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1 Introduction

The W. M. Keck Observatory is upgrading its K1 Adaptive Optics System from a natural guide star to a laser guide star system.  During this upgrade, WMKO is procuring a Lockheed Martin-Coherent Technology 20 watts quasi mode-locked CW sodium-wavelength laser system for the Keck 1 Telescope located on the top of Mauna Kea, Hawaii.  The laser will be used to provide an artificial beacon or guide-star by exciting atoms in the mesosphere, 90km to 100km above sea level. This artificial guide-star will be used by the K1 Laser Guide Star Adaptive Optics System to improve astronomical observations. The AO System will sense the guide star aberrations caused by turbulence in the atmosphere and correct the observations.  

To assure the laser system is operated in a safe manner meeting ANSI standards, a safety system will be implemented to protect personnel and equipment.  The LM-CTI system is a class IV laser.  In addition to having a physical system in place, documentation and procedural protocols must also be implemented in support of safe operations.  The laser safety system will ensure compliance with ANSI standards Z136.1 Safe Use of Laser Indoors and Z136.6 Safe Use of Laser Outdoors.

2 Scope and applicability

This document establishes the design of the safety system hardware, software as well as documentation and procedural protocols that must be in place to operate the laser safely.

3 References

3.1 Referenced Documents

Documents referenced in the requirements are listed in Table 1.  Copies of these documents may be obtained from the source listed in the table.

	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
	Z136.1
	2000
	ANSI
	Safe Use of Lasers Indoors

	3
	KAON
	
	WMKO
	K1 LGS AO System Requirements

	4
	KAON
	
	WMKO
	K1 LGS AO Requirements Flowdown

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	


Table 1.  Reference Documents
3.2 Acronyms and Abbreviations

Table 2 defines the acronyms and abbreviations used in this document.

	Acronym/Abbreviation
	Definition

	ANSI
	American National Standards Institute

	AO
	Adaptive Optics

	BTOB
	Beam Transport Optical Bench

	CW
	Continuous Wave

	DC
	Direct Current

	K1
	Keck 1

	K2
	Keck 2

	KAON
	Keck Adaptive Optics Notes

	LGS
	Laser Guide Star

	LGS AO
	Laser Guide Star Adaptive Optics

	LMCTI
	Lockheed Martin Coherent Technology Incorporated

	LTA
	Launch Telescope Assembly

	NGS
	Natural Guide Star

	RNAS
	Right Nasmyth

	TBD
	To Be Determined

	WMKO
	W. M. Keck Observatory

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	


Table 2.  Acronyms and Abbreviations

4 Safety system design
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Figure 1: System Design.

The laser system design is shown in Figure 1 with their corresponding location in parenthesis.  The heart of the safety system is the central processor located in the LSE that will serve as the main interface to the LMCTI laser, laser controller server, and the observatory.  The controller inputs information from various subsystems and these inputs are used to interlock control of the laser beam to maintain a safe environment for personnel as well as equipment.

4.1 Laser Safety Controller Assembly (WBS 1.2.4.1)
4.1.1 Laser Safety Controller Hardware
The central processing unit will be a programmable logic controller type device such as an Allen Bradley SLC500.  This particular PLC is chosen for its reliability as well as Keck’s familiarity with the system.  The interferometer also uses the same system for its AutoFill System.  The major advantage of a PLC is their reliability and their flexibiity.   A PLC has significantly lower overhead than most systems using a top heavy operating system such as a PC.  They have been effective used in industrial environments with heavy machinery and are currently used in the Keck 2 laser and on both telescope for the instrument configuration and telescope interlocks.  In addition to its reliability, the interface with the Keck standard EPICs system already exists and the unit has remote capabilities making it ideal for the summit environment.

4.1.2 Laser System Controller Software

The PLC software will be ladder logic/sequences generated using the RsLogic development system by Allen Bradley.  This software is currently available at Keck; therefore, no new license is needed.  The software allows for remote control and monitoring of the SLC500.  Keck currently has two personnel already familiar with this software.
4.1.3 Physical layout 

Figure 2 shows a possible layout of the LSS that will reside in the LSE.  The size of this system is expected to be 2’Wx3’Hx1’D.  It is similar to the interferometer auto fill system with a smaller footprint due to less I/Os.
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Figure 2:  LSS layout in the LSE.

4.1.4 Power

The PLC will require 70W.  Along with two external power supplies and auxiliary equipment, the total power for the LSS is expected to be less than 400W.  Power has been allocated in the LSE requirement for the laser safety system.

