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1 Introduction

The NGAO project will require a combination of nine sodium laser guide stars.  These laser guide stars may come as a result of a single laser or multiple lasers.  This document describes possible architectures to meet this requirement.  The amount of laser power required to produce these guide stars is not fully defined due to dependencies that are not well established.  These dependencies include the direction of pointing into the earth’s magnetic fields, the seasonal changes in the sodium layer, and laser characteristics such as pulse or CW.
This document provides initial concepts of laser architectures that may be able to produce the required laser powers and be integrated into the existing telescope facilities on Keck I or Keck II.  These concepts are based on existing lasers that are being developed at lower powers for the astronomical community.  A recommended architecture is proposed to assist with the system design phase.  This document also includes criteria to assist in development of laser requirements as well as guiding in the selection of the laser vendor.  It is assumed the laser will be procured from an outside vendor.

An also important goal for this document is to provide sufficient input to assist personnel in completion of conceptual designs for the Laser Facility (WBS 3.3).
2 References

2.1 Input Material for this document
	Ref. #
	Document #
	Revision or Effective Date
	Source
	Title

	1
	GEM00417_B_CTI_Req.v02.91.pdf
	2.91
	Gemini
	Requirements for Gemini South and Keck 1 Laser Systems

	2
	
	
	
	NGAO Error Budget Spreadsheet

	3
	
	
	
	NGAO Laser Guide Star Facility FRD
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Table 1.  References
2.2 Acronyms and Abbreviations

Table 5 defines the acronyms and abbreviations used in this document.

	Acronym/Abbreviation
	Definition

	ANSI
	American National Standards Institute

	AO
	Adaptive Optics

	CARA
	California Association for Research in Astronomy

	CW
	Continuous Wave

	HVAC
	Heating, Ventilation, Air Conditioning

	LGS
	Laser Guide Star

	LGS AO
	Laser Guide Star Adaptive Optics

	NFPA
	National Fire Protection Association

	NGS
	Natural Guide Star

	OSHA
	Occupational Safety and Health Administration

	LGS-LSE-XXX
	Requirement Keck 1 Laser Service Enclosure

	RH
	Relative Humidity

	TBD
	To Be Determined

	VAC
	Voltage alternating current

	WMKO
	W.  M. Keck Observatory

	EBS
	

	GS
	

	GN
	

	
	

	
	

	
	

	
	

	
	

	
	


Table 2.  Acronyms and Abbreviations

3 Criteria for selection of laser
The methodology for determining the laser architecture will depend on the following criteria.  These criteria will need to be prioritized based on the requirements of the laser.
3.1 Financial Budget

The nominal allocation for NGAO is $100,000/watt of 589 nm light with appropriate line width and pulse format.

3.2 Performance

3.2.1 Photon Return
The laser facility shall produce photon return > 0.12 photons/cm^2/ms/W at the telescope entrance from exciting the Mesospheric sodium layer. [from EBS]
3.2.2 Laser Spot Quality
The laser M2 shall be <1.3 if it is capable of being mounted on the elevation ring (varying gravity vector configuration).  If the laser is situated on the Nasmyth platform it is suggested that the laser be specified to have an M2 <1.05 . Fiber coupling efficiency is a strong function of the laser M2.
3.3 Laser Reliability

In addition to requirements for reliable operations, it is expected the lifetime of the laser facility to operate for a minimum of 10 years.  Based on K2 laser operations, it is a goal for the laser facility to achieve an uptime of 97% or higher.  One of the considerations for achieving a high uptime is to minimize the requirements on maintenance.  On K2, increasing the number of operational nights with the laser reduces the availability to days to service and improve the laser.  70 nights per semester was determined to be a limit based on resources and time allowed to keep the K2 laser at peak performance.
3.4 Laser Servicing Requirements

Servicing of the laser has not only an impact on the cost of the service but also impact on observatory resources such as telescope.  The architecture can have a large impact on telescope resources.  If the laser head and pump diodes are on the elevation ring, it is necessary for the telescope to be in a configuration that generally has a negative impact on servicing of existing observatory instruments.  Design of the laser should include service and maintenance that minimizes effort as well as resources such as the telescope.
3.5 Laser Operating Cost
Laser operating cost is defined to contain two components, servicing and maintenance of the laser and operating of the laser at nights. 
3.5.1 Service and Maintenance

For comparison with existing K2 laser service and maintenance cost, the laser will require an FTE that is a combination of an engineer and laser technician to service and maintenance once the laser is in operations.  Operations is defined as performing servicing and maintenance to keep the laser operating trouble free with minor upgrades if any. This number will increase depending on the power and complexity of the system.  For example, higher power will have significantly more power diodes to replace.  The system will need to be designed such that servicing is done with minimal impact to laser operations.  Such design may include modules of equipment that is done without significant down time.  Examples are the replacement of a bank of diodes instead of a individual unit; or diodes designed to minimize replacement effort.   Another possible solution is redundancy so part of the system can be down for service while another part is used for operations; this solution is less feasible considering the cost of the laser system. 

