows the camera on the telescope. Second light is expected at the end of 2005 after the second primary
mirror has been installed. Commissioning of the adaptive optics system and several pairs of facility instruments
will be the main tasks for 2006.

6. PROJECT PARTNERS

The international partners in the Large Binocular Telescope Corporation include Arizona (25%), Germany
(25%), Italy (25%), Ohio State (12.5%) and Research Corporation (12.5%). The Arizona portion of the project
includes astronomers from the University of Arizona, Arizona State University and Northern Arizona University.
The German portion is represented by the LBT Beteiligungsgesellschaft which is composed of Max-Planck-
Institut für Astronomie in Heidelberg, Max-Planck-Institut für Radioastronomie in Bonn, Max-Planck-Institut
für Extraterrestrische Physik in Munich and Astrophysikalisches Institut Potsdam. National participation in
Italy is organized by the Istituto Nazionale di Astrofisica. Partners at individual institutions include the Ohio
State University in Columbus, Research Corporation in Tucson, the University of Notre Dame, the University
of Minnesota and the University of Virginia. Astronomers and engineers at all of these institutions are involved
in building instruments and auxiliary equipment for the telescope.
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Figure 8. This photo shows the LBT enclosure on Mt. Graham. This view shows the rear and right sides of the rotating
enclosure. The vertical doors are for ambient air ventilation. The rails allow the right side shutter door to roll laterally
when it opens. The tubes exhaust air drawn through the telescope in a downwind direction.

6.1. More Information

Recent photos and other news can be found on the LBT web site: http://lbto.org
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Figure 10. During the week following the conference in Glasgow, a large forest fire threatened the Mt. Graham Inter-
national Observatory. The Nuttall and Gibson fires burned nearly 28000 acres of the Pinaleno Mountains over a period
of 14 days. This photo taken by Ron Smallwood on July 3 shows the Gibson fire burning 2 km East of the observatory
when the threat seemed greatest. Heroic efforts by the Southwest Area Incident Management Team under the command
of D. Oltrogge were able to protect the observatory and the nearby summer homes. The team included more than 900
firefighters and support personnel. The fire eventually burned within 400 meters of the LBT as part of a series of back
burns to contain the larger fires. Special thanks to J. James and S. Olsen of MGIO for spending a week on the mountain
with the fire crews to protect the telescopes.
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