THIS FILE IS5 MADE AVAILABLE THROUGH THE DECLASSIFICATION EFFORTS AND RESEARCH OF:

THE BLACK WAULT IS THE LARGEST ONMLIME FREEDOM OF INFORMATION ACT { GOVERNMENT
RECORD CLEARING HOUSE IN THE WORLD. THE RESEARCH EFFORTS HERE ARE RESPOMNSIBLE
FOR THE DECLASSIFICATION OF THOUSANDS OF DOCUMENTS THROUGHOUT THE U.5. GOVERMMENT,
AMD ALL CAM BE DOWNLOADED BY VISITING:

HTTP:{WWW.BLACKVALULT.COM
YOU ARE ENCOURAGED TO FORWARD THIS DOCUMENT TO ¥YOUR FRIEMDS, BUT

PLEASE KEEP THIS IDEMTIFYING IMAGE AT THE TOP OF THE
-PDF 50 OTHERS CAMN DOWNLOAD MORE!


http://www.blackvault.com

Space Based Laser Support

February 1999

Prepared by:

Schafer Corporation
1901 N. Fort Myer Drive
Suite 800
Arlington, VA 22209
703/558-7900

Task Report - Naval Research Laboratory
Contract N00014-97-D-2014/001

DISTRIBUTION STATEMENT A
Apprpved for Public Release 1 9 9 9 0 4 0
Distribution Unlimited

DTIC QUAL This Document Contains Missing
‘ QUALITY INSPECTEI?};. Page/s That Are Unavailable In

The Original Document

BIZI "’*Z/ pho‘to.



1.0

2.0

3.0

TABLE OF CONTENTS

Introduction

BMDO Support

SMC Support

3.1 ALIVJALO/UCR

3.1.1 Alpha LAMP Integration (ALI)
3.1.2 Alpha Laser Optimization (ALO)
3.1.3 Uncooled Resonator (UCR)
3.1.4 Alpha LAMP Integration (ALI)
3.1.5 Alpha Laser Optimization (ALO)
3.1.6 Uncooled Resonator (UCR)
3.1.7 Integrated Test Schedule Activity
3.1.8 HF Technology Maturity Panel
3.1.9 Presentations and Reports

32 SMC Site Selection

3.2.1 Introduction
3.2.2 Laser Test Facility Support
3.2.3 Cost Analysis Support

3.3  SMC Modeling and Simulation

3.3.1 Systems Analysis

3.3.2 HF, DF, Overtone

3.3.3 SBL Disturbance Spectrum
3.3.4 SBL Technical Briefings

3.3.5 System Architecture Analysis
3.3.6 Retargeting of Primary Mirrors
3.3.7 Brightness Saturation

3.4  University of Illinois
3.5 BMDO Support
3.6  Lethality

3.6.1 General Lethality Issues

3.6.2 Coupling
3.6.3 Thermal Issues

ii

Page

10
15

15
18
19
19
20
20
21
21
40

40

41
41
47

47

48
50
55
56
59
76
76

79
82
82

83
84
85




3.64
3.65
3.6.6
3.6.7
368
3.6.9

TABLE OF CONTENTS (CONTINUED)

Material Issues
Test Issues
Modeling
SBL/ABL Issues
Funding

Further Work

3.6.10 Damage Spot Size
3.6.11 Lethality Meeting (17 November 1998)

40  ABCS Support

4.1  Autoalignment Algorithm Modifications

42  Review of Original Simplex Algorithm

43  Overview of Simplex Shape Optimization (Fluffing)

44  Implementation of Simplex Shape Optimization (Fluffing)
4.5  Vertex Refreshment

4.6  Simplex Shape Optimization: Mathematical Techniques
4.7  Monotonic Merit Functions

48 Initial Runs and Problems Observed

49  Summary and Recommendations

50  Summary

APPENDIX 3.1-1
APPENDIX 3.1-2
APPENDIX 3.1-3
APPENDIX 3.1-4
APPENDIX 3.1-5
APPENDIX 3.1-6
APPENDIX 3.2-1
APPENDIX 3.2-2

APPENDIX 3.2-3
APPENDIX 3.3-1
APPENDIX 3.3-2
APPENDIX 3.3-3
APPENDIX 3.3-4
APPENDIX 3.3-5

LIST OF APPENDICES

-‘ACC BRIEFING

ALI STATUS

SBLRD TECHNOLOGY DEVELOPMENT
ZENITH STAR HISTORY

TECHNOLOGY PROGRESS

SBL INDUSTRIAL BASE SUPPORT

SITE SELECTION SCREENING CRITERIA
SUMMARY LTF DATA FOR
ENVIRONMENTAL ASSESSMENT ANALYSIS
COST ANALYSIS SUPPORT

SBL GROWTH PATH

FAR TERM SBL LETHALITY ASSESSMENT
TMD ANALYSIS

TECHNICAL PRESENTATIONS

LARGE DEPLOYABLE PRIMARY MIRROR STUDY

Page

86
86
87
88
88
88
89
92

96

99
100
101
101
103
103
114
115
118

119



LIST OF APPENDICES (CONTINUED)

APPENDIX 3.3-6  GBL IMPLEMENTATION
APPENDIX 3.3-7 ESAU

APPENDIX 3.3-8  ISAAC ANALYSIS

APPENDIX 3.3-9  IMPROVING ETA-T EFFICIENCY
APPENDIX 3.4-1 UNIVERSITY OF ILLINOIS
APPENDIX 3.5-1 PHOTON RESEARCH ASSOCIATES

LIST OF TABLES
Page

Table No. Title

3.1-1 Soni Venturi Data (from TRW) 31
3.1-2 NF; Pressures and Temperatures (from TRW Data) 32
3.1-3 D2 Pressures and Temperatures (from TRW Data) 32
3.1-4 Combustion Helium Pressures and Temperatures (from TRW Data) 33
3.1-5 NF; Stagnation Temperatures, Pressures and Corrected Mass Flow Rates 33
3.1-6 D, Stagnation Temperatures, Pressures and Corrected Mass Flow Rates 34
3.1-7 Combustor Helium Stagnation Temperatures, Pressures and Corrected 34

Mass
3.1-8 Available Fluorine and Power for Each Test Examined 36
3.1-9 Error Associated with the Combustor Mass Flow Rates 37
3.1-10 Calculated mg/A Using Corrected Mass Flow Rates and o = 0.95 39
3.3-1 Brightness Equation Parameters 62
3.3-2 Constellation Design Parameters 63
3.3-3 90% Performance 69
334 80% Performance 69
3.3-5 70% Performance : 70
4.6-2 Comparison of Numerical Simulations of Simplex Algorithm 111
Convergence With and Without Simplex Shape Optimization
LIST OF FIGURES
Page

Figure No. Title

3.1-1 NF; Mass Flow Rates Produced for the Tests Examined 35
3.1-2 Available Fluorine 36
3.1-3 Available Fluorine Mass Flux 37

3.1-4 Available Fluorine Mass Flux and Associated Errors 38

iv



Figure No.

3.3-1
3.3-2
3.3-3
3.3-4
33-5
33-6
3.3-7

3.3-8
3.3-9
3.3-10

3.3-11

3.3-12
3.3-13
33-14
3.3-15
3.3-16
4.6-1

4.6-2

4.6-3

LIST OF FIGURES (CONTINUED)

Title

Brightness vs. Wavelength

The ISAAC Suite - Integrated Strategic Architecture Analysis Code

Approach to Optimizing Constellation Design

Orbital Periods of a 4x7 Constellation

Example of ISAAC Statistical Output

Approach to Determining Affordability

Lethality Estimates Showing Fluence and Dwell Requirements
With Intensity

100 nrad jitter - 80%

100 nrad - 80% Performance

Effect of Diameter and Jitter on Performance
Steade Lethality Estimates -80%

Effect of Diameter and Jitter on Performance
AFRL Lethality Estimates - 80%

P1 D2 Performance Curve

P3 D1 Performance Curves

P4 D3 Performance Curves

Brightness Scaling

Brightness Scaling

Augmented Simplex Matrix, Adjoint Simplex Matrix and Related
Determinants and Cofactors for a Simplex in 5 Dimensions

Relationships Between Simplex Volumes, Face Areas, Altitudes
and Lengths of Sides

Mathematical Relationships for an Equilateral Simplex

Page

52
60
61
64
65
66
67

71
72
73

73

74
75
75
77
78
106

107

108




~ 1.0 INTRODUCTION

-

This report summarizes efforts in support of the BMDO/AFSMC Space Based Laser
program. The first major work section was in support of BMDO. Another series of major efforts
supported AF SMC. These efforts were broad in nature and reflect changing priorities during the
report period. Section titles reflect the majority of work performed, but there is overlap among
sections. The final major section was in support of the NSWC ABCS program, within the BMDO
SBL technology base. Schafer was supported by subcontractors, including Photon Research
Associates (PRA) and the University of IMlinois Urbana-Champagne (UTUC). Subcontractor
reports will be referred to appropriately in the body of the main report, but will be included in
their entirety as Appendices. Some of the work reported is classified and will be contained in a
separate classified Appendix. A small proprietary Appendix is also included under separate cover.
Finally, some of the efforts were competition sensitive to either of the contractor teams during the
SBL Concept Definition Studies (CDS). Due to the restrictions imposed by the competition,
these efforts are reported only in summary.




2.0 BMDO SUPPORT

Summary of Activities

BMDO activities included analyses in support of Bifocal, electric lasers, and SBL
effectiveness and technology surveys and briefing preparation for deployable optics, electric
lasers, lethality, LASSOS, etc. Continuing activities such as the Year 2000 software issue
continued at a low level. Planning support was provided. A briefing was prepared summarizing
the history of relays, analyses on cost, and low power usage of relays for Lt. Col. Mark Nelson to
present at the LASSOS meeting in Albuquerque, NM. '

The development and coordination of draft interim Security Classification Guidance for
the SBLRD program continued. An update of the Test and Experiment Activity Summary data
sheets has begun

ASAT analysis and briefing support were provided to the customer. The analysis looked
at the differing capabilities of alternate levels of deployment of the SBL and the SBLRD. The
analysis was summarized in a briefing that was given to Lt. Col. Jay Airis of Air Force Space
Command Additional study may be required by the customer to support a more detailed briefing.
A briefing describing tasks funded by BMDO to support launch vehicle component technologies
was assembled and delivered to the customer. The briefing is also under review and will be given
shortly

A number of issues have been raised concerning the effects of various non-modeled
conditions on the performance of the SBL. The first set of these includes effects which can cause
asymmetries in the coverage of the SBL constellation. These asymmetries are important when
calculating geometric filling and numbers of platforms. The issues include: 1) sun/moon within
~5 degrees of target as viewed from SBL (exact value will be input), 2) specular reflection off
target, earth, clouds, 3) sun/moonlit background, 4) SBL moving in/out of the terminator. These
effects have not been included in ISAAC analysis in recent years. The necessary portions of the
ISAAC code are being reviewed for accuracy and will be updated as needed during the analysis.
Inclusion of advanced missile types is also needed to perform SBL sizing analyses. ETA-T, a
missile trajectory generating program (FORTRAN, part of the ISAAC suite), is being modified to
provide for the inclusion of revised missile types. In the process, the code is being updated and
improved in efficiency.

Transition activities to provide information to ANSER (the new BMDO SETA) began.
These activities during late July involved meetings with BMDO to discuss transition issues. Many
of the technical activities that were in progress will be terminated. Analyses in support of Bifocal
are complete. Support for the electric laser technology assessment has been stopped. The
assessment of lightweight and deployable optics is being completed (a summary briefing will be
prepared, although no further assessment work is planned). Continuing activities such as the Year
2000 software issue will be handled by ANSER.