Material cost will mainly be consumables such as laser pump diodes and nonlinear crystals which tends to be damaged due to poor alignment or improper cooling.  Although diodes are rated for 10,000 hours, the current laser systems are seeing significantly less hours from them.  Assuming a 50% derating and operating the laser at 70 nights/semester, diodes will have to be replaced every 2.4 years at $5K per diode.  The number of diodes will be dependent on the final power of the laser system.

3.5.2 Operations

The goal is for the laser facility to operate without the assistance of a laser operator.  Current K2 Laser operations require the need of a technician for startup of the laser and a laser operator to oversee laser status and controls. The laser operator also does planning to assist in compliance with FAA and Space Command Issues.   The effort estimate is approximately 18 hours / night of observation based on a 12 hour night.  As a minimum, the laser should be able to be operated remotely to minimize the inefficiencies of having someone on the summit for laser operations. 
3.6 System Scaling Abilities and Flexibility

Unless a laser is well established with a proven record of operations, it is likely the enormous risk and cost of the NGAO laser may have to be possibly scaled to achieve the overall requirements.  This will need to be confirmed as to the ability to scale the laser is acceptable to meet the current observing modes.   For this size project and the number of laser guide stars, design for scaling and redundancy can minimize the risk of having part of the system down at any one time.

3.7 Integration with Telescope Facility

The ability to integrate such a laser on the Keck 1 or Keck 2 telescopes will be challenging.  The current laser systems are larger than what can be integrated onto the existing telescopes.  The next generation lasers based on existing lasers will need to redesign to minimize not just its size, but requirements on the facility such as power and cooling needs.  It is imperative that the laser manufacturer works closely with the telescope facility to minimize the impact of such a laser on an operating telescope.
3.8 Rankings
	Criterion
	Ranking
	Comment

	Financial
	1
	

	Performance
	2
	

	Operation Costs
	3
	

	Integration with Telescope Facility
	4
	

	Reliability
	5
	

	Scalability
	6
	

	Servicing Requirements
	7
	


Table 3.  Criteria Rankings

4  Moving Laser Platform (MLP) Architecture
4.1 Motivation for MLP
MLP is driven by the requirement of maximizing throughput requirement of 75% of the Beam Transfer Optical System.  Unless a major breakthrough in fiber laser or some other form of sodium lasers becomes available, the cost of photon return will be expensive and improvements to throughput will in the end reduce this cost.  MLP is also flexible if the technology improves in other areas such as fiber transport.  Fiber transport’s efficiency has a strong dependency on the beam’s M2; using a free space transport at the elevation ring will reduce the risk on the laser’s beam quality’s requirement. MLP is also adaptable to both the K1 and K2 telescopes.

4.2 Laser

4.2.1 Laser Hardware
MLP is based on the ability of a laser platform that will be able to operate in a varying gravity vector.  The laser head is defined as the optical components necessary to generate the final 589nm laser beam and amplification; this may include the sum frequency mixing of other laser frequencies.  The laser head does not contain the larger components such as power supplies and possibly pump diodes.  
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Figure 1: Laser Architecture Locations. Front View.
MLP design has the laser head on the elevation ring (Location III).  This concept has been proven with the use of a similar design on K2.  The K2 laser head that generates the final 15 watts of laser light is on the elevation ring.  The area for this enclosure is ample to provide the sufficient space for existing laser designs.  The volume of the K2 laser enclosure is 12’W x 7’H x 4’D.  The laser head must be ruggedized or hardened to operate in a changing gravity vector in this location.  Both K1 and K2 have similar locations for the laser head on the elevation ring.

[image: image3.emf]Laser Launch Telescope

Location

Location 1

(behind HIRES)

Fiber

going to LLT through 

Right Elevation Wrap

Locations III

on right side of 

Elevation Ring

RIGHT SIDE VIEW


Figure 2.  Moving Laser Platform Architecture. Side View.

To minimize the amount and weight of the laser head, it is expected the power supplies and possibly the pump diodes to be located on the Right Nasmyth Platform (Location I) or even off the telescope all together.  Because the power supplies and pump diodes generally have requirements for large amount of power and cooling, it’s highly recommended to have this equipment in a well insulated structure.  These structures can be similar to what currently exist in K1 with its Laser Service Enclosure.  

If the power supplies are on or near the Right Nasmyth Platform, cabling can be run to transmit this power to the laser head on the elevation ring.  If the pump diodes are on the Right Nasmyth Platform, IR fibers can be used to transmit the power to the elevation ring.  Fibers that can transmit IR light are more accessible than fibers to transmit 589nm.

4.2.2 Laser Software and Control
The laser software should be independent of the LGSF architecture.  It is highly recommended the laser software is able to operate with a distributed system similar to the existing EPICS system at WMKO.  The EPICS system may be obsolete by the time the laser is built, but the interface shall be suitable for use with the observatory’s distributed software control architecture.