4.2 Laser Service Enclosure Infrastructure (WBS 1.2.4.2)
The Laser Service Enclosure Infrastructure includes inputs and outputs used for protection of personnel and the laser in the LSE.  For protection of the laser, the inputs include temperature of the LSE and the glycol, humidity, glycol flow, and pneumatic pressure.  The temperature protection is secondary as the laser itself will have its own temperature protection; however, laser’s stability is greatly affected by the LSE’s temperature stability.  

For fire protection, the system controller will interface with fire protection equipment such as smoke and fire alarms to shut down the laser in case of problems.  The LSS will also interface with the facility alarm system to issue trouble alerts to inform personnel in the facility.  Along with the LSE requirements, fire extinguishers will be available in and outside of the LSE.
To protect operators and personnel working at the observatory, the LSS will interlock the laser with inputs from the LSE door, shield and laser cover.  A combination of the LSE door, an internal shield and the laser cover will be used to prevent any laser light from escaping the LSE into the dome.  This infrastructure will also provide status indicators to laser operators and summit personnel as to the status of the laser.  This will prevent operators inadvertently entering an unsafe environment.  These indicators will operate on a momentary switch to minimize light contamination in the dome.  The status will have three LEDs or indicators.  A red indicator represents laser is on with open radiation, do not enter.  A yellow indicator is a warning that the laser in on; but it is safe to enter for authorized personnel.  A green indicator represents it is safe to enter for all personnel.

For protection of personnel during maintenance operations, keyswitches will be provided per ANSI standards for the laser to operate in maintenance mode.

The infrastructure will also include Emergency Stop Buttons to shut down the laser in case of an emergency.  This button will be available to users both inside and outside of the LSE.

4.3 Beam Transport Optical Infrastructure (WBS 1.2.4.3)
The Laser Service Enclosure Infrastructure includes inputs and outputs from the secondary module for protection of personnel and equipment.  Similar to the LSE infrastructure, the LSS will input information regarding the environment at the secondary.  These include laser power, temperature, pneumatic sensing, glycol flow sensing, enclosure status, and laser emergency stop.  For maintenance purposes, the LSS will provide status of the laser beam at the secondary.  The operator will use this status prior to entering the Beam Transport Optical Bench at the secondary.  These indicators will operate on a momentary switch to minimize light contamination in the dome.  
In addition to status, the LSS will control and read status of the final shutter at the Beam Transport Optical Bench.  This control will be used in conjunction with the laser shutter to provide redundancy for shuttering of the laser.

4.4 Laser Traffic and Control System (WBS 1.2.4.4)
The Laser Traffic and Control System is used to shutter the laser in event of contamination of observations due to the laser beam crossing observations by another telescope.   Since the existing LTCS system for operation of the K2 laser is already established, it is expected the K1 laser will be added as another site to the current LTCS system and a new software process will be implemented to control the shutter of the K1 laser.  All existing rules related to operation of lasers on Mauna Kea will applied to the K1 laser.

4.4.1 Laser Traffic and Control System Software

The software for the LTCS will be minimal as it will be a copy of the existing K2 device.  The current LTCS server is capable of handler the additional resources required to operate the K1 laser; but it is recommended an upgrade to this server be provided to improve its performance.

4.5 Aircraft Detection System (WBS 1.2.4.5)

The aircraft detection system is a two tier system.  The first is the use of aircraft spotters as recommended by the FAA.  This practice is currently implemented on the Keck 2 laser system with long term plans are to minimize the use of spotters.  Until this implementation comes to fruition, the K1 Laser will continue to use spotters as a baseline practice.  The current K2 spotters’ equipment can be easily modified to operate with the K1 telescope providing a “shutter” switch for the laser as well as communication equipment.   The shutter switch signal is inputted to the LSS to shutter the laser. A probable problem will arise when both telescopes are using laser guide stars.  This mode will require a separate “shutter” button for each laser.  The same spotters can be possibly used for both telescopes since they are constantly surveying the entire night sky for aircrafts.

The second tier system will be an IR camera with a processor for detection of heat in the vicinity of the laser beam.  The processor sends an input to the LSS to shutter the laser.  Another possible system providing inputs to the LSS is the All Sky Camera (ASCAM).  ASCAM is expected to survey the entire sky above Mauna Kea and detect aircrafts with their position sent to the LTCS system.  The LTCS system can then shutter the laser.
5 laser safety system Interface
The laser safety system interface is a unix host running unix-ioc to interface with the Laser Safety Controller (PLC).  This interface provides status and commands to the LSC and other Keck subsystems.  Its K2 counterpart is the laser2 VME crate; but in this instance, it’s a unix host running unix-ioc instead of a crate running VxWorks.

This interface has been used and is well established for the interferometer project between a unix host and the SLC-500 PLC controller.  Data and control are sent via 16 or 32 bit words between the unix host and the PLC.  The physical connection requires a terminal server on the PLC side provide the serial interface.  The unix host can write and receive data directly over the network to the terminal server.

