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1. Introduction.
This document contains the analysis of possible pointing uncertainties and failure modes for laser firings of the [Laser Program].  This assessment addresses the worst-case uncertainties in laser pointing that must be accounted for in the deconfliction Keep-Out Cone.
This document fulfills Validation Criterion #3 in Table A‑6 of the [Laser Program] Appendix A to the Standard Centralized Deconfliction Plan.[footnoteRef:2]  The analysis shows that worst-case uncertainties in laser pointing are approximately [Insert KOC Value] degrees (half-angle). [2:  [Laser Program] Appendix A to the Standard Centralized Predictive Avoidance Plan, dated TBD.  See also the Standard Centralized Predictive Avoidance Plan, October 31, 2024.] 

[bookmark: _Ref228592547]2. System Description and Deconfliction Process.
System Description.  [Insert a summary of organization and system description.]
The system is shown in its planned location in Figure 1.

	[Insert diagram or picture.]

	Figure A-1. [Laser System Diagram or Picture.]



Selected parameters for the [Laser Program] are given in the following table.

Table 1. [Laser Program] Parameters.
	Laser Name
	Type
	Wavelength
	Power
	Deconfliction required?

	Laser
	Pulsed or Continuous Wave
	x.xxx μm
	x.x Watts (average)
xx,xxx Watts (instantaneous single pulse peak power)
	Yes or No



3. [Laser Program] Pointing Uncertainties.
The following paragraphs identify and assess the major system contributions to laser pointing uncertainty. Except for the beam divergence, these errors can occur simultaneously, their net effect is the root-sum-square (RSS) of the individual error sources.
a) Laser beam divergence.  Laser beam divergence is the angular measure of the increase in beam diameter with distance from the optical aperture (or point of focus for a focused laser).  For purposes of uniformity and consistency with the laser registration data, the selected definition is the equivalent Gaussian 1/e radius (half-angle which encompasses 63.2% of the beam's total power).
From the laser registration form[footnoteRef:3], the beam divergence used in this analysis is x.xx microradians (x.x degrees half-angle). [3:  LCH Laser Registration Sheet - laser-specifics, date to be added.] 