4.2.3 Beam Transport Optical System

With the laser head on the telescope, the throughput efficiency of the beam transport optical system is expected to similar to K2 at 85% or higher.  The throughput will heavily depend on the optical system for creating and steering of nine laser guide stars.  It is not expected the throughput to be significantly greater than 90% due to the losses in the launch telescope, optical surfaces for steering of the beam and optical components for dividing the laser power into 9 separate beams.  

From the laser head, optical surfaces as well as sensors and actuators will have to steer the beam from the elevation ring to the launch telescope behind the secondary.  The ability of the laser head on the elevation ring will negate the need for additional compensation from the beam relay system.  Both the K2 laser and the Gemini North Laser have the laser head on the elevation ring which are currently in operation.
The generation of 9 laser beams and the steering of each beam can be done on an optical bench that will reside behind the secondary mirror in the secondary module.  This bench as well as the launch telescope has to fit within the secondary module and still provide sufficient ample space to service the BTO equipment as well as other equipment in the vicinity.
4.3 Keck 1 vs. Keck 2

There already exists an enclosure on the K2 telescope for the laser.  This enclosure is not a clean room environment.  The infrastructure for MLP is very similar between the two telescopes. Both telescopes will be able to support this concept.

Keck 1 has the existing laser service enclosure that can be used to house laser electronics such as power supplies and pump diodes.  A similar structure can be replicated in K2 for the MLP architecture.
4.4 Starfire Optical Range Laser System
SOR currently operates a 50W CW laser at its base at Kirtland Air Force Base, NM.  The SOR laser has a laser head bench on the side a 3.5 meter telescope.  This optical bench does not rotate with gravity and sits flat with respect to the telescope platform.  The beam comes out of the optical bench and is steered onto the elevation ring.  The output aperture is on the side of the telescope and not centrally projected as required by NGAO.  There are 3 large 19” racks of control computers that also reside on the telescope platform.  Both the racks and the bench rotate only with azimuth movements.  

The SOR laser’s architecture can be applied to the MLP based on discussions with Dr. Craig Denman from SOR.  Currently, the power supplies are located on the base of the telescope at a distance of 120 feet from the laser head.  Current cabling requires two pairs of #8 gauge cables for the IR pump Yags.  It is likely, the power supplies can be as far as 200 ft away using existing or larger gauge cables.  This will eliminate the need of a large area available for the power supplies and their cooling requirements on the near the laser head bench benches.  This can improve the scalability of the laser.  The 3 large 19” racks on the Right Nasmyth Platform can be repackaged using embedded computer systems instead of the current PC controllers.  This system will then be small enough to be placed on the elevation ring next to the laser head bench.

The current size of the GEN I 50W optical bench is 6’Wx2’H.  It is reasonable to assume the Gen II system will improve in its output power and repackaged into a smaller volume.  The Gen II system may improve its output power by as much as 50%.  The GEN II system will also use optical pumping at two frequencies to maximize photon return improving the return by a maximum factor of 1.6.  These gains should be reduced due to Hawaii’s latitude.  

The size of the Gen II system will also be reduced by the modularization of the gain amplifiers.  However, the Gen II system will be a combination of two lasers which will increase the overall size of the laser bench.  A conservative estimate of the optical bench size is 3’x8’ for 75W of output power.
The Gen II SOR system will be ruggedized using modular designs for the gain amplifiers.  To gain the output power, a redesign of the NPRO engine and cavity is expected to produce the higher output.  In addition, the mechanical structure will be design to remove off-the-shelf mounting units for additional stability.  These mechanical changes will enable the ability of the system to work with a changing gravity vector

At the current SOR configuration, the K2 laser enclosure on the elevation ring will fit two of these higher output power optical benches.   Another advantage of the SOR laser is its lack of requirement for a Class 10K clean room, as well as a tightly controlled temperature enclosure.  To minimize condensation, the Gen II system will require additional mechanical configurations to properly seal the optical bench and likely temperature control.  The bench will require additional purging to maintain cleanliness

The expected power requirement for this system is 8.0 KW per 75W output.  In additional to providing this power, cooling must be provided to remove heat generated by the system.