Table 1 shows the possible inputs to the safety system and their impacts.  The first three columns after the input represent how the status is provided to the LSS.  The input can be digital, analog, or via s/w from the DCS system or the laser controller server.  The fourth and fifth column determines if this input will generate an alarm to the user in the alarm handler or is it purely a status to the user.  The final column represents the normal state for this input.
	INPUTS
	Digital
	Analog
	S/W
	Alarm
	Status
	Safe State

	Laser service enclosure Subsystem
	 
	 
	 
	 
	 
	 

	Door
	X
	 
	 
	 
	X
	Closed

	Laser table bench cover
	X
	 
	 
	 
	X
	Closed

	Smoke/Fire detection
	X
	 
	 
	X
	 
	No Smoke

	Laser Stop Bench
	X
	 
	 
	X
	 
	Not triggered

	Laser Stop Outside Room
	X
	 
	 
	X
	 
	Not triggered

	Glycol Temperature
	 
	X
	 
	X
	 
	Acceptable Level

	Room Temperature
	 
	X
	 
	X
	 
	Acceptable Level

	Particulate Counter
	X
	 
	 
	X
	 
	Acceptable Level

	Glycol Flow sensor
	X
	 
	 
	X
	 
	Flow Available

	Pneumatic Sensor
	X
	 
	 
	X
	 
	Flow Available

	Humidity
	X
	 
	 
	X
	 
	Acceptable Level

	Bypass for Laser Bench
	X
	 
	 
	 
	X
	Not triggered

	Bypass for BTOB
	X
	 
	 
	 
	X
	Not triggered

	 
	 
	 
	 
	 
	 
	 

	Laser Subsystem
	 
	 
	 
	 
	 
	 

	Shutter Status
	X
	 
	 
	 
	X
	Dependent

	 
	 
	 
	 
	 
	 
	 

	BTOB Subsystem
	 
	 
	 
	 
	 
	 

	Laser Stop
	X
	 
	 
	X
	 
	Not triggered

	Hatch
	X
	 
	 
	 
	X
	Opened for propagation

	Glycol flow sensor
	X
	 
	 
	X
	 
	Flow Available

	Pneumatic Sensor
	X
	 
	 
	X
	 
	Flow Available

	Laser Power
	 
	X
	 
	X
	 
	Acceptable Level

	Shutter State
	X
	 
	 
	 
	X
	 

	Temperature
	 
	X
	 
	 
	 
	 

	
	
	
	
	
	
	

	DCS Subsystem
	 
	 
	 
	 
	 
	 

	Laser Stop
	X
	 
	 
	X
	 
	Not Triggered

	Telescope E-Stop
	X
	 
	 
	X
	 
	Not Triggered

	Telescope Elevation
	X
	 
	 
	 
	X
	> 20 deg

	
	
	
	
	
	
	

	Laser System Controller Server
	 
	 
	 
	 
	 
	 

	DCS Permissive
	 
	 
	X
	 
	 
	Proper State

	OA Permissive
	 
	 
	X
	 
	 
	Proper State

	LTCS Permissive
	 
	 
	X
	 
	 
	Proper State

	
	
	
	
	
	
	

	Aircraft Detection Subsystem
	 
	 
	 
	 
	 
	 

	Boresight Permissive
	X
	 
	 
	X
	 
	Not triggered

	Spotters East
	X
	 
	 
	X
	 
	Not triggered

	Spotters West
	X
	 
	 
	X
	 
	Not triggered

	
	
	
	
	
	
	


Table 3:  LSS inputs.

Table 4 shows the output signals from the LSS to the subsystems.  All of the outputs are expected to be digital and some of the outputs will be reported back to the software as status.
	OUTPUT SIGNALS
	Digital
	Status to S/W

	LSE Subsystem
	 
	 

	Status indicators
	X
	 

	Power Control for Subsystems
	X
	X

	 
	 
	 

	Laser Subsystem
	 
	 

	Shutter controls
	X
	X

	Emergency Shutdown
	X
	X

	 
	 
	 

	DCS Subsystem
	 
	 

	Trouble Alert to Facility Alert System
	X
	X

	 
	 
	 

	BTOB Subsystem
	 
	 

	Status Indicators
	X
	 

	Pneumatic controls
	X
	X

	Shutter controls
	X
	X

	Power Control to subsystems
	X
	X


Table 4: LSS outputs.

6 Laser interlock sequences
The following are examples of interlock sequences applied by the LSS to meet the safety system requirements.
6.1 Laser Radiation:

6.1.1 BTOB

Laser radiation will cease at the BTOB if the BTOB cover is opened without the BTOB bypass keyswitch enabled.