Sample optimization analyses for various SBL constellations vs. various threats were
discussed with BMDO. These analyses included roughly 216,000 data points, each data point
being a full engagement of the missile threat by the full constellation. The range of parametric
analysis included two lethalities, various number of platforms, orbital altitudes, and nng
structures. Each engagement is simulated for 216 war start times, to ensure adequate sampling of
the temporal changes in coverage. Recent improvements in code automation have significantly
reduced the amount of analyst time required for such analyses, making such detailed analysis
practical for essentially any parametric variation.

Support was provided to an ancillary mission meeting at another government facility.
TMD performance estimates from older sources were compiled and given to BMDO. Further
work on supporting analyses for lethality issues was performed.

Meetings at BMDO in support of the SBL Test facility site selection process were
attended. Briefing material on SBL life cycle cost for the POM submission process in response to
requests from BMDO/TOD were prepared.

A briefing on lightweight and deployable large optics was developed for BMDO. The
effort surveyed the various large optics contractors to determine the state of the art, and reviewed
the competition sensitive CDS study reports to determine what was currently proposed for both
the operational SBL and the RD (or IFX). The effort also developed an initial set of requirements
for the proposed beam expander and discussed the issues associated with new technology
development A parametric study of system requirements as a function of output power,
wavelength, and diameter was completed, showing that beam control and resulting beam
expander requirements grow exceptionally difficult as larger, shorter wavelength systems are
proposed

The BMDO/SMC technology meeting was supported. All of the key SBL technologies
were reviewed, including a large deployable optics presentation prepared by Schafer and
Aerospace In preparation for the AFSMC/BMDO technical interchange meeting, a list of
program risks was compiled to identify technical areas of interest. The following items are risks
identified by a prime or from Schafer risk lists developed and maintained for BMDO (denoted as
GG in table below) The items have been grouped by categories and technical points of contact
within the SBL community are indicated The people list is not exhaustive.

Category/ltem Prime or GG | Person Comment
List
LASER
Autonomous P/GG Golnik, Tyson | Critical to all areas
Alignment
Resonator design and | P/GG Zajac, Swain Widely different issues for the two
fabnication concepts.
HYLTE performance | P/GG Graves, Zajac | Needs to be accelerated
and fabrication




Category/ltem Prime or GG | Person Comment
List
RSES . P/IGG - Zajac, Patton Ignored for years, these issues will

bite us in the weight budget (big
time)

Coating survivability | P/GG Skolnik Longer term issue. We need a
separate flight experiment for long
duration.

Reverse wave | P/GG - Golnik Still no consensus on whether this

suppression is important or not.

Uncooled PME GG Heckert Lack of detail in designs in this
area continues to be a worry. This
hurt us badly in Alpha and could
again in the RD. The primes seem
to want to ignore it again.

Startup transients GG Heckert An issue that may not make it on
the list, but is of concem for
operational system performance.

Ignition GG Zajac Hand waving by TRW has made
everyone complacent, but this is
still far from over as an issue.

GGA regenerative | GG Heckert The Alpha design doesn't work,

| cooling and HYLTE is harder to cool.

GGA cawvity isolation | GG Heckert A potential major issue (preventing
laser gas from entering the
resonator).

Microgravity figure of [ GG Golnik Particularly for annular resonators,

optics we have no experience with
microgravity.

BEAM CONTROL /

BEX

Autonomous P/GG Golnik As above. This should really be a

Alignment system issue, but the laser and
beam control people never seem to
be able to work it in combination.

Deployable Large | P/GG Golnik Major research effort is needed to

Optics even show proof of concept.

Lightweight Large | P/GG Skolnik, Golnik | Thermal performance is an issue,

Optic as well as the usual fabrication and
test issues.

Beam control | P/GG Swain, Golnik | We still have not gotten anywhere

performance  (jitter near the performance that people

and WFE) quote in their error budgets.




Category/ltem Prime or GG | Person Comment
List

PM phasing P/GG Skolnik Never done. May require auxiliary
equipment not in weight budgets.
Could drive system performance,
yet  ignored in  scalability
arguments.

Aperture Sharing | P/GG Lieto, Skolnik | Despite contractor claims, this is a

Element major concern and should be
demonstrated at high power within
the next year if we are to move out
in a shared aperture design.

BEX structural | P/GG Skolnik, Wells | Another major issue with the

control potential to dominate system
performance. Ever since LODE,
we have had trouble figuring out
how to even simulate the major
issues, and have never tested them.

Off-axis pointing and | P/GG Golnik, A much harder task than is

calibration Thomas generally known, and a problem
waiting for a solution in all of the
current designs.

Beam director gimbal | P/GG Skolnik, Wells | If we try to do this in the RD, the

and isolator structural issues become even more
complex.

Uncooled PME GG Golnik Although not as complicated a
problem as in the resonator,
diffractive effects have been poorly
understood in ALL

OPE deployable sun|P ? | This is a new concept, if adopted,

shade ‘ and has serious  structural
implications.

Coating survivability | P/GG Skolnik, Lieto | For the PM, in particular. As we
go to larger PM sizes and more
open architectures, this gets worse.

Microgravity figure of | GG Skolnik What happens to the DM and PM?

optics

HOE fabrication | GG Skolnik Dependent on segment size, but

scaling even at LAMP sizes, we have lost
much of the capability.

UDM reliability Skolnik, Swain, | We have never flown anything like

Demers it. '

PM coating GG Skolnik, Lieto | Depending on size of segments, we

may not have the capability.




v

Category/Item Prime or GG | Person Comment
List

Telescope metrology | GG Jacoby, Golnik | The part of ALI that has yet to be
demonstrated, this is another
"forgotten” area that is critical to
performance.

IR focal plane coolers | GG Skolnik, As with the trackers,

Demers jitter/vibration becomes more of an
issue as budgets get tighter.

Beam walk control GG Swain, Skolnik | Hard to sense, hard to correct, may
cause beam control problems due
to misregistration.

ATP

Fire Control P Wolfe, Gurski, | Sequencing of events, handovers,

Nelson functionality, performance.
Autonomous P/GG Golnik The forgotten part of the system.
Alignment The ATP is getting more complex
all the time, and alignment
becomes more of an issue.
Illuminator P/GG Wolfe, Gurski, | Reliability, power, vibration, all
Nelson still concerns.

Active tracking P/GG Wolfe, Gurski, | How well does it work? Can the
Nelson error budgets be achieved?

Space vehicle pointing | P/GG Wolfe, Gurski, | How accurate must it point, and
Nelson what are the dynamics?

Boresight GG Wolfe, Gurski, | Shared aperture doesn't magically
Nelson solve this, although the primes

claim it does.

Target acquisition GG Wolfe, Gurski, | Different targets, backgrounds, etc.

Nelson Models have been simplistic to
date.

HF stray hight | GG Wolfe, Gurski, | Relevant whether we have shared

rejection in IR focal Nelson or separate aperture.

planes

IR focal plane coolers | GG Wolfe, Gurski, | As jitter budgets get smaller,

Nelson vibration may become a major
issue.

INT & TEST

Ground test feasibility | GG Loomis, Mail | High power beam control remains

an issue. Also, no one has come
up with a feasible way of testing
the tracker.




Category/Item Prime or GG | Person Comment
List

PM testing gravity | GG Loomis, Mail | This can be a major issue with the

effects potential for large lightweight
deployable optics.

LAUNCH

Payload integration GG Loomis Possibly the most complex ever |
attempted.

Booster availability GG Zajac Heavy-lift ~ (~45,000 Ibs.) will
definitely be required

OTHER _

Human in the loop | P Vieceli More for the operational system

response than the RD.

System weight GG Loomis, Golnik | We have somehow managed to
squeeze much more brightness out
of much less weight. Also, weight
margins are low or negative for the
RD.

Software reliability GG Mail Particularly testing of the software.

Lethality GG Harada, Many issues, including that the

Golnik, Skolnik | AFRL numbers given to the
contractors were unreasonably
high.

Fhght computer | P/GG Mail We have made the assumption that

hardware and software the necessary processors will be
available, which may not be true.

Spacecraft charging GG Silvaggio The laser community hasn't
worried much about this. 1 don't
know if the spacecraft people still
consider it an issue,

Spacecraft  thermal | GG Loomis This is a major concern and neither

management prime seems to be paying much
attention.

Solar array torques GG Wells Usually ignored until too late (as in
Hubble)

Eye safety Golnik If we talk about moving to 1.3 um
devices, we need to understand
what happens to the 80% of the
power that doesn't hit the target.

Cost Mail Impacts many of the technical
issues.

RD performance Harada, The RD performance envelope 1s

Vieceli, Golnik | shrinking and we need to

understand why.




There are additional issues which apply to the operational system. Other issues were
discussed in the SBL technology meeting (7-8 October 1998). The technology interface meeting
provided the desired "frank and open" interchange, with the primary exception being the lack of
any defense of their choices by the hardware contractors. The key technology areas had the
following primary issues (brief answers to the issues are indicated parenthetically with more detail
to follow). Issues which remain competition sensitive have been omitted.

Laser Device: Should the uncooled resonator be completed and installed on Alpha?
(Consensus seemed to be that this was the best baseline plan) Should the HYLTE nozzle become
the baseline technology for all future activities? (Jury is still out depending on the HYLTE tests
and on a fair comparison between best operating conditions, which will be different for the two
nozzles) Are there other technologies which should be considered? (Yes, but funding has always
been the issue and will remain so) What is the current state of Alpha and HYWND technology
and how does it compare to HYLTE? (Slightly confused because of the available free fluorine
issue, but probably less than the 30% advantage for HYLTE and perhaps equal!) Why have the
hardware contractors made the choices they did and what are the associated issues? (Choices
seem to be driven by issues outside of the laser device, but no consensus was reached in the
absence of the contractors.)

Beam Control: {Most critical issue deleted because of competition} How good does the
beam control system need to be? (Much better than the current state of the art, and perhaps
improbably so if we go to very large apertures and shorter wavelengths) What is the next step
with ALI? (Complete the planned low power testing, make the system as good as it can’
reasonably be, and then confirm with high power tests) What should be done with the SBS
program? (Complete it or drop it, but don't keep it barely alive.) Alignment and calibration,
although the largest single contributor to the error budgets, was not a significant topic of
discussion at the meeting,

Large Optics How large and lightweight an optic can reasonably be built? (as yet
unknown, but growing exceptionally difficult after 8 meters and perhaps impossibly difficult after
12 meters Weights of under 50 kg/m’ for the primary mirror (only!!) grow increasingly difficult,
with 20 kg/m’ unlikely to be achievable. ) What is the state of the art of deployable optics?
(None have been built, and the technology developed for radio-wave telescopes is questionable
for optical telescopes. A basic technology program is absolutely essential before committing to a
baseline depending on the technology.) Have the contractors or the government considered all of
the related issues of thermal control, sunshades, launch loads, HOEs, dynamic phasing, coatings,
microgravity effects, etc. in sufficient detail to provide confidence in a technology path? (No!!)
Does the current weight scaling story make sense? (No. The weights appear to be arbitrarily
constrained to fit the launch vehicle and not reasonably arrived at by a balanced consideration of
technologies.)

Test and Evaluation Have the contractors paid adequate attention to testing issues and
their influence on the design? (No. Two examples: a beam control approach which cannot be




tested until on orbit, and large, lightweight, deployable optics, which require exceptional new
facilities and which still may not be testable on the ground).

Spacecraft and launch What are the launch loads and have they been considered in the
concepts for other subsystems? (The loads seem to be estimated to first order, but have not been
much of a consideration in any of the concepts) Is the weight budget reasonable? (Attempts to
make the RD/IFX fit on a medium-lift vehicle , or the operational system fit on an EELV-heavy
seem to lack any reasonable basis).