Currently, SOR is planning to build two GEN II Systems, one for SOR and one for AMOS in the next three years.   It will be an advantage for NGAO to work closely with SOR personnel to determine if the GEN II system requirements can be modified to include NGAO considerations such as a moving gravity vector
Another consideration is the use of the GEN II’s optical pumping at two different frequencies.  The increase return by a factor of 1.6 can significantly reduce the required power output from the laser, thus reducing the overall cost and infrastructure cost related to a higher power laser system.
The SOR laser can be controlled remotely via the network.  The system is controlled using a PC running C++ code written by SOR.  NGAO will likely need to create a front end interface between the SOR system and the observatory EPICS system in order for it to operate with the observatory.  A similar task was completed for the LMCTI laser.
Based on the current GEN I system and the plans for the GEN II system, the GEN II system is a good candidate for the MLP architecture.  WMKO should also plan for scaling from delivery of individual 75+ watts laser system with a total of 2 lasers to meet the requirements of NGAO.  
Further work should be completed to reduce the error bars in defining the expected photon returns above Mauna Kea.
4.5 LCMTI Laser

LMCTI is currently developing a 50W Quasi CW laser for the Gemini South Observatory and a 20W system for Keck with a similar format.  LMCTI has delivered a 12W Quasi CW laser currently operating at the Gemini North Facility.  The current GN system has two 24”Hx19”W electronics rack with a 5’Wx3.5’Dx4’H laser bench and supports on the elevation ring.  Additional equipment is needed for the LMCTI system due to its requirement for a clean room environment.  In the GN system, the clean room increased the overall dimensions of the enclosure on the elevation ring.  

The GS laser has a larger optical bench producing 50W that is not on the elevation ring.  Based on the GS system, it is difficult, but not impossible to place 3 to 4 optical benches of this size and electronics on the elevation ring.  If some scaling can be done to repackage the GS laser into two optical benches similar in size to the GN laser and produce the required power, they can also be placed on the elevation ring.  Discussion with LMCTI resulted in a modest reduction to the size of the optical bench from the GS laser.  There were also significant concerns due to putting the bench on a moving gravity platform.
Similar to the SOR laser, the LCMTI laser power should be scaled based on the expected photon return.  There is some improvements to the photon return with circular polarization of the beam; but it is unlikely the gain will be as large as the reported of 2 factor.   If we assume the current gains of circular polarization with the GS laser, the improvements will be likely be closer to the 1.3 factor as reported by the GN system.
4.6 Risk

The major risk of the MLP architecture will be the ability of the laser to operate with a changing gravity vector.  Neither the higher power SOR nor the LMCTI lasers are currently design to be put into such architecture.  However, both the GN and K2 laser have shown they can be designed to operate with a moving gravity vector.

4.7 Cost

There will be a significant cost increase from the existing SOR and LMCTI systems due to the requirements for the MLP architecture.  The SOR Gen II laser will be redesigned and hardened to possibly meet the requirements; but since neither of the Gen II SOR or AMOS lasers have this requirement, the burden will fall on the NGAO system to implement and verify a MLP laser.
5 Stable laser platform (SLP) Architecture
5.1 Motivation for SLP
SLP is driven by the requirement of the laser system that it is too large to be located on the elevation ring or that it is not able to withstand a moving gravity vector to meet the performance requirements.  Because of the additional losses related to possibly a fiber transport or additional transport optics, increases to the laser power requirement should be considered to meet the NGAO photon returns.

5.2 Subsystems
5.2.1 Laser Hardware
SLP will assume the laser head is not on the elevation or varying gravity platform.  The Beam Transport Optical System will provide additional controls to transfer the beam from the laser head to the secondary module.  A possible platform for SLP is the Right Nasmyth Platform. There may be some differences applied to this concept between Keck I and Keck II due to the existing HIRES instrument location on K1.  For now, SLP will assume the laser system will be on or below the Right Nasmyth Platform with appropriate beam transport for each location.
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Figure 3.  Stable Laser Platform Architecture.  Front View.
There are significant advantages for the laser system since it does not have to harden to operate with a varying gravity vector.  By being off of the telescope, there is less of a requirement to minimize the size of the laser system.  It is reasonable to assume a large enough structure at Location II will be fabricated to house a laser large enough to produce the power needed for NGAO.  Unlike MLP where the burden of meeting the photon return requirement is placed mainly on the laser, SLP divides the burden into both the laser and the Beam Transport Optical System.  In order for the laser to be on a stable platform, the laser power must be increased to compensate for additional losses in the BTOS.  The BTOS will also be required to meet higher throughput in order to reduce the laser power.  The ability to use fibers for beam transport will greatly impact the success of SLP since it minimizes the dependency of the laser system locale.
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Figure 4.  Laser Architecture.  Stable Laser Platform.  Side View.
5.2.2 Laser Software & Control
It is assumed the laser software will be a distributed system similar to EPICS as described in 4.2.2 Software and Control.
5.2.3 Beam Transport Optical System

With the laser head on a stable platform, there are two likely options for transporting the beam to the secondary.  The first is the use of fibers and the second is the use of free space transport optics.  Fibers will be the preferred design for the BTOB if they are able to meet the requirements for photon return.  Fibers also put additional requirements on the laser spot quality.

The BTOB’s complexity will be determined by the locale of the laser head and the ability to send the laser beam onto the varying gravity platform such as the elevation ring.  A simple solution is to send the beam into the optical axis between the Right Nasmyth Platform and the Tertiary mirror.  This will allow for a simple design with throughput that may be similar to the MLP.   If this is not possible to do, a more complex BTOB will be needed to transport the beam to the secondary with reduced throughput.