If the BTOB bypass keyswitch is enabled, the laser will only output to the BTOB at lower power mode for alignment use.

If high power is required with the BTOB cover opened, personnel must press and hold a dead man’s switch to achieve nominal power at the BTOB.

6.1.2 LSE
If the laser table is opened with the laser shield opened, the laser will cease any radiation on the laser bench immediately.

If the laser table is opened with the laser shield closed, the laser will cease radiation on the laser bench immediately if the laser bench maintenance switch is not enabled.

6.2 Propagation

6.2.1 Maintenance Mode

 The laser is allowed to propagate if the laser bypass keyswitch is enabled for in-dome tests only.

6.2.2 Operational Mode

The laser is allowed to propagate if the following permissives are enabled: observing assistant, drive and control system,  boresite camera enabled, boresite camera cleared, wide field camera cleared, spotters pack connected, spotters cleared, telescope > 20 degrees.
6.3 Emergency Shutdown

The laser will terminate if the PLC receives a telescope e-stop tripped or a laser e-stop, or in the event of catastrophic failures such smoke alarms or fire alarms.
7 protective equipment and documentation
Laser personnel will work with the LSO to ensure the following infrastructures and documents are available.
7.1 Signage
Radiation Hazard signs or placards will be installed at the entry of the laser room and on the BTOB cover.  The laser itself will have its own signage and placards.

7.2 Protective Equipment
Glasses and holders will be available near the entry of the laser room.  Fire extinguishers will be available in the LSE area.
7.3 Documentation

The following documentation will be provided with assistance of the LSO:  Operational Safety Plan, Quarterly Audit and Inspection, Hazard Analysis, Interlock Test Procedure, Contact List, Emergency Responses, MSDS, FAA propagation, and Space Command Propagation.
8 Risk

One area that needs further study is how to manage and operate two lasers on both telescopes for aircraft considerations.  It is possible to assume duplicating the K2 system for this purpose and have two separate sets of spotters; but this may not be financially acceptable.  It is in the best interest of Keck to find a method to use the same spotters for two lasers operating independently on both telescopes.  It is also reasonable the system will not run in this mode initially, but the hardware should be fabricated such that this mode can be accomplished. 
Since the SLC500 PLC system has been used on the summit for the interferometer, there is minimal risk associated with the use of this particular system on the summit as well as the interface with our existing EPICs software infrastructure.  There is current expertise at the observatory familiar with the hardware and software associated with the safety system.

9 Compliance for major requirements
9.1 Mechanical requirements.  LSS-01 to LSS-005.
The SLC500 system is used at the summit and will operate at the required environment.  The system is not expected to provide any moving mechanisms that will induce any vibrations into the system.  The size and mass constraints are within the expected requirements.  500 watts was allocated to the LSS and it is expected the LSS will use less than this allocation.  
9.2 Laser Radiation.  LSS-06 to LSS-14

An hazard analysis will be done to control the radiation from the laser from the LSE and the Beam Transport Optical Bench.  Both procedural and engineering controls are used to assure only acceptable radiation will be emitted from these locations.

Status indicators will be provided at the LSE and the BTOB.

Protective eyewear will be provided to personnel operating the laser based on the hazard analysis.

Hazard indications and placards will be placed per ANSI standard.

The LSS will be tied into the facility system via the Emergency Stop System and the Facility Alert System.
Laser stops are provided at the LSE and BTOB to shut the laser system if necessary.

Safety shutter and control will be provided in two locations for redundancy.

9.3 Electrical and Fire Hazards LSS-15 to LSS-18
The LSE will be built with smoke/fire alarms that will interface with the PLC.  These inputs will be interlock to shut the laser down as well as issuance of alarms.  The LSS will be fabricated per OSHA electrical standards.
9.4 Equipment Safety LSS-19 to LSS-27

Sensors for particulates, temperature, glycol, humidity will be inputted to the PLC from the LSE and the BTOB to property interlock the laser system.  The PLC will have an internal heartbeat with the Laser Controller Server to assure communications is established.  In the event the heartbeat has failed, the PLC will be programmed to go into a safe mode.

9.5 Safety Documentation LSS-28 to LSS-37.

Documentation will be provided as required.
10 Budget

The LSS is budgeted for 540 hours of effort with $13K of equipment.  It is expected the PLC cost will be $8K with the remainder of the budget to purchase sensors and fabrication of the system.  The requirements have been completed with some initial design work.  It is reasonable to assume some drawings will be modified from the existing IF Autofill drawings to minimize this effort.  It is expected another 40 hours of design work to complete the fabrication drawings.  Another 140 hours of effort are set aside for the fabrication and installation of the LSS.
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