3.0 SMC SUPPORT

Summary of Activities

Most of the recent efforts have concentrated on the evaluation of the contractor's BVRs
and preparation of resulting assessment documentation. Details of the process are competition
sensitive and have been provided directly to SMC. Supported SMC/ADE SE, Laser -Beam
Control IPTs at numerous internal reviews regarding RFP. preparation, evaluation criteria,
Technical Issues, weekly staff meetings. Supported SCG Working Group for Laser/Beam
Control IPT and Test IPT Leads. Attended TRW and LMA interchange meetings. Participated
in BVR evaluations.

A technical evaluation of the proposed contractor CDS follow-on tasks was provided.

Work continued on an assessment of SBL operational system performance against a
reference NMD threat. The analysis concentrated on optimization of the SBL constellation, with
brightness, number of platforms, number of rings, inclination, and error budgets being free
parameters Initial conclusions are being developed into a presentation which will be given to
SMC in October. Cost scaling is also being developed as part of an overall plan to determine the
functional form of the optimization trade space, and to determine the optimum SBL configuration
and its variation as a function of the level of technology available to the future designers of an
operational constellation.

Support to ALVALO activities continued, including a series of data review sessions.
Recent results show that the ALI beam control system has nearly met its goals, and will meet its
goals with continued improvements in calibration and alignment planned during upcoming low
power testing ‘

Efforts to understand the SBL NMD architecture and costs continued. It has been many
years since the SBL cost and performance models were integrated, and past models to do so are
now archaic Many recent scaling analyses have assumed that technology is available to provide
arbitrary performance without any direct cost penalty. While clearly inadequate, such an
approach has been necessary because of the complexity of both the cost and performance models.
A new approach to synthesize a useful combined approach has been started. There are no results
as yet.

Efforts in support of the ALVALO data review meetings continued .This effort is a
detailed attempt to understand both laser device and beam control performance in recent high
power tests Initial data show that the system performance is approaching the original program
goals

Technology planning efforts in support of SMC continued. Efforts included review of
large optics and vibrational disturbances. A variety of cost and schedule summaries have been
reviewed

10




Support was provided to the ALO data review , held 19 November at Aerospace. TRW
presented a summary of data from many lasing tests in a comprehensive review of Alpha lasing
performance. Efforts under this task included several Schafer personnel working with TRW to
understand the significance of the test data. There have been a total of 19 lasing tests, with S in
1998.

TRW reached several conclusions. The laser has performed reliably, and output quality
has improved, primarily due to reductions in water coolant flow rates and the corresponding
reductions in optical disturbances. The performance of the facility vacuum system has been
degrading over time as the equipment ages. Several problems have been found in support
equipment Measurement of laser cavity pressures indicates that lasing performance is not yet
affected, but some repairs are required. Alpha laser power has decreased over the last 7 tests.
The decrease has not been monotonic. TRW suspects coating degradation and misalignment.
The Alpha coatings were designed for a three year lifetime when they were fabricated (c. 1986).
The Alpha flow rates were recently discovered to be different from what TRW thought. Due to a
calibration error, significantly higher NF; was flowing, resulting in an oxidizer-rich mixture. The
effective reaction temperature was cooler than predicted, and the power lower. The output beam
has a large static phase structure, which is correctable but not ideal. This performance is
consistent with the Alpha design philosophy, which relied on the beam control system to correct
low spatial frequency errors. Some of the aberrations do not correspond with predictions, and
further investigation is needed to understand the sources of the errors. There is some suggestion
of an aging-related problem with the annular molybdenum heat exchangers (no longer a baseline
for future systems) The phase error seems to grow for the first 0.5 seconds of lasing. TRW has
theorized that thermal distortion is the root cause, but if that were the case, the distortion could
be expected to continue to grow.

The Alpha beam jitter has been reduced to below the ALI goal, with most of the reduction
coming from coolant flow reductions. The next logical step in improved performance is to
fabricate and install an uncooled resonator. TRW has recommended an ALO program with four
phases. maintenance and upgrades to the facility, improved and additional diagnostics, low power
testing to assess optical performance, and high power tests to confirm flow conditions and
alignment Such a program seems to be a logical next step.

A variety of ALI and ALO contractual issues were addressed in support of SMC. Review
of proposed technical activities continued, with comparison to past similar program efforts.
Provided support to BMDO (Bob Frey) and SMC (Capt. Norris) in the negotiations of the ALl
POOO95 contract modifications. This included development of a spreadsheet that evaluated the
labor hours, material and subcontracts proposed by LMA as well as attending the fact-finding and
negotiations meetings and telecons. Attended an ALO proposal briefing by TRW to SMC. This
effort would be the follow-on activity to the current ALO effort. Participated in a government
evaluation session. Participated in the ALI weekly schedule telecons. Monitored the progress of
the test activity and provided advise to SMC as appropriate. Participated in ALO Monthly
Business meeting by Telecon. Participated in ALI Monthly Business meeting. At a meeting set
up by Julie Norris, met with her (and Angela Spaith) replacements (Manny Casipit, Todd Weist,
Marc Herrera to discuss continued support requirements. At the request of Manny Casipit,
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attended the visit of Gen. Tattini to CTS. Participated in the briefing the SBL hardware and
facilities. Monitored activity at CTS for the ALI BCT low power test series. Attended a meeting
hosted by SMC (Capt. Todd Wiest) to review a proposal presented by TRW on follow-on ALO
activity for FY 99. TRW presented a series of logic diagrams that resulted from the analysis of
the last several high power tests and presented a number of facility upgrades, optical system
upgrades, low and high power tests. A Technical Evaluation of this proposal has been requested
by SMC to aid them in determining the correct program to put on contract. Reviewed and
provided comments to Capt. Manny Casipit with regard to the GFE list submitted by LMA for the
follow-on ALl activity for FY-99. Reviewed and provided comments to Capt. Manny Casipit
with regard to the ALI DCO 337. Developed a draft integrated test schedule for the ALO and
ALI activity for FY 99 at CTS. Submitted to SMC for there use. Provided Capt. Julie Nomns a
high power test history of the uncooled optics for inclusion in the ROMA report. Attended a
meeting hosted by SMC on the capability of Lincoln Labs to support SMC in a variety of areas.
Attended the monthly LODTM management meeting at LLNL.

Technical activities under this task included support to continuing ALI/ALO test and
planning activities. A briefing was prepared to describe ALI status to the SBL Independent
Review Team Planning meetings continued as part of the effort to understand past test data and
develop appropriate recommendations for further testing and data reduction. Test reports for the
ALI 317 and 318 series were received and will be reviewed.

Recent SBL History and Status

During the past two years, the Air force (SMC/ADE) has assumed management
responsibility as the executing agent for the SBL program. Through Congressional adds from
FY96-FY99, congress is intent on funding a near term (2006-2008) SBL flight demonstration.
The current SBL FY99 budget is $167.8M (58.8 BMDO + 35.0 AF + 74.0 Congressional Add),
with a promise of additional (2000-2005) BMDO and AF POM funding totaling $140M/yr. The
objectives of the Integrated Fight Experiment (IFX) are to 1) validate SBL as a viable option for
missile defense by destroying a boosting target from Space and 2) to obtain performance data an
integrated high power laser system operation in space including long range precision acquisition,
tracking and pointing (ATP) and adjunct mission feasibility. Although the AF and BMDO
developed a strategy to pursue a 2008 launch, near term POM funding constraints imposed by
OSD extended the program to a launch in 2014. Congressional criticism of this approach
prompted increased CSAF involvement and support for a more aggressive schedule (~2012
launch) OSD has approved the more aggressive approach, but the actual launch date remains in
a state of flux pending final fiscal and programmatic guidance, and pending agreement between
OSD and Congress. To date, a plan acceptable to all stakeholders has failed to materialize.

During FY98, two teams, LMA and TRW/Boeing each performed 6 month, $10M,
baseline validations (Concept Definition Studies, CDS) of competitive IFX designs to assess
future system needs and “traceable” demonstrations. The *“baseline” IFX systems (and several
options thereof) that developed from these studies differed drastically from the former BMDO
baseline SBL RD design (4M meter monolithic primary mirror and Alpha derived cylindrical HF
chemical laser). These new designs were driven by technology “traceability” to a higher
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brightness operational system. In turn, the new operational system design was driven by 1) a
much harder threat — hence the need for a higher brightness system and 2) the requirement that
the operational system be launched on a programmed launch vehicle, i.e. the EELV series. These
constraints imposed severe weight and diameter limitations, and thus conflict with the need for
higher brightness systems. Hence, the contractors were forced to propose advanced technology
solutions (e.g., deployable optics, phase conjugation, etc) in order to simultaneously meet launch
and brightness requirements. Traceability thus drove configuration of the IFX, rather than trying
to keep the demonstration as simple as possible and to do it as soon as possible. Thus, current
IFX designs are somewhat unbalanced and are higher risk. The CDS efforts were extended by a
bridge of $5M each to keep both contractor teams going through Jan 99. Each contractor
proposed a series of risk reductions, analyses, and design activities to be conducted in the Oct 98-
Jan 99 time frame '

The technology programs continued in FY98. There were five high power tests at CTS,
three ALO (HI1907, HL908A, HL908B) and two ALI tests (HL430, HL440). The three ALO
tests to characterize the Alpha laser included two rear cone alignment scans to determine power
and beam quality sensitivity to rear cone misalignment. The ALI tests involved end-to-end
traceable beam control at high power of the outgoing wavefront sensor system, full bandwidth
operation of an uncooled fast steering mirror, and the first successful test of the uncooled
deformable mirror. The High Altitude Balloon Experiment (HABE) completed integration of the
acquisition and tracking payload and initiated passive tracking experiments of scaled rockets.
Finally, HYLTE completed a series of tests on a water cooled module, and is fabricating a self

cooled module for testing in FY99.

As stated earlier, Congressional expectations call for a laser in space, a lethal
demonstration. an integrated ground test with the required facility, and a demonstration in the
2006-2008 time frame. The Congressional actions taken included SBL budget plus-ups of $50M
in FY96, 70M in FY97, and 98M in FY98. The POM funding for SBL during those years was a .
nominal $30M/yr In addition; the Congress provided impetus to BMDO to increase the SBL
budget to $60M/yr. and to the Air Force to create a new line at $35M/yr. (More recently, there
has been an agreement between BMDO and AF to provide $140M/yr total for SBL.) In FY99,
Congress added $74M to the SBL budget.

The FY99 program currently consists of three basic parts: 1) on-going technology
development (ALI, ALO HYLTE, HABE, ABCS, Uncooled Resonator, APEX), 2) Architecture
and Affordability Studies, and 3) The Integrated Flight Experiment (IFX). The technology
programs are really a continuation of BMDO efforts under new or novated Air Force contracts.
The Navy and Army, continue to execute ABCS, HYLTE, and APEX under Air Force direction.
The Architecture and Affordability Study was initiated this past year as a response to a Dr.
Gansler (USDA&T) inquiry about how the IFX fits into an overall plan for acquisition of an
operational SBL system. The study is to be used to define a S & T long term investment strategy,
as well as to address the multi mission capabilities of each of the defined architectures (i.e. overall
system affordability). Two studies will be awarded to the contractor teams at a level of ~ $8M for
a 12 month period. Award of Phase 1 (~$1M) is in early January 99 as a continuation of the CDS
contracts, Phase 11 (~$7M each) as a letter contract to each team in February 99. Phase 1 (~2

13




months) consists of interaction with Government study team, researching past studies, developing
a Phase II concept analysis plan, and developing a Phase II proposal. Phase I products are system
requirements (prioritized missions, performance thresholds, and top level system constrains),
architecture evaluation methodology, and mission scenarios. Phase II will be a more detailed
study of the necked down architecture possibilities and concludes with a  report detailing
incremental cost and performance trades for each architecture. The study is headed by a General
Officers Steering Panel (GOSP) which is supported by an Action Officers Panel (0-6 level). The
GOSP consists of general officers and high ranking civilians from AF organizations, BMDO,
JTAMDO, and NSSA. Study leaders are BMDO/TOR and SMC/ADE. Small working groups
support the study. They are Mission Definition, Cost, Technology Validation, and Related Efforts
(countermeasures, lethality, M&S IPT). A Integration IPT integrates results of these working
groups and reports to the study leaders. The study leaders then seek concurrence from the
GOSP. The GOSP provides a link to strategic planners, and reviews and approves assumptions,
missions, measures of effectiveness, concepts, and final architecture selection.