5.3 Keck 1 vs. Keck 2
A major consideration for K1 vs. K2 is the ability to access the optical axis for the BTOS.  In K1, HIRES resides on the optical axis making it difficult to access this location.  K2 uses moveable instruments which allow the BTOS to have access to the optical access.  This availability makes K2 more suitable for this concept.  A possible idea to consider also is the possibility to repackage HIRES so it is not directly on the optical axis of K1.  

Keck 1 has the existing laser service enclosure that can be used to house laser system if it can be sized to fit into this enclosure.  This room is a clean room and is suitable for the LMCTI laser requirements.  The Keck 1 telescope also had its Nasmyth Platform extended for the laser service enclosure.  If Keck 2 requires a similar sized enclosure at the same location, the Nasmyth Platform will also need to be extended.

5.4 Starfire Optical Range Laser

Based on the existing SOR laser, the system is likely to be able to fit in an enclosure similar to the existing K1 LSE with some repackaging in the GEN II system to reduce the overall volume.   Additional power will have to be considered to compensate for the laser on a stable platform. 
The power supplies for the GEN II system will be packaged to be off the telescope as in the MLP configuration.  This will allow the laser head to be built in the space currently provided by the K1 LSE.  There is room in the existing K1 LSE for some electronics but reducing the overall electronics packaging will greatly diminish additional size consideration for the LSE.
Assuming a similar LSE to K1 can be built on K2, the LSE should be able to fit 2, possibly 3 SOR optical benches.  The benches will be mounted onto the wall without a changing gravity vector which the GEN II system is expected to be capable of.
5.5 LCMTI Laser

With the existing LMCTI 50W laser configuration, it will be difficult to fit the 3 to 4 lasers in the existing K1 LSE.  An entire new enclosure will have to be design and fabricated possibly below the Right Nasmyth Platform.  This should provide sufficient space to accommodate the multiple LMCTI lasers.  Similar to the SOR design, the prefer method will be fiber transport if the throughput requirement can be met.  Otherwise, a free space transport will be necessary to accommodate the moving elevation ring.
5.6 Risk
The major risk of the SLP will be the increase of laser power to meet the Na return requirements.
5.7 Cost

The additional laser power to meet the Na return requirements will have a significant impact to the cost of the over laser system.
6 Fiber Lasers and fiber transport
It is worth mentioning there have been recent gains in development of fiber lasers.  Organizations such as CfAO and ESO are putting effort and money into development of fiber lasers.  Fiber lasers have the advantage of high efficiency, compact, and cost. The technical challenges of fiber lasers are its ability to sufficient powers, pulse formats, and narrow line width due to SRS and SBS characteristics of fibers.

ESO has been working with Volius, a company in Moscow, to produce IR fiber lasers.  Volius has expertise in producing high power 1178nm lasers.  Volius delivered a 20 to 30 W CW system a year ago and ESO has been working to increase the doubling efficiencies.  ESO has also developed their own in house speciality in fiber lasers and may have some positive results to announce in Jan 2008, possibly achieving 10W of 589nm light.  Volius is currently on contract to produce a 50ns macro pulse laser at Mhz pulse rates to ESO.  Volius’ delivery date of this laser was expected in Oct of 2007; but has been hampered by failures of the pump lasers.  Volius is confident they will be able to deliver a 30W 1178nm pulse laser to ESO early next year.  Volius is also on contract to produce a sodium laser with 150ns, 26KHz pulses to Keck. This development is also hampered by the failure of the pump laser and delivery is now expected in March of 2008.
ESO has mentioned that once their technology comes to fruition, the technology will be transferred to a commercial company where everyone will have access to the product.  Although the 10W does not meet the 15W requirement per laser for NGAO, it is possible to combine beams if the fiber lasers can be produced affordably.
A positive concept for IR fiber lasers may be the use of hollow core fibers to transmit IR pump light from a stable platform to the SFG.  In this scenario, the IR pump lasers will be housed in a thermal enclosure such as the K1 LSE on the Right Nasmyth Platform.  The SFG is relatively small compared to the pump yags required to generate the IR frequencies (1319nm and 1064nm).  Fibers will transport the pump light to the SFG which can fit in the secondary module.  This would significantly reduce the risk and effort for the BTOS.

It is worth mentioning there may be another configuration using the SOR laser.  Craig Denman suggests transporting 1064nm and 1319nm light using fibers that may not be readily available, especially at higher CW powers.   This would allow a significant part of the SOR laser to be on a SLP and transmit the l064nm and 1319nm light to the SFG at the MLP on the elevation ring.  This may reduce the size of the equipment at the elevation ring by 50%.  This concept will require significant R&D to develop these fibers.

Future advances in the efficiencies in fiber throughput should be considered as well.  Crystal Fibres from Denmark has developed a 589nm capable fiber with an 8db/km loss.  Current fibers losses are 10db.  

7 Recommended Architecture

7.1 Laser System Architecture (WBS 3.3.1)

Based on the discussions with the existing laser vendors, the recommended architecture to currently move forward is the MLP.  A major consideration for choosing this design is to use current technologies that could be improved to meet the requirements for NGAO.  The system architecture can be seen on Figure 5; all components in this figure are deliverables for WBS 3.3.  This architecture includes 2 lasers, a free space optical relay system, beam splitting system for dividing the beams into 9 laser beams, a beam steering system, safety system, 3 laser enclosures, and a control system for sequencing, diagnostics, and controls.

In order to meet the required power levels of 150 watts, two SOR type lasers are planned for the MLP architecture.  The laser power will be increased from its current 50 watt level to 75 watts.  In addition, the plan is to use the new SOR technology of dual pumping of the optical lines D2a and D2b to maximize sodium return.  

In order to maximize throughput, the laser diodes and amplifiers will be located on the elevation ring.  By having the laser head on the elevation ring, a free space beam relay system can be implemented without the additional difficulties of relaying through the elevation axis.  This relay also reduces the throughput of the laser beam.   This architecture will still allow fiber relay if it can be shown losses are acceptable.  The supplies to power the laser diodes and the heat exchangers for cooling the laser system will be located on the Right Nasmyth Platform.  

Subsequent to the relay system will be the beam splitter, beam steering and launch telescope to project the nine laser beams on-sky.  A beam control system will be implemented to control the steering of the laser beams on sky as well as relaying of the 2 laser beam from the laser to the secondary module.
A safety system will be implemented to maintain a safe environment for personnel and equipment.  The safety system will reside in the Right Nasmyth Platform; but will require inputs from most if not all of the subsystems.
A Laser System Interface unit will maintain overall control and command of the subsystems as well as acting as the interface between the laser subsystems and the other telescope functions such as AO and DCS.  The LSI will also functions as the telemetry server for diagnostics and gui interface for users.
Three service enclosures are required for this architecture, two for the laser and one for the beam splitter and control systems in the secondary module.  At least two of these enclosures will be thermal control to minimize its impact on the dome/telescope environment.
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Figure 5: Recommended System Architecture.

7.2 Laser System (WBS 3.3.3)
In order to meet the required power levels of 150 watts, two SOR type lasers are planned for the MLP architecture.  Figure 6 shows the laser system; highlighted items are the deliverables for this system.  The system is comprised of two optical benches, an electronics rack for controlling the laser benches, two heat exchangers for maintaining temperature stability and two electronics racks for driving the laser diodes.  The laser power will be increased from its current 50 watt level to 75 watts.  In addition, the plan is to use the new SOR technology of dual pumping of the optical lines D2a and D2b to maximize sodium return.  
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Figure 6:  Laser System.
Figure 7 shows the locations for the laser system.  In order to maximize throughput of the laser beam, the laser diodes and amplifiers will be located on the elevation ring.  A free space beam relay system will be used to minimize relay losses.   This architecture will still allow for fiber relay if it can be shown losses are acceptable.  This requirement will impact the current SOR design.  The current SOR laser system and its planned generation II system have no requirement for its system to withstand a moving gravity vector.  There are plans to improve on the existing design so it may be able to withstand a moving gravity vector; but effort will be required to verify its operation.
The optical benches are 3’H x 8’W x 1’D.  By comparison, the K2 laser optical bench on the elevation ring is 5’H x 6’W x 1’D.  The elevation ring structure will also support an electronics rack that will house the electronics for controlling the laser as well as capturing of laser telemetry.  The K2 laser also has a similar size rack bolted on the elevation ring.

Since the supplies for the laser diodes can be as far as 200 ft away from the diode, this architecture will place the power supplies on the Right Nasmyth Platform.  The heat exchangers for maintaining laser temperature will also be housed on the Right Nasmyth Platform.  To maintain the temperature for these subsystems, these units will be liquid cooled or in a thermally insulated enclosure similar to the existing AO electronics.  These units will need to be mounted in such a way to prevent vibration on the telescope.
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Figure 7: Laser System Locations.

7.3 Beam Transport System (WBS 3.3.4)
The beam transport system is shown in Figure 8; highlighted items are the deliverables for this system.  This subsystem is comprised of a beam relay system for transferring the beam from the laser to the secondary module, a beam splitter system for dividing the two laser beams into 9 laser beams, a beam steering system for controlling the positioning of the beams on sky, and a launch telescope.

The cost of laser power is likely to be the highest of any NGAO components; the beam transport system’s primary driver will be to minimize throughput losses.  By having the laser head on the telescope, a free space optical system can be used to achieve efficiencies as high as 95% instead of 70% from a fiber relay system.  These values do not take into consideration for the inefficiencies in the beam splitter or the beam steering system.  However, a free space optical system is more tolerant of poor laser beam quality than a fiber relay system.
Once the beam reaches the secondary module, a set of beam splitters will be used to divide up the two 75W laser beam to the required 9 optical beams.  The beams will go through a series of pointing and steering mirrors as well as an uplink tip-tilt mirror for each beam for atmospheric correction.  Also included in the beam steering system will be diagnostics for verifying laser diagnostics and pointing.   

The control for the both the free space and the beam steering systems will be done through a beam steering control system.  For controlling 9 laser beams in the beam steering system, 36 motion control devices will be required in addition to the 9 fast tip-tilt mirrors.  The beam relay system will also require a minimum of 4 degrees of freedom and the ability to sense the beam position as the beam transverses through the telescope supports to the secondary module.  The current design expects the bulk of the beam control system electronics such as the motion controllers and power supplies to be in the Right Nasmyth Platform enclosure; however, it is possible that some of the controls to be located throughout the beam relay.  The top level control and sequencing will be done by the Laser System Interface.

[image: image9.emf]Right Nasmyth Platform

Elevation Ring

Telescope Support/Spiders Secondary Module

Beam Relay

System

Beam

Splitting

System

Launch Telescope

Beam

Steering

System

Laser 2

Laser 1

Control/

Status

589nm

2 beams

589nm

beams

589nm

9 beams

589nm

9 beams

Control/

Status

589nm

9 beams

Control/

Status

Summit Computer Room;

GUI (virtual)

Laser System 

Interface

Safety

System

Beam

Control

System

Control/

Status

User Interface

Control/

Status

AO System

Wavefront 

Controllers

Control/

Status


Figure 8: Beam Transport System.
7.4 Safety System (WBS 3.3.5)

The safety system will assure the entire laser system and its components will operate to maintain a safe environment for personnel, as well as equipment.  The safety system is shown in Figure 9; highlighted items are the deliverables for this system.   To make the determination to terminate laser radiation, the safety system will sense environmental changes or user commands from the Laser System Interface.  Termination of laser radiation will be done at different locales depending on the threat of laser radiation.  At the laser, it will close the laser shutters prior to the beam relay system or turn off power to the entire laser system.  At the beam steering system, it will close a final shutter prior to launching of the beam into the beam telescope.  To make proper determination, the safety system will sense inputs from the laser, beam steering system, glycol system, laser enclosures, aircraft detection and spotter system, and user inputs via the Laser System Interface.
In addition to terminating laser radiation, the safety system will also provide laser status for personnel entering laser zones that may be hazardous.  This will ensure laser or summit personnel will not accidentally walk into exposed laser radiation.

The safety system controller is expected to be a programmable logic device (PLC) located in the Right Nasmyth Platform.  It will sense inputs from multiple subsystems on and off the telescope, as well as commands via the network from the Laser System interface.
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Figure 9: Safety System.
7.5 Control System (WBS 3.3.6)
To simplify the flow of control and data, the control system will have a central processor unit called the Laser System Interface.  The control system is shown in Figure 10; highlighted items are the deliverables for this system.  The LSI is expected to be an unix host interfacing with the LTCS, laser electronics, safety system, and the beam control system.  All interfaces with the LSI will be via the summit network allowing for a distributed system similar to EPICs.  All traffic in and out of the laser related subsystems will go through the LSI.  The LSI will also serve as the telemetry server for subsystem diagnostics.  The LSI will be located in the computer room at the summit.
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Figure 10: Control System.
7.6 Service Enclosures and Cooling (WBS 3.3.2)

The laser system architecture will require three service enclosures.  The enclosures will provide a safe environment for both the user and laser subsystems.  Two of these enclosures are expected to be thermally insulated and controlled.  Glycol cooling will be used to maintain the proper thermal environments.
7.6.1 Laser Service Enclosure I
The first enclosure will house equipment as shown in Figure 11.  The enclosure will reside on or below the Right Nasmyth Platform.  It will house the heat exchangers and power supply racks for the laser.  It will also house the safety system controller and the beam control system controller.  The estimated sizes of the components in LSE I are in Table 4: LSE I Component Sizes. 
Since the heat exchangers, electronics rack, and the beam control system will put sizeable heat into the environment, LSE I will need to be thermally isolated and temperature controlled.  Unlike the laser itself, the temperature control will not need to be extremely stringent, similar to the current AO system electronics enclosures.  Provisions must also be made for personnel to operate in this environment.  No laser radiation will be in LSE I.  

With the heat exchangers and electronics rack, provisions will also be necessary to vibration isolate these units.  The heat exchangers will have pumps and motors while the electronics system will contain fans for cooling.  Vibration must be controlled since these components will be on the telescope.
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Figure 11:  Laser Service Enclosure I.
Table 4: LSE I Component Sizes.

	Component
	Width

(in)
	Height

(in)
	Depth

(in)

	Safety System
	24
	36
	12

	Beam Control System
	24
	72
	30

	Electronics Rack
	24
	72
	30

	Heat Exchanger
	24
	30
	24


7.6.2 Laser Service Enclosure II
The second enclosure will house the laser optical benches as shown in Figure 12.  The enclosure will reside on the elevation platform.  It will house the two optical laser benches and the electronics for controlling the lasers.  The estimated sizes of the components in LSE II are in Table 5: LSE II Component Sizes. 

The lasers will be house in a thermally controlled environment using the two heat exchangers from the Right Nasmyth Platform.  The electronics will also be house in its own thermal enclosure.  These additional requirements on the enclosures will not require LSE II to be a thermally controlled enclosure.  LSE II’s main function will be to provide an environment for personnel to service and maintain the optical benches. From a safety point of view, the interior of this room will be exposed to laser radiation.  This enclosure must be light tight with proper engineering controls to not allow laser radiation to escape.  

Some vibration mitigation may be necessary if the electronics rack contain fans.  Considerations should be made to minimize vibrations since these components are directly tied to the telescope’s elevation ring.

7.6.3 Beam Steering Enclosure
The third enclosure will reside within the secondary module.  This enclosure’s functions are to provide a suitable environment for the beam splitter and beam steering systems, and to control the laser radiation from these subsystems.  The equipment in this enclosure is shown in Figure 13.  
This enclosure will need to be thermally isolated since it is in the secondary module and is likely to produce more than the allowed 100W of heat emission.  Laser power is expected to be 135 watts at this location.  Some of this heat can be reduced via glycol feeding optical components; but the remaining heat from the laser as well as motion control and diagnostic components is likely to exceed the threshold.

Vibration mitigation is not expected to be needed at this location since liquid cooling is expected to be the primary heat removal element. 
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Figure 12:  Laser Service Enclosure II.

Table 5: LSE II Component Sizes.

	Component
	Width

(in)
	Height

(in)
	Depth

(in)

	Electronics Unit
	24
	48
	30

	Laser Optical Benches
	96
	36
	12
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Figure 13: Beam Service Enclosure.

Table 6: BSE Component Sizes.

	Component
	Width

(in)
	Height

(in)
	Depth

(in)

	Beam Steering System
	24
	30
	30

	Beam Splitting System
	12
	18
	18


7.6.4 Glycol Cooling

Glycol cooling will be primary heat removal medium for this system.  Figure 12 shows the components requiring glycol.  Glycol will be pumped from the mechanical room through the telescope to LSE I, LSE II, and the BSE.  The bulk of the cooling will be necessary to operate the two laser heat exchangers.  Estimates of the heat capacities are located in Table 7. 
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Figure 14: Glycol Flow for NGAO Laser System.
Table 7: Component Requirements for Glycol.

	Component
	Requirement

(W)

	Laser Heat Exchanger I
	8000

	Laser Heat Exchanger II
	8000

	Laser Electronics
	600

	Beam Service Enclosure
	200

	Laser Service Enclosure I (equipment, personnel)
	600

	Laser Power Supply Racks
	1600

	Total
	21,000


7.7 Cost

The cost of parts for the existing SOR laser is $1M.  The new and improved laser system may cost 50% higher due to new design and the combination of two lasers.  Additional resources must also be invested to improve the design in order for the system to work in the MLP architecture.

7.8 Risk
The major risk of the SOR laser is the ability to procure such a laser from the AFRL.  There are sufficient concerns whether such a system can be built using AFRL resources.   Currently, much of the knowledge is institutionalized in several individuals at SOR.  Knowledge transfers must take place in terms of documentation to fabricate these units.

Technically, the Gen II system for SOR and AMOS will not be installed on a moving gravity vector.  Additional funding will be necessary to verify or redesign the optical bench to be capable of a moving gravity vector.

8 Overall Risk

8.1 Technical Risk

One major risk area that needs consideration is specifying a laser with sufficient power for the amount of expected return.  There is still high uncertainty as to the expected Na return above the summit of Mauna Kea.  Most of the current data available is for the SOR laser at Kirtland AFB.  Specifying a laser with a certain type of architecture (QCW, pure CW with resonant ring SFG, pulsed (fiber) laser etc.) is not trivial.  In additional to laser formats, there are dependencies on seasonal changes to the density and the magnetic fields where the laser is pointed.  WBS 3.3.3 will address this risk by re-visiting the expected Na returns and assuring they are correct based on existing literature and data.  
8.2 Financial Risk

Specifying the laser with the incorrect Na returns will result in significant additional cost to the laser system.  In additional to the cost of more laser power, there is a cost to the facilities to support more laser power.  The best estimates that can be produce currently are from existing systems such as the SOR and LCMTI systems.  In addition to existing system costs, there will be cost related to improvement that will be needed to meet the proposed architecture to maximize throughput and return.
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