b) Position Errors. Location error is the angular measure of location uncertainty as if measured to a Low Earth Orbit (LEO) satellite directly overhead at an altitude of 160 kilometers [Assess the effects on pointing uncertainty of the laser location].
[bookmark: _Int_V5YJovj7]c) Timing errors. Time error is the angular measure of error resulting from timing and motion uncertainty. The calculation is performed to a Low Earth Orbit (LEO) satellite directly overhead at an altitude of 160 km moving at 7.811 km/sec. [Insert a timing error of X microradians (X.XXXXXX degrees) half-angle].
d) Platform Jitter.  Platform jitter is defined as the unplanned movement of the laser beam that comes from instability in the laser platform or movement in the beam that occurs as the beam travels through the laser’s optical system.  [Insert laser system specifics].
e) Internal alignment accuracy.  The pointing accuracy is determined relative to the system’s internal frame of reference.  This pointing may be determined through an alignment process (or “bore-sighting”) that minimizes the difference between where a laser hopes to be pointing versus its actual pointing vector.  The alignment can also be affected by the granularity of the systems pointing controller and similar internal capabilities.  [Insert laser system specifics.] The uncertainty is TBD degrees (half angle).
f) Accuracy of laser pointing relative to inertial space.  Most laser systems point their lasers relative to an internal frame of reference.  However, predictive avoidance calculations assume accurate pointing relative to inertial space (background reference frame). The correlation of these two coordinate systems may introduce uncertainties in the beam pointing. Some lasers minimize this uncertainty by calibrating the pointing relative to a known object in inertial space (such as a star).  [Insert laser system specifics.] The uncertainty is TBD degrees (half angle).
g) Search pattern (if used).  Some lasers employ a search pattern that rotates the laser around the primary pointing vector (sometimes called “dithering”).  This expanded pointing volume must be accounted for in predictive avoidance computations.  [Insert laser system specifics.] The uncertainty is TBD degrees (half angle).
h) Beam Refraction.  Laser beams are refracted as they pass through the atmosphere, particularly noticeable at low elevations. This beam bending relative to inertial space is accounted for as follows. [Insert the refraction pointing error (X.XXXX degrees)].
4. [Laser Program] Shut-down Time.
Under normal operational circumstances, when a closed window occurs, the system requires time to determine the need to inhibit firing and then implement the electronic process to close the shutter.  This shut-down time must be accommodated in the Keep-Out Cone or by a look-ahead function in the deconfliction software.
[Insert laser system specifics.]
5. [Laser Program] Failure Modes.
The following is a discussion of potential hypothetical and real-world failure modes that could affect the pointing accuracy of the [Laser Program].  Only the worst-case value will be used in the Keep-Out Cone determination, since it is assumed that only one highly-unlikely catastrophic failure will occur at a given time.
a) Beam Control hardware failure.  One potential failure mode is a hardware failure of a mirror or similar device that controls the laser pointing.  The laser beam may be fired in an unanticipated direction if this failure occurs until the system recognizes the abnormal pointing and inhibits firing.  To be reviewed and assessed for the laser program.
b) Beam Control Software or Electronics Failure.  A second failure mode is a problem with the software or electronics that control the laser pointing.  The laser beam may be fired in an unanticipated direction if this failure occurs until the system recognizes the abnormal pointing and inhibits firing.  This may be a relatively small value the system design includes limits on the range of motion of the laser.  To be reviewed and assessed for laser program.
c) Structural failure.  A final failure mode is structural failure of struts, support beams or similar elements.  Structural failures are unlikely, but could occur due to metal or material fatigue, an earthquake, or similar mechanism.  To be reviewed and assessed for laser program.
[NOTE: these factors may or may not be applicable; edit, delete or add as appropriate.  In each case, account for the shut-down time for the failure mode (time duration to detect the problem and respond by shuttering the laser).  The shut-down time is multiplied by the maximum slew rate of the laser (realistic or operational value).]
6. Summary
The total Keep-Out Cone size is the combination of laser pointing uncertainties for normal operations, the shut-down time for normal operations, and the effect of failure modes.
a) Total Pointing Uncertainties for Normal Operations.  The laser pointing uncertainties during normal operations were analyzed in Section 3 above.  The starting value is the beam divergence identified in Section 3.a.  The pointing uncertainties in Sections 3.b-f are combined with this value.  Since these uncertainties can occur simultaneously, but in random directions, their net effect is the root-sum-square (RSS) of the individual uncertainty sources.  Add the RSS result to the beam divergence.  The total pointing uncertainties during normal operations is x.x degrees half-angle as shown in Table 2.
b) Normal Operations Shut-down time.  [Summarize analysis in Section 3.]
c) Shut-down time.  [Summarize analysis in Section 4.]
c) Failure modes.  X failure possibilities were identified in Section 5: hardware failure, software failure, and structural failure.  The worst-case was [to be added], which could result in a pointing error of x.x degrees half-angle.
(c) Total Pointing Uncertainty.  The total pointing uncertainty is the sum of the operating pointing uncertainties plus the normal operations shut-down time and the worst-case failure mode as shown in Table 2: x.x degrees half-angle.
(d) Keep-Out Cone Size for Deconfliction calculations.  Based on this analysis, we recommend that the Keep-Out Cone size be set at x.x degrees half-angle[footnoteRef:4] for deconfliction processing based on the analysis summarized in Table 2. [4:  NOTE: the minimum increment for Keep-Out Cone size that is entered into the Laser Clearinghouse Space Deconfliction System is 0.1° half-angle.] 


Table 2. Summary of Laser Pointing Uncertainties for [Laser Program].
	Source of Pointing Uncertainty
	Interim Value
	Amount of Uncertainty

	3.a Beam divergence
	
	TBD°

	3.b Laser location error
	Negligible
	

	3.c Timing source error
	Negligible
	

	3.d Platform jitter
	Negligible
	

	3.e Internal alignment accuracy
	TBD°
	

	3.f Pointing relative to inertial space
	TBD°
	

	3.g Search pattern (if used)
	TBD°
	

	RSS of 3.b through 3.g
	
	TBD°

	3.h Laser beam refraction
	
	TBD°

	Total Pointing Uncertainties
for Normal Operations
	
	TBD°

	Failure Modes (worst-case)
	
	TBD°

	Total
	
	TBD°

	Recommended KOC Size
	
	TBD 
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