In parallel with the architecture studies, SMC/ADE has initiated a lethality program which
is executed by AFRL/DEPE, and is overseen by an SMC Lethality Working Group. The FY99
funding total is $3.3M including $1.5M for SBL specific targets (composites) and $1.8M for
SBL/ABL “synergy”. A program plan has been generated by AFRL that will look at both in-
house testing and other facilities for 2.7um tests (CTS, WSMR).

The IFX status is in a state of flux. During the past year both contractor teams, LMC and
TRW/Boeing, developed competitive concepts for an IFX. As stated previously, these designs
were driven by launch vehicle constraints and high brightness operational system traceability
requirements They both departed considerably from the BMDO SBLRD balanced construct of
an Alpha derived laser, and a 4M telescope which was developed by the LMA/TRW team under
the Zenith Star Program. The current efforts were conducted in a highly competition sensitive
environment in which the government was to select a single contractor to peruse detailed design,
fabrication, and testing of the IFX. After pursuing this acquisition strategy for the past year, and
after several meetings with high ranking AF, BMDO, and OSD officials, the strategy was recently
changed to once again “encourage” the formation of a “Community Team”. This team is to be
patterned after the NASP Joint Venture (JV) approach which combined five competing
contractors under a single JV contract to demonstrate the technology and a design for a subscale
single stage to orbit aerospace plane. NASP technology at the time lagged far behind SBL
maturity today, and the NASP JV never produced a hardware product. Also, the JV and was
directed by a large government program office which had direct communication with each of the 5
participating companies. The award of the [FX JV contract is on hold pending approval by
BMDO, AF, OSD, and the Congress.

The following sections of this report discuss technical details of each of the areas the where
Schafer Corporation has recent made contributions to the SBL program during the execution of
this contract. In addition, specific briefings, program plans, review memoranda, and technical
papers are presented in the appendices.
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3.1 ALVALO/UCR

. This task report includes support to both BMDO and SMC for the Alpha LAMP
Integration (ALI) program, the Alpha Laser Optimization (ALO) program and the Uncooled
Resonator (UCR) program. This report is organized to provide a description of the technical
activity on each of the three programs followed by a discussion on the programmatic activity.
Since the ALO and ALI programs are very interrelated, Schafer Corp. has been instrumental in
developing plans for integrated test activity at CTS. Section 3.1.7 provides a description of the
planning activity for 1999 and a schedule of these activities. Schafer Corp. provided technical
advice initially to BMDO and continued this support as the contract activity was transferred to
SMC.

3.1.1 Alpha LAMP Integration (ALI)

3.1.1.1Uncooled Deformable Mirror (UDM) Fabrication — The ALI UDM was
fabricated by Xinetics, Inc. under contract to Lockheed Martin Missiles and Space and coated by
Lohnstar Optics. The UDM is a single crystal silicon optic similar to the ALI uncooled turning
flats; however. the face sheet thickness is a few millimeters whereas the tumning flats are two
inches thick. Additionally, 241 actuators are mounted to the UDM optic face sheet to provide wave
front control. These actuators are epoxied to the face sheet as well as the mounting structure. Very
low absorption (VLA) coating performance is very dependent on application temperature.
Therefore, temperature control for the various processes is extremely critical to achieve a
successful coating while not degrading the actuator bonds joints. Several coating runs were
performed with witness samples followed by two different pathfinder mirrors before committing to

. the actual optic. A number of coating runs was needed to perfect the coating process.

3.1.1.2SDA Wave Front Sensor (WFS) Fabrication — The SDA WFS was
fabricated 1n 1997 and shipped to the Capistrano Test Site (CTS) for integration and checkout prior
to the UDM high power test. Initially, an acceptance test was performed on the SDA WEFS after
armval at CTS prior to installing on the SDA bench and this acceptance test activity was continued
duning the installation on the SDA bench in the TCA. A hardware incompatibility was discovered
between the SDA WFS centroid processor and the incoming data stream that was traced to a short
clock pulse. This problem was corrected by installing new programmable integrated circuits that
provided a longer clock pulse.

3.1.1.3 UDM Integration & Test — As a result of the Experiment IIB data analysis, a
number of hardware improvements were identified. These improvements were addressed and
resolved in preparation for the UDM high power test. An algonthm error was discovered in the
centroid processor that incorrectly averaged negative values in the centroiding algorithm causing
the centroids to “hop™ around. This error was corrected which resulted in much smoother
centroids. A diagnostic to measure return energy into the Alpha laser was designed, fabricated,
installed and calibrated. A low power test series identified as TS-336 was planned as a precursor
to the high power test HL 440. Initially, the test plan called for two TS-336 tests to be performed




to establish confidence that the high power test would be successful. Schafer Corp. actively
participated in the day — day planning and in the weekly schedule status reviews. Schafer Corp.
was an integral part of the decision process as the test anomalies occurred and made
recommendations to LMA and SMC for implementation of corrective action.

3.1.1.4 A number of hardware anomalies occurred which required several test runs of the
336 series. These included the discovery and elimination of data corruption between the
Wavefront Jitter Control Processor (WJCP) and the UDM Console. Another anomaly identified
was the inability of the UDM electronics to respond to the full bandwidth of the UDM. Changes
in these electronics resolved this problem.  Cracks were discovered in the OWS X Focal Plane
Array (FPA) and resoldering was required. Corrections to the timing pulse between the simulated
OWS data and actual data was required. Also, KG-95 Data Encryption Links were required to be
installed and checked out to satisfy security requirements.

3.1.1.5 A plan to reduce the jitter induced by the water coolant flow in the Alpha
resonator optics and the Power Management Equipment (PME) was implemented in TS-336.
Flow reductions of 60% and 80% were initially planned to determine that these reduced flow
rates would significantly reduce the mechanically induced noise to acceptable levels. By reducing
the jitter noise, performance models predict significant performance improvement in the ALI
Beam Control System without compromising the integrity of the optics and PME coolant circuits.

3.1.1.6 HL 440 was successfully conducted on 9 June 1998. The UDM performed
~ flawlessly with no damage to the thin face sheet optic. The ALI Beam Control System performed
better than prediction and close to the original goals established for the ALI program. The test
ran for the planned full duration of 5.0 seconds with 4.5 seconds of closed loop performance. The
Alpha near field intensity was well filled and well centered. The reduction in coolant flow reduced
the induced jitter and had no adverse affect on the resonator optics performance. Hardware
anomalies and schedule conflicts with other test programs occurred which caused several test
delays prior to the completion of the test. An optical transmitter problem occurred in the optical
link between the WFCP and the UDM that caused a test reschedule. An abort occurred due to an
over temperature and under pressure in the Thiokol #3 engine steam generator.

3.1.1.7 Beam Control Test (BCT) - Initially, planning called for the follow on program
to ALI to be a demonstration of various autonomous alignment approaches for the SBL
Readiness Demonstrator (SBL RD). The ALI Autonomous Alignment program was redefined as
a Beam Control Test (BCT). The BCT consisted of a series of low power test that would
demonstrate the hardware enhancements identified during the initial ALI Phase I program. These
hardware enhancements included: a) remote capability to capture the Low Energy Laser (LEL)
beam as it enters the Test Chamber Assembly (TCA), b) replace the far-field camera in the Center
of Curvature Figure Sensor (CoCFS), c) provide LAMP figure data to the Master Control Center
(MCC). d) remotely position the CoCFS from the MCC, and e) use Holographic Optical Elements
(HOE) spots to maintain LAMP segment pointing. The BCT tests were defined in an update to
the ALI Test Plan and consisted of the following tests:
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3.1.1.8 TS-317 — Beam Control Alignment Test. The purpose of TS-317 was to
. demonstrate enhancement of the alignment capability of the ALI Beam Control Test (BCT)
hardware, including the implementation of the following upgrades:

« Far Field Reference Beam (FFRB) improvements

» Alignment Annulus Assembly (AAA) improvements

« Calibration and Alignment Assembly (CAA) visibility improvements

- System Diagnostics Assembly (SDA) Wavefront Sensor (WFS) input to
Optical test system (OTS) computers

« SDA Far Field Camera (FFC) inputs to OTS computers

3.1.1.9 TS-318 — Beam Control Characterization (Ambient) Test. The purpose of
TS-318 was to determine the limits of correctability of both the Fast Steering Mirror (FSM) and
the Deformable Mirror (DM). Hardware and software enhancements including an aberration
generator, UDM diagnostics, and OWS focal plane array sensitivity equalization were made to the
ALI system for TS-318.

3.1.1.10 TS-319 — Beam Control Characterization (Vacuum) Test. The purpose of
TS-319 was to determine the limits of correctability of both the Fast Steering Mirror (FSM) and
the Deformable Mirror (DM) in a vacuum environment in a test configuration similar to TS-318.

3.1.1.11 TS-337 - Jitter Reduction Characterization. The purpose of this test series
was to identify jitter reduction enhancements and to characterize these reductions. Further
reduction of PME and Optics induced jitter was demonstrated during this test series.

. 3.1.1.12 TS-338 — High Power Beam Control Simulation at Low Power. The
purpose of this test was to demonstrate all enhancements were operable at low power and
demonstrate the Beam Control System will meet performance requirements.

3.1.1.13 TS-339 — Precision Beam Control Test. The purpose of this test was to-
demonstrate performance of the beam control with an absolute measurement of performance.
This absolute measurement will utilize the AAA as the reference and measure FSM and DM
performance relative to the AAA rather than the OWS.

3.1.1.14 Resonator Optics Material Assessment (ROMA) - Work on the ROMA
program was primarily focused on bringing the Large Optics Diamond Turning Machine
(LODTM) back to an operational status, qualifying at least two vendors for coating the uncooled
resonator optics and publishing a final report to document all the prior years technical activity.
LODTM was recalibrated and achieved a laser periodic error of less the 0.2 micro inches. An
uncorrectable spindle error of less than 2 micro inches was identified. Two vendors (LPO and
Star Optics) were on contract to develop competing design approaches and perform VLA coating
risk reduction tasks in preparation for a down select of a coating vendor for the resonator optics.
This activity was completed and the data provided to TRW to support continued effort on the
Uncooled Resonator program discussed in subsequent paragraphs. The ROMA final report was
issued by LMA. Due to higher priority business, the ROMA Final Report publication was delayed
several months. Schafer personnel reviewed and assessed the final report, provided inputs for

. additional information and recommended approved to SMC.
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3.1.2 Alpha Laser Optimization (ALO)

3.1.2.1 High Power Test.

3.1.2.2 ALO Power Investigation Team. Schafer Corp. was an integral team member
of the ALO Power Investigation Team. As a result of the apparent low power output of the ALl
high power tests, this team was formed to review all past test data in conjunction with the current
test data to ascertain the potential causes of the low out-coupled power.

3.1.2.3 HL 907 High Power Test. HL 907 was conducted on 28 Jan 1998. This test
consisted of two flow conditions, and an array of diagnostics to establish the Alpha performance
re-baselining. The test ran the planned duration of 6.0 seconds. Flow condition 1 was the Alpha
nominal case (reduced NF3 flow) and flow condition 2 was the original Alpha design flow
condition. Schafer personnel were an integral part of the test operations actively participating in
the Test Readiness Review (TRR) and monitored the progress of the test as it proceeded through
the countdown sequence. Schafer personnel provided support to the test director and during the
management status reviews. Additionally, Schafer was a member of the test data review team
and supported the HL 907 data review.

3.1.2.4 CTS Facility Maintenance. Schafer personnel monitored the facility and optics
maintenance and upgrades performed by TRW at CTS. Schafer reviewed plans for repair of the
Alpha Probe Laser (APL), the Alignment Unit (AU), the precision metrology capability and
various diagnostic components. Schafer personnel reviewed plans for installation of an IDA Far
Field Camera as a new diagnostic for HL 907.

3.1.2.5 HL 908 Schafer personnel actively reviewed the planning for HL 908 and
provided recommended changes to the test configuration. HL 908 was a two-configuration test
of the rear cone alignment. HL 908A was performed on 23 July 1998 and HL 908B was
performed on 30 July 1998. A number of diagnostic changes were made to improve the test data.
These included modification of the AU control software to perform the rear cone scan for the test
as well as design and integration of a new Total Power Calorimeter (TPC) P(t) sensor. Another
sensor was added which provided a through ASM 1 jitter diagnostic measurement.

3.1.2.6 ALO Data Review. Schafer personnel participated in an exhaustive review of
the test results of the more recent Alpha high power tests. This review focused primarily on the
results of ALO HL 905, 906, 907, and 908 as well as the ALI tests HL 410, 420, 430 and 440.
The focus of this effort was to address the issue of apparent declining output power, alignment
irregularities, incomplete mode filling and other observed test inconsistencies or anomalies.
Assessment of the test results as well as a re-evaluation of the predictions of various design
models was performed. The anomalies were identified and potential causes were identified and
ranked. A plan of action was developed which identified the hardware and facility enhancements
required to confirm the cause of and / or correct each anomaly. A series of low and high power
were also proposed to demonstrate the enhanced performance at the completion of the hardware
enhancements. '
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3.1.3 Uncooled Resonator (UCR)

3.1.31 Design Activity. Schafer personnel reviewed and provided technical inputs to
BMDO and SMC on the uncooled resonator special study. This included attending and
participating in various design and readiness reviews such as the SCSi Annular Resonator Optic
Braze Readiness Review (BRR).

3.1.3.2 Fabrication Activity. Schafer personnel reviewed the progress of the uncooled
resonator hardware fabrication throughout the report period. Significant progress has been made
in the machining of the optics structural components. Final machining of the precision match
machining of the Annular Resonator Optic (ARO) segments is nearing completion with the
finalization of the machining and cleaning processes. The effort to tune the cast silicon carbide
CTE to that of silicon made significant progress. Material samples were produced and will be
tested. A number of braze materials were assessed in a matrix to determine the optimum material
for an inner cone to tangent flange bond as well as various mounting inserts. An Inner Cone
Assembly (ICA) pathfinder braze is planned in early January 1999. The braze fixtures are
complete through stress relief ready for final machining. A SCSi-workpiece cleaning process has
been finalized which will leave machined parts free of contaminants and stains.

3.1.3.3 LODTM Activity. Schafer personnel attended the monthly Large Optics
Diamond Turning Machine (LODTM) technical progress and status meeting at Lawrence
Livermore National Laboratory (LLNL) and provided technical assessment to BMDO and SMC.
Schafer personnel reviewed the preparation of the copper clad aluminum Reflaxicon Conical Test
Article (RCTA) The results of the diamond tuming of the aluminum RCTA were extremely
good and indicated the LODTM is operating at or better than when the original Alpha optics were
fabricated  Schafer personnel reviewed the results of the silicon diamond turning parameter
assessment study performed by LLNL and provided recommended follow-on activity to achieve
the desired results A cutting fluid containment system for use on LODTM is in the design
process

3.1.4 Alpha LAMP Integration (ALI)

3.1.4.1 Business Meeting Support — Schafer Corp. provided support to the monthly
ALI business meetings. This support included a review and assessment of the technical, schedule
and cost progress of the ALI contract. As new work was added or changed, Schafer provided
technical support in the development of Statements of Work (SOW), Justification and
Authorization (J&A) and Contract Data Requirements Lists (CDRLs). Schafer personnel
provided recommended changes to the AL1 Autonomous Alignment activity to convert it to the
Beam Control Test (BCT) low power test activity. These changes were reflected in an updated
SOwW.

3.1.4.2 Proposal Evaluations - A Technical Evaluation of the ALI Fab & Ops
Restoration proposal was performed by a team of Schafer personnel. A detailed spreadsheet and
assessment was provided to BMDO for subsequent fact-finding and negotiations. Due to
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continuing funding fluctuations and technical delays in the UDM activity, subsequent updates of
the evaluation spreadsheet was provided as updates to the LMA proposal was provided. An
evaluation of the LMA proposal in response to PO0095 issued by BMDO was performed by
Schafer Corp. and submitted to SMC. Additional evaluations of PO0098 and PO0099 were

performed by Schafer Corp. and submitted to SMC.

3.1.4.3 Negotiation Support — Schafer Corp. provided support to SMC and BMDO
during the negotiations of the Uncooled DM activity, PO0095, PO0098 and PO0099 contract
modifications. Support was also provided to the ALI Experiment closeout activity. A list of
government furnished equipment was reviewed and disposition recommendations were made to

SMC.

3.1.5 Alpha Laser Optimization (ALO)

3.1.5.1 Business Meeting Support - Schafer provided support to the monthly ALI
business meetings. This support included a review and assessment of the technical, schedule and
cost progress of the ALI contract. As new work was added or changed, Schafer provided
technical support in the development of Statements of Work (SOW), Justification and
Authorization (J&A) and Contract Data Requirements Lists (CDRLS).

3.1.5.2 Proposal Evaluations - Schafer personnel provided detailed analysis and
evaluation of the TRW CLIN 0007 proposal update. A spreadsheet of resources (technical hours,
material, travel and ODC dollars) was provided to SMC to support fact-finding and negotiations.

3.1.5.3 Negotiation Support — Schafer personnel provided technical support to BMDO
to complete the contract definitization of TRW ALO CLIN 0001, CLIN 0006 and CLIN 0007.

3.1.6 Uncooled Resonator (UCR)

3.1.6.1 Proposal Evaluations - Schafer personnel performed a technical evaluation of
the TRW Uncooled Resonator (UCR) special study CLIN 0004 proposal for the uncooled
resonator activity A detailed spreadsheet and assessment was provided to SMC to support fact-
finding and negotiation. Also, a set of spreadsheet analyses was provided for TRW CLIN 0008
UCR facility proposal and the CLIN 0009 UCR three phrase hardware proposal. Schafer
personnel provided an evaluation of the critical small vendors and subcontractors developed as a
part of the uncooled resonator activity to SMC. These vendors included McCarter Machine,
Eagle Machine, Silicon Crystals and Xinetics Inc.

3.1.6.2 Negotiation Support — Schafer personnel assisted the SMC project office
during the fact-finding and negotiations of the TRW UCR special study, the CLIN 0008 facility
proposal and the CLIN 0009 hardware proposal.

3.1.6.3 LLNL Support - Schafer personnel reviewed the LLNL proposed resource

allocation of the LODTM support to TRW and provided recommended changes to this allocation.
Schafer personnel participated in the fact-finding discussions and in baselining the LLNL effort for
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FY 98. Schafer personnel validated the cost of two HVAC chillers installed by LLNL to preclude
temperature fluctuations in the LODTM.

3.1.7 Integrated Test Schedule Activity

3.1.7.1 Tentative plans for FY 99 have been developed which include a series of ALI
tests initially using a high power Beam Profile Generator (BPG) that will provide the capability to
exercise the ALI Beam Control System through a wide range of parameters. This test series will
establish range of performance for the critical parameters that can not be achieved in high power
testing. Afier the BPG has been designed, fabricated, integrated and checked out, a series of low
power tests will be performed to validate the parameter performance and provide simulations of
high power test conditions. A high power test is planned to demonstrate the Beam Control
System performance and the completion of these low power tests. In parallel, plans call for the
ALO program to establish a baseline run condition based on the results of the ALO data review
discussed above. A number of facility and hardware enhancements will be performed and a series
of low power tests will be performed to validate the enhancements followed by a series of high
power tests The last ALO test will be jointly conducted with the ALI program. An integrated
test schedule was developed by Schafer personnel that incorporated the ALI and ALO programs
together

3.1.8 HF Technology Maturity Panel

Schafer (Dr. Lawrence Zajac) participated in the HF Maturity Panel sponsored by SMC
to evaluate the state of readiness of the HF laser for utility in an NMD role. In particular, the
objective of the panel review was to determine the near-term potential of HF technology for a
space experiment  As part of this evaluation, the panel members were asked to provide responses
to five questions Dr. Zajac's response to these questions, which also reflects the consensus of the
panel, are as follows:

Question 1) Is the HF Ias'er sufficiently mature to commit to a MW class SBL
demonstration in space?

The short answer is Yes

The long answer:  To assess the maturity of the HF laser (or any other), the 2 key functions of
the laser should be separated and evaluated independently.  These 2 functions are: gain
generation and beam generation. When properly designed, operated, and combined the hardware
functions as a laser.

Gain Generator:

The HF Gain Generator Maturity Level is Equivalent to the Maturity Level of Rocket
Engines
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The functions of the gain generator part of the HF chemical laser are virtually identical to that of a
chemical rocket engine in terms of both hardware design and the
aerodynamic/thermodynamic/structural analysis required to support the design. The components
comprising the two devices (rockets and gain generators) have similar names and functions;
reactant (propellant) storage tanks, valves, flow control devices, injectors, combustion chambers,
and subsonic/supersonic nozzles. The design, fabrication, and operation of HF chemical lasers
draws heavily from rocket engine experience. Current geometries for the HF gain generator
(linear and cylindrical) have parallel rocket geometries (Aerospike and Bell). ~ The analytical
models used to design HF gain generators have parallel rocket engine analytical models. ~The
performance of both can be approximated analytically but must be verified empirically and the
computer models “anchored” to the empirical data. Both are scaled from smaller devices that
experimentally verify performance and design features.  Both are “self cooled” and expel the
bulk of the heat generated by the chemical reaction in the exhaust products.

The Performance of the HF Laser Gain Generator At the MW Level is Repeatable and
Reliable

All HF and DF lasers tested have reliably produced repeatable macroscopic (power) performance
levels providing:

(1) The gain generator hardware remains structurally and thermally stable, and
(2) The “facility” provides repeatable, clean reactant flows and a repeatable operational
environment

All failures to achieve repeatable and reliable gain generator performance can be traced to
problems caused by one or both of the above caveats. SIGMA experienced thermal/structural
problems which degraded performance over time. MADS experienced secondary blade
“plugging” leading to hardware damage due to contaminated (dirty) secondary flows. A similar
problem is believed to have caused the secondary blade damage in ALPHA. Pumping system
problems have plagued ALPHA and is a major factor in reliable ALPHA performance.

MW level HF gain generators have demonstrated repeatable and reliable performance when the
above two conditions are met. The linear device, MIRACL, has operated as a laser for over
3500 seconds The cylindrical device, ALPHA, has operated for about 50 seconds. .Although the
current ALPHA design is not at thermal equilibrium during the lasing period, the combustor and
cavity conditions are repeatable —- and the power should also be.

The “problems™ experienced with HF gain generators are not related to the physics of the HF
laser. They are problems which can be rectified by improvements in hardware thermal/structural
design and proper facility design and maintenance.

Space is the Natural Environment of the HF Gain Generator

Efficient chemical laser operation (HF, DF, or COIL) requires the production of “gain” to occur
in near vacuum conditions. To test on the ground, this then requires vacuum chambers to
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contain the gain region and ejectors or pumps to raise the gain region pressure some 50 fold to
exhaust to the ambient atmosphere. For virtually all HF devices that have been tested (sub-scale,
full-scale, linear, and cylindrical) vacuum chamber and pumping problems have contributed
negatively to HF device performance and reliability.

The vacuum of space provides a “natural” operating environment for the HF gain generator ---
eliminating the need for special vacuum enclosures and pressure recovery systems. Space
operation, of course, presents unique operational issues of it’s own — reliable and remote
ignition, reactant storage, supply, and regulation, and the electronics to control the ignition and
reactant flows. These are, however, the same operational functions that are successfully dealt
with in space with rocket engine operation. Like the rocket engine, no special preparation of the
reactants is required for the HF gain generator. Just open the valves, ignite, and it’s operating.

The ground environment is, in reality, a very hostile environment for current chemical lasers.

While the facilities to operate ground based lasers are accessible and therefore maintainable, the
contaminating and oxidizing effect of the environment itself increases the need for continuous

maintenance.

Beam Generator.

The Maturity Level of Optical Resonators for MW HF Beam Generation Has Been
Demonstrated

The generation of a laser beam requires an optical system (resonator) to be properly designed to
match and be aligned to the gain generator. (This function is not unique to the HF laser; it 1s
required for all lasers.) This has been successfully done numerous times on linear devices with
powers ranging from 10’s of kW to several MW (MIRACL).  The analysis, scaling, design, and
fabrication techniques of the optical components for linear HF beam generation is understood and
has been successfully repeated for new devices. Uncooled optical components have been
designed, fabricated, and successfully tested at MW power levels.

The Maturity Level Of Cylindrical Resonators is Less Mature Than Linear Resonators

While SIGMA was intended to be the gain generator for the first cylindncal resonator
demonstration, thermal/structural problems precluded this demonstration. ALPHA was thus the
first. and to date only, laser test of a cylindrical resonator coupled with a cylindrical gain
generator  With only one design that has been fabricated and tested, the understanding of
cylindrical resonator design and performance must be considered to be at a somewhat lower level
of “maturity” level than linear resonators. More data is needed to increase the maturity level;
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The Overarching Performance Uncertainty of Cylindrical Resonators - Mode Control - Has
been Successfully Demonstrated

The overriding concern at the time of the design of the cylindrical gain generator and resonator
for the ALPHA laser was whether or not any cylindrical resonator design could achieve single
mode operation comparable to linear resonator configurations. We tend to forget this objective
and the fact that mode control been successfully demonstrated on ALP thus raising the
maturity level of cylindrical lasers from paper theory to hardware reality. Once mode control is
achieved, the remaining performance concerns are similar to those of linear resonators - figure
control, thermal distortion, jitter, coating integrity, extraction efficiency, and alignment. These
issues have been successfully resolved in linear resonator configurations and there is no known
technical reason why they can’'t be successfully resolved with a cylindrical resonator
configuration In fact, the ALPHA resonator performance with respect to these issues is
reasonably well understood and comparable to linear configurations with one exception -
alignment. More on this later.

Components and Functions Similar to HF Beam Generators Have Been Demonstrated in
Space

Optical systems have been deployed and successfully operated in the space environment. They
have survived launch loads, have been remotely aligned in space, and the coatings, optics, and
electronic components required for operation have survived the space environment. In principle,
there is no known reason why the optical resonator for HF beam generation, using similar if not
identical components, could not be deployed and operated.

Question 2) Are HF Laser Models and Codes Consistent with Alpha Performance
Results?

Yes . .and no.

HF Laser Models and Codes Are Consistent with Alpha Results at the Nominal
Operating Point

Cylindrical resonator codes a priori predicted, e.g., mode control, circumferential intensity
distributions, and alignment sensitivities. Furthermore, Alpha performance data can be correlated
with subscale data and with coupled cylindrical resonator / gain generator models such as CROQ
at the now “nominal” operating condition (e.g. test 902 etc). The codes qualitatively correlate
with total power, the power per lasing line, and the contributors to WFE (or BQ) such as intrinsic
beam quality, thermal distortion, and jitter.  Precise quantitative correlation has not been
achieved, possibly because of code physics deficiencies (unlikely), variability in
operation/alignment (likely), imprecise code inputs and/or boundary conditions (possibly), or
imprecise measurements due to the need to measure very small (WFE) and very large (power)
parameters (very likely). Also, the codes do not predict “off nominal” performance (e.g. test
430). Whether the latter is a weakness of the codes or the data is distorted by faulty facility
operation is still TBD.
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Engineering Codes Failed to Predict Critical Alpha System Performance Parameters

Consistent with the SIGMA “experience, the codes that failed badly in ALPHA were the
engineering codes; not HF laser physics codes. Particularly, those used to predict the thermal
profiles of the primary blades; but also those used to predict ejector performance. There is a
lesson here.

Question 3) Are Additional Alpha Tests Required to Provide Sufficient Confidence in HF
Laser Models and Codes to Allow a SBLRD to be Designed with Moderate Risk.

(If NASA had applied this criteria of code confidence and design risk to the F1 in the 60’s,
Armstrong could still be waiting for a ride.)

More Alpha Tests are Required to Verify Consistent Performance and to Obtain Design
Data for the Flight Hardware.

As a minimum, these are:
e Verification of Beam Control and WFE Correction

The performance of the uncooled DM and FSM together with the ALI beam control system is a
pre-requisite to the SBLRD design. To proceed to a design without these data and concept
verification would be foolish.

o Verification of a Precise and Remote Alignment System

The alignment of the cylindrical resonator is complicated by the need to simultaneously align the
resonator with itself and with the cylindrical gain generator. The alignment approach on ALPHA
is currently dependent upon the skills and judgment of key individuals. Precise, absolute, and
repeatable alignment to a fixed point in space is not being achieved (and probably can’t be) with
the current techniques This contributes to the uncertainty of the accuracy and the repeatability of
all measurements It also is a pre-requisite to a SBLRD design.

e Performance at Off-Nominal Flow Conditions

To the extent the facility performance allows, the Alpha device needs to be tested at carefully
selected flow conditions to determine beam generator performance in terms of both out-coupled
power and WFE (BQ) for this “fixed” resonator. These parameters must be correlated with the
codes to the extent that trends, if not absolutes, can accurately be predicted. (This may require
additional small signal gain measurements on the AVM.)  These data will be required to
determine if there is a “better” flow condition and provide the design information for a new gain
generator/resonator configuration optimized for this better flow condition. Even if a new nozzle
configuration is chosen, these data are critical, in my opinion, to learning how to properly design a
new resonator to efficiently couple the resonator “mode” to the gain generator “mode”.
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e Demonstrate Repeatable Performance at SBLRD Operating Conditions

This will require development of a precise and repeatable alignment technique to remove this
uncertainty to performance repeatability. It may also require installation of additional and/or
improved diagnostics for parameter measurement. It will certainly require test intervals shorter
than what we’ve had to date.

Question 4) Is a New Test Laser Required to Provide SufTicient Confidence in HF Laser
Models and Codes to Allow a SBLRD to be Designed with Moderate Risk.

No, a New Test Laser is Not Required if HYWN is the SBLRD Nozzle Concept

If the current ALPHA nozzle design can be redesigned to achieve more rapid thermal
equilibration at safe material temperatures and if a specific power can be realized that satisfies
mission run time, target lethality, and launch vehicle weight requirements, there is no need to
change for the flight laser. (The requirement for “traceability” to a nozzle concept that may be
used 20 years hence is a red herring.) These are 2 big ifs; but definitely within the realm of
probability

Maybe Not, if ALPHA Data Can be Applied to Design a New Resonator for A New Flight
Laser

If the tests recommended in 3) are performed and if the codes can be used to correlate sub-scale
data with full scale data for the HEXDARR resonator, a new laser could be designed for the
SBLRD with sufficient confidence.  Again, 2 big ifs. But, ALPHA was designed with no HF
cylindrical data and performs reasonably close to performance levels predicted by resonator codes
and sub-scale data  Linear devices have been scaled from sub-scale data to high powers in one
step - NACL and MIRACL for example. (But a second generation of either would undoubtedly
have performed better.) There is nisk, but it has been done.

To Minimize Cost and Schedule, A New Test Laser Must Also be Designed for Flight
If a new nozzle concept can be shown to have significantly higher performance so that the weight

savings more than off-sets the engineering and manufacturing risks - then go for it. This new test
laser must be designed for flight, otherwise two lasers must be built - one to test and one to fly.

Question S) What Features Are Required of an HF Laser Risk Reduction Plan to Provide
Confidence that a SBLRD Will be Successful?

A Plan that Includes the Tests Listed in 3) Above
Fabrication and Performance Testing of an Uncooled Resonator

and
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. Ground Testing to Verify Flight Hardware Performance

Schafer also presented a brief review of the SIGMA program at the panel discussions. The charts
are included below.
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Srhazfer SIGMA

-
€ .. 7 g

»  Program Objective
« Design/Fabricate/Test. At Scale, A Cylindnical Laser With Performance
Suitable For Airbomne Laser Application Using A SOA DF* Nozzle

Concept
+  Performance Goals
< Specific Power ¢ 100 KjKg With NF,
o Nozzle Power Flx - 310 Wiem?
« Pressure Recovery - 200 Torr (Passive)

« “Good™ Media Quality - 1.02(7)
« *4bgh" Cycle Lifc

«  Goals Derived From Conceptual Design Of DF* Airborne Laser

BrhzZiE&r SIGMA - Program Start (Circa 1976)

«  Mmor Issues/Concems-
- Pressure Recovery - Diffuser/Facility
+ Vaned Drffuser Start Parformance
« Only Lincar (No Cylindncal) Vaned Diffuser Data

* Blade Fabncation
+ Few (< 6?) Produced

+  Thammal/Structural Integnty Of Blades/Bafles
» Little Margm - Bebeved To Be Satisfactory

* Madia Quality - Spacer Pad [ssue

+ Combuston Wave Igiution - Mutuple Chamber Ignition
+ Open Arr Tests Successfullv Completed

+ Laser Paformance (0/8)
+ Cylmdncal Sector Tests Venfiad Scalabibity From Lmear Device
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. PLI2STET 5iGMA - Program Conclusion (Circa 1983)

+ Significant Findings
+ Cylindrical Vaned Diffuser Performance - Acceptable
« After Facility Mods To Provide Start Performance
+ Blades Experienced Thermal/Structural and Debonding Problems

+ Blade Degradation Was Significant Contributor to Reduced Laser
Performance

« Media Quality - Met Goal
« Combustion Wavc Ignition Performance - Acceptable

+ Laser Performance - Matched Predictions
* Before Blade Degradation

Schafer SIGMA - In Retrospect

+ Problems Expenenced Were Caused By:
+ Pushing SOA Envelope In Nozzle Performance/Fabricability
+  The Necessity To Replicate Operational Environment On Ground
«  The Desire To Achieve Operational System Performance Goals

«  Problems Were Not Caused by SIGMA Bang An HF*/DF*® Laser Device
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Fop Lessons Learned - My Opinion
Applicable To SBLRD

+  Carefully Define and Focus On Most Important Program Objectives
+  Traceability/Scalability To Today's Vision Of An Opcrational Concept
Must Be Considered - But Not Be An Overarching Objective
« The ABL Concept Of 1978 Is Not The ABL Concept Of 1998

+ Do Not Stray Too Far From The SOA In Data, Performance, And Fabricability
« Do What You Really Know How To Do

+  Provide Margin - Then Provide Some More
« Failure To Achieve Projected Performance Can Lead To More Costly
Solution(s) - Or Program Failurc

SrhoT&r  HF*/DF* Laser Maturity

Eveny 100KW +HF*.DF® Laser Built And Operated Has Performed As
Eapecied Relative To Sub-Scale Data

« They Are Scalable - (in Closed Cavity Performance)

«  HF® DF* Devices Must Be Tested At Scale
« To Venfy Outcoupled Performance v Proyections
« To Venfy Thermal/Structural Characicnistics
« To Venfy Fabncabihty

+  Most Problems Experienced In HF * F® Laser Operation And Reliability
Are Have Boen Caused By Need To Replicate Operational Environment
+  The Natural Environment Of This Laser Is Space
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3.1.8.1 Maturity Panel Data Review

During the panel review, TRW presented a review of the ALPHA program and data. The
Schafer position at that time was that issues related to what was believed to be poor performance
by the ALPHA device could be a result of the operating conditions. In particular, it appeared
from the analysis of the data that there was a rather substantial effect of fluorine available on
extracted power; an effect that significantly larger than would have been expected. Subsequent to
the panel review, TRW discovered that there was an error in the fluorine flowrate calibration and
that, indeed, the fluorine available flow was about 20% higher than desired. A report of the
analysis of the ALPHA flow conditions is provided below. '

The amount of available fluorine for producing acceptable levels of power for the Alpha
device at CTS will be discussed. The available fluorine is produced using a proprietary Schafer
program that takes into account the temperature and pressure of the combustion fluids and the
heat transfer from the Gain Generator during the combustion process. The program allows for
the transient behavior of the Alpha system to be examined.

The sonic venturi meter temperatures and pressures were used to produce the flow rates
of NF.. D;and He. These flow rates were produced using the actual values of C4 and the throat
area of each sonic venturi meter, in addition to the pipe diameter at the inlet to the sonic venturi
meter (Table 3.1-1). These values and mnemonics were supplied to Schafer by TRW and are
assumed to be correct in this study. With these sonic venturi meters characterized, the actual flow
rates of NF., D; and He were produced. These flow rates were constructed by using the
appropriate stagnation temperatures and pressures along with the real gas behavior of these gases
through the sonic venturi meters. The results of this procedure produced NF; over 2% higher
than those reported by TRW, while the D; and He mass flow rates were less than 1% higher using
the Schafer methodology.

Table 3.1-1: Sonic Venturi Data (from TRW)

\'eﬁturi Designation |-Orifice Diameter (in) | C,A (in®) | Line Size ID (in)
Oxidizer (NF.) | NF-F-008 1.268 1.2470 29 (3" sch80)
D: Dy-F-161 0.505 0.1955 1.5 (1.5 sch 80)
Combustion He | He-F-198 0.892 0.6179 2.9 (3" sch80)
Cavity H; Hx-F-110 0.786 0.4741 2.9 (3" sch 80)

The data used to obtain the necessary pressures and temperature were compiled from
archival test data. In general, the data were taken at 10 seconds, where it was assumed that the
flows should be near their steady state values. Table 3.1-2 through Table 3.1-4 shows the
pressure, temperature and mnemonic used for the evaluation of the flow rate for each test.
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Table 3.1-2: NF; Pressures and Temperatures (From TRW Data)

NF,

TEST PNFUS (PSIA) |TNFUS (K) _ [TNFUS (R)
601 389.51 286.40 515.52
701A 387.50 287.90 518.22
901 392.88 295.50 531.90
902 393.18 290.80 523 44
903 392.15 289.60 521.28
904 394.14 296.30 53334
905 392.53 289.80 521.64
440 387.70 285.50 513.90
907A 384.64 279.10 502.38
907B 414.50 278.00 500.40
908A 389.35 287.50 517.50
908B 393.56 289.90 521.82

Table 3.1-3: D; Pressures and Temperatures (From TRW Data)

D,
TEST PD2US (PSlA)ﬁ_TDZUS (K) TD2US (R)
601 666.50 294.10 529.38
701A 670.23 295.90 532.62
901 675.63 300.10 540.18
902 669.14 295.00 531.00
903 673.26 300.80 541.44
904 67784 305.20 549.36
905 677.62 301.60 542 .88
440 664.70 293.80 528.84
907A 668.18 290.60 523.08
907B 66231 290.70 523.26
908A 666.45 295.60 532.08
908B 671.40 299.60 539.28
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Table 3.1-4: Combustion Helium Pressures and Temperatures (From TRW Data)

COMBUTION He
TEST PHPUS (PSIA) |[THPUS(K) |THPUS (R)
601 1017.24 285.60 514.08
701A 1033.50 296.00 532.80
701B 1265.50 29430 529.74
901 1040.50 300.00 540.00
902 1030.10 294.60 530.28
903 1038.15 299.40 538.92
904 1052.96 306.80 552.24
905 1040.09 299.60 539.28
440 1031.90 294.90 530.82
907A 1028.86 291.50 524.70
907B 1027.89 291.10 523.98
908A 1035.78 296.40 533.52
908B 1043.16 300.90 541.62

Table 3.1-5: NF; Stagnation Temperatures, Pressures and Corrected Mass Flow Rates

NF, REAL C* MASS FLOW |MASS FLOW RATE
RATE
TEST|  Psricnation Tstacnamion | FT/SEC Ibn/sec g/sec
(PSIA) (R)
601 392 62 516.50 - 882.56 17.85 8095.96
T01A 39060 519.20 886.21 17.68 8021.01
901 396 02 532.91 902.31 17.61 7987.27
902 396 33 524 43 891.96 17.83 8086.12
903 395.29 522.27 889 42 17.83 8087.97
904 397.29 534 .35 903 .90 17.63 7998.79
905 395 67 522.63 889 82 17.84 8092.17
440 {39080 51488 880.78 17.80 8074.63
907A |387.72 503.33 866.42 17.95 8143.67
907B 1417.82 501.35 859 45 19.50 8847.04
908A [392 46 518.48 885.07 17.79 8069.69
908B 1396.71 522.81 889.92 17.89 8112.49
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Table 3.1-5 through Table 3.1-7 shows the actual stagnation temperatures and pressures
for the various tests examined. In addition, the corrected mass flow rates, which were produced
by using the real gas properties for these fluids, are also shown in Table 3.1-5 through Table3.1-7.

Table 3.1-6: D, Stagnation Temperatures, Pressures and Corrected Mass Flow Rates

D; REAL C* | MASS FLOW |[MASS FLOW RATE
~ RATE '
TEST [Pstacnation Tstagnarion |FI/SEC  |lbo/sec g/sec
(PSIA) (R) ‘

601 668 43 529 .82 3753.90 1.120 507815
701A [672.17 533.07 3765.00 1.122 509.152
901 677.59 540.63 3790.40 1.124 509815
902 671.08 531.44 3759.50 1.122 509.067
903 675.21 541.89 3794.60 1.119 507.464
904 679 80 549 .82 3820.90 1.119 507.400
905 679 581 543.33 3799.50 1.125 510.092
440 666 63 529.28 3752.00 1.117 506.700
907A [67012 523.52 3732.50 1.129 512.014
907B [664.23 523.70 3733.00 1.119 507.448
G08A |668 38 532.53 3763.00 1.117 506.549
908B [673.34 539.73 3787.30 1.118 507.037

Table 3.1-7: Combustion Helium Stagnation Temperatures, Pressures and Corrected Mass

Flow Rates
COMBUTION He REAL C* | MASS FLOW |MASS FLOW RATE
RATE
TEST |Pstacnation Tstacnation |[FT/SEC  [Iba/sec g/sec
(PSIA) (R)

601 1019 59 514.55 3512.60 5.768 2616.274
701A 1035 89 533.29 3575.30 5.757 2611479
901 1042 90 540 49 3599.20 5758 2611.708
902 1032 48 530.77 3566.90 5.752 2609.017
903 1040.55 539.41 3595.60 5.751 2608.418
904 1055 .39 552.75 3639.40 5.762 2613.789
905 1042 49 539.77 3596.80 5.759 2612.421
440 1034 28 531.31 3568.80 5.759 2612.185
907A |1031.24 525.184 3548.40 5.775 2619.463
907B [1030.26 524.46 3546.00 5.773 2618.764
908A |(1038.17 534.01 3577.80 5.766 2615.411
908B |1045.57 542.12 3604.60 5.764 2614.462
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It should be noted that the D, mass flow rate appearing in Table 3.1-6 represents the total
mass flow of D, delivered to the Alpha device. This mass flow rate, however, is not the amount
used in the combustion process. Approximately 14% of this total D, mass flow rate is diverted to
the base purge of the nozzles. Thus, only 86% of the total D, mass flow rate is used for
combustion and, since this study is only interested in the combustion process, this reduced D:
mass flow rate is used for evaluation.

Discussion and Results

Having produced the corrected mass flow rates using the real gas properties for NFs, D,
and He, it is now possible to employ these flow rates in the Schafer proprietary program. The
following are the results of this effort.

The data reported by TRW show the NF; mass flow rates to be precisely defined by two
values corresponding to what was believed to be 92% and 100% flow rates. The data that is
shown in Table 3.1-5 dispute this premise. Figure 3.1-1 clearly illustrates the variations in the
NF: mass flow rates as produced in this study.

CORRECTED NF, MASS FLOW RATE USING STAGNATION CONDITIONS AND THE ACTUAL SONIC VENTURJ
Cy AND THROAT AREA VALUES
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Figure 3.1-1: NF; Mass Flow Rates Produced for the Tests Examined in This Study

The mass flow rates produced above were used as the inputs to the Schafer transient flow
rate program. Table 3.1-8 shows the results of this effort. The test number, time at which the
data were extracted, available fluorine and the TPC power are reported in Table 3.1-8.
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Table 3-1-8: Available Fluorine and Power for Each Test Examined

TEST AVAILABLE F APPROXIMATE POWER

(mol/sec) MEASURED BY THE TOTAL

POWER CALORIMETER (TU)
601 (10 sec) 1142 18.00
01A (94 sec) 112.1 21.50
901 (102 sec) 111.5 24.00
‘ ) 1139 26.00
903 (10 sec) ; 1139 : 19.90
904 (10 sec) 1119 21.00
905 (10 sec) 1139 21.25
1440 (10 sec) 1137 18.50
907A(TO 10 sec) 1148 16.20
9078 (13 sec) 1254 11.00
8A (10 sec) 113.6 15.50
908B (10 sec) 1144 19.00

AVALABLE FLUORINE USING CORRECTED OXIOIZER AND FUEL FLOW RATES AND THE ALPHA
TRANSENT MODEL WITH TOTAL POWER CALORIMETER FOR POWER MEASUREMENTS

or o

POWER (TU)

-\‘ 078 ,

110 112 14 186 118 120 122 124 128 128
AVARABLE F {molsec)

Figure 3.1-2: Available Fluorine

A graphical depiction of the data in Table 3.1-8 may be seen in Figure 3.1-2. Also shown
in Figure 3.1-2 is a second order curve fit to the data. From the examination of this figure, it is
clear that the available fluorine was not constant during the different tests, but actually varied

significantly.
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Perhaps a more applicable presentation of the data may be seen in Figure 3.1-3, where
m“""""‘/A is depicted as the independent variable. The data used to produce Figure 3.1-3 were

generated by converting moles of fluorine to grams of fluorine by multiplying by the atomic
weight. This value was then divided by the nozzle bank exit area through which this available
fluorine flows. The nozzle bank exit area is taken to be constant and equal to 67,420 cm®).

AVAILABLE FLUORINE USING CORRECTED OXIDIZER AND FUEL FLOW RATES AND THE ALPHA
TRANSIENT MODEL WITH TOTAL POWER CALORIMETER FOR POWER MEASUREMENTS
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Figure 3.1-3: Available Fluorine Mass Flux

The error associated with the measurements of the NF;, D; and He mass flow rates was
shown to be quite substantial. Table 3.1-9 gives the expected error in these measurements as
reported by TRW For the evaluation of the error associated with the available fluorine produced
during this study, the maximum error related to these three flow rates was used. A parametric
evaluation was performed to produce the maximum possible error in the available fluorine for
Test 902 and Test 908A. Figure 3.1-4 is the results of this parametric study.

Table 3.1- 9: Error Associated with the Combustor Mass Flow Rates

Measurement Precision of Uncertainty in Masximum
' Measurement Results Error
NF. Mass Flow Rate 1.0% 1.5% 2.5%
D, Mass Flow Rate 1.0% 3.0% 40%
He Mass Flow Rate 10% 1.5% 2.5%
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AVAILABLE FLUORINE USING CORRECTED OXIDIZER AND FUEL FLOW RATES AND THE ALPHA
TRANSIENT MODEL WITH TOTAL POWER CALORIMETER FOR POWER MEASUREMENTS
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Figure 3.1-4: Available Fluorine Mass Flux and Associated Errors

The error associated with Test 902 proved to be the larger of the two tests examined. A
positive error of 4 65% in available fluorine was generated when the NF; mass flow rate was
increased by 2 5%, the D; mass flow rate was left unchanged and the He mass flow rate was
decreased by 2 5% A negative error of 8.96% in available fluorine was produced when the NF
mass flow rate was decreased by 2.5%, the D, mass flow rate was increased by 4% and the He
mass flow rate was increased by 2.5% Test 908A showed a 4.21% increase in available fluorine
when the NF: mass flow rate was increased by 2.5%, the D, mass flow rate was left unchanged
and the He mass flow rate was decreased by 2.5%. When the NF; mass flow rate was decreased
by 2 5%. the D, mass flow rate was increased by 4% and the He mass flow rate was increased by
2'5%. Test 908A showed a decrease in available fluorine of 8.87%.

As a verification of the above results, it was determined that an evaluation of the
combustion equations would be prudent. From the basic combustion equations for a NFy/D;
system that uses He as the diluent, one may write,

1
al), + bNF, + cHe — 2aDF + -2—sz +a(3b-2a)F + %(3b -2a)1-a)F, +cHe
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mn: mNF, . . . . .
2 b= —ﬁ—and that c is defined by the diluent ratio and not important for this
verification of the above results, Table 3.1-10 can be generated assuming the dissociation fraction

of fluorine is & = 0.95. As seen in Table 3.1-10, the results produced by the chemical combustion

Noting that a =

balance are in reasonable agreement with the more accurate transient model program.

m
Table 3.1-10; Calculated —— Using Corrected Mass Flow Rates and o = 095

NF3 D2 f';r_
TEST | MASS FLOW | MASS FLOW CALCU-

RATE RATE LATED

_g/sec g/sec B A |372B-A|OF F2|3B-2A| OF F
601 [8095.963404 [436.721153 114.03 |109.18 [61.86 [117.54{123.72|2233.1910.331
701A {8021.013091 [437.870468 [112.97 {109.47 |59.99 |113.98[119.98|2165.65 [0.321
701B |9983.170630 [535.583549 {140.61 {133.90 {77.02 |146.33|154.03]2780.28 |0.412
901 |7987.269075 [438.440491 ~ |112.50 |109.61 [59.13 [112.36{118.27{2134.77 [0.317
902 |8086.120410 {437.797902 |113.89 |109.45 |61.38 |116.63[122.77{2215.96 |0.329
903 [8087.969279 |436.418933 113.92 {109.10 {61.77 {117.36{123.54/2229.82 {0.331
904 {7998.789917 {436.363378 112.66 {109.09 {59.90 |113.81119.80j2162.31 |0.321
905 {8092 167357 ]438.678692 |113.97 |109.67 |61.29 |116.45{122.58{2212.63 |0.328
440 |8074 627958 [435.762268 |113.73 |108.94 |61.65 |117.14/123.30j2225.57 10.330
907A |8143 669533 [440.332184 |114.70 {110.08 |61.97 [117.74]123.93{2236.98 |0.332
907B 8847 041889 {436.405380 [124.61 [109.10 |[77.81 [147.84]155.62(2808.87 {0.417
908A |8069 687619 (435632354 [113.66 |108.91 |61.58 |117.00[123.16{2222.98 |0.330
908B 8112489531 1436.052120 [114.26 |109.01 |62.38 |118.52|124.76{2251.83 {0.334

Conclusions

measured TPC power.

Several conclusions can be drawn from this study:

To properly evaluate the mass flow rates of NF;, D;and He, the actual Cq, throat area and
inside diameter of the upstream line size is needed With this information, the stagnation
temperature and pressure must be employed to produce a C’, or the equivalent, to account for the
real gas properties of the flow.

The NF. mass flow rates were shown to vary more significantly than indicated by TRW.

As a result of this NF; mass flow rate variation, the available fluorine was also seen to
vary. The data indicate that lower NF; mass flows rate produce more available fluorine and
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Using the maximum errors associated with the NFs;, D, and He mass flow rates, a large
error in available fluorine was shown to exist for Test 902 and Test 908A. This vast error in
available fluorine indicates the need to accurately measure the NFs;, D, and He mass flow rates.

3.1.9 Presentations and Reports

Schafer has provided support in producing a variety of program briefings and reports.
Many of the briefings were based on materials originally developed for BMDO. An example is
the ACC briefing (Appendix 3.1-1). Other examples are included in Appendixes 3.1-2, 3, 4, 5 and
6. ‘

3.2 SMC Site Selection

Summary of Activities

An effort was undertaken to provide information to Mr. Tom Craven (US Army SMDC)
for the purpose of completing the environmental assessment of the four finalist SBL Test Facility
sites  The information covers the Description of Proposed Action and Alternatives,
socioeconomic parameters, transportation, hazardous materials and waste management, utilities,
health and safety, noise, and air quality. A meeting was held with Mr. Craven to clarify the nature
of the needed data and agree on the approach for the data collection. Information is being
gathered from various documents and knowledgeable individuals with environmental
backgrounds It is anticipated that a final draft of the report will be delivered on July 17, 1998. It
is further anticipated that one or more iterations of this data will be required as the specifics of the
Environmental Assessment is written. Support was provided to SMC at several hardware
contractor interchange meetings and site visits to identify and evaluate alternative facility
development concepts  Support was also provided in the review of the CDS Baseline Validation
Reports submitted by the hardware contractors

Continued data collection activity in support of the SBL laser test facility environmental
assessment (EA) through a series of meetings with SBL contractors and subcontractors.
Reviewed current SBL design efforts and cost estimating approaches. Participated in several
meetings and telecons with staff from Army Space and Missile Defense Center (SMDC) to
coordinate the collection of and format for the EA data required by SMDC to complete their EA

report

Attended reviews and technical interchange meetings with AF/SMC contractors regarding
progress on the Concept Definition Studies, providing feedback and comments about the
approach being taken in the test and evaluation areas as well as facility design concepts. Provided
additional input for the SMC contractor Baseline Validation Reports.

Continued data collection activity in support of the SBL laser test facility environmental
assessment (EA) through a series of meetings with SBL contractors and subcontractors.
Reviewed current SBL design efforts and cost estimating approaches. Supported a cost review
meeting on operational system costs.
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3.2.1 Introduction
In this section, two main topics will be covered:

Support to the process of selecting and qualifying a site for the SBL Laser Test Facility
(LTF). Cost analysis performed in support of program planning efforts for the SBL.

3.2.2 Laser Test Facility Support

The Space Based Laser test requirements cannot be met using any existing test facilities.
Therefore a new Laser Test Facility (LTF) must be constructed at a site suitable for its operation
and consistent with applicable policy, regulations and directives. During the this period, Schafer
contributed to the LTF development process in two principal ways. First was the participation on
a governments-led site selection team which developed selection criteria, surveyed available sites,
pared the list of candidates down to a final four, performed a survey of each of the four preferred
sites

Second, Schafer assisted in the creation of a environmental assessment of the candidate
sites by providing environment-related data and information on the anticipated design,
construction and operation of the LTF. These efforts are reported in the following sections.

3.2.2.1 Laser Test Facility Site Selection

The process used in this effort is described below. The policy level screening criteria
employed to reduce the original list of thousands of candidate sites down to the final four is
shown as Appendix 3.2-1. Detailed criteria were employed to rank the final four and this
information was presented to BMDO management. However, a re-direction of the SBL
development program occurred just prior to the actual selection of the site, and therefore final
selection is being held in abeyance at this writing. The elements that went into the selection
process however are still considered applicable and will be reviewed and updated as the decision
process goes forward.

A key element of the SBL program is the test facility required to perform critical pre-
launch tests of the laser in its high performance mode and of the integrated system operating with
full functionality. At present, there is no existing facility at which these tests can be performed.
Thus the decision was made to build a new facility dedicated to the task. Further, it was decided
that the facility will accommodate not only the requirements of the Readiness Demonstrator, but
also be compatible with the anticipated needs of the EMD program and the production phase of
the SBL system The central requirements for the LTF are focussed on achieving three main
objectives of the SBL program. The first is to carry out the unique testing required to ensure that
the operation of the SBL prior to launch. The second is to subject the SBL system to the
environmental conditions expected during launch and subsequent operation in orbit, that is,
environmental testing. The third objective is to have an efficient facility for the manufacture of
the SBL operational systems, once to development phase of the program is complete.
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To do so, a three phase construction plan has been developed. In the first phase, all the site
preparation, building construction, renovation and test support equipment installation will be
provided for acceptance testing of the laser payload element and the integration and high
performance testing of the SBLRD space system. This phase of the LTF will consist of the
performance test facility, a small remote control center for operations during high energy laser
testing and an administrative building for routine office space. In this phase the environmental
testing will be done at another location (the location of which has not been decided at this point),
for performing various tests of the system’s tolerance to conditions expected during launch and
while in orbit. Dedicated environmental test facilities are not going to be built during the first
phase as a cost saving measure. The size of the SBLRD system is such that existing facilities will
accommodate it, and air transport options are available which will allow the system to be taken
from the LTF to the environmental test site and from there to the launch site.

The next phase of the program will commence following the successful completion of the
SBLRD. As the program enters EMD, additional facilities will be required. The EMD system is
expected to be considerably larger than that of RD. This will necessitate an enlargement of the
performance test facility, both to accommodate the larger physical dimensions of the system, but
also to provide for added pressure recovery system capacity required for the more powerful laser
element The design of the phase one facility will allow for the effective installation of the new
equipment without extensive modification to the building structures themselves.

Also in the next phase will be the addition of dedicated environmental test facilities. These
facilities are needed for two key reasons. First, the EMD system is too large for effective testing
in any currently available facilities. Secondly, it is not feasible to transport the EMD system by
air Therefore, any movement from the performance test facility to an environmental test area
would have to take place using barge transport. The time involved and the risk incurred by
having to rotate the system from vertical to horizontal and back again, militate against any
concept other than a relative co-location of these various facilities. By having the environmental
test facilities nearby to the performance test chamber, these problems are eliminated. Transport
vehicles can cover the relatively short distances involved while carrying the spacecraft in its
vertical orientation, thus eliminating any requirement for rotation. This was the origin of the
campus concept for the LTF installation

The second reason is the need to have room for the production facilities. As the program
moves from EMD to production, significant space will be required to handle the payload elements
as they are manufactured at various contractors sites. The major elements will be shipped to the
LTF for integration and testing, as they had been in the EMD phase. But in production, there will
be many more units with which to cope. Processing concepts have been developed which
envision an assembly line of major elements moving through each of the necessary steps of
integration and assembly, test, further integration, further test, and finally shipment to the launch
site. With the production rates anticipated, it will be necessary to have multiple stations for these
integration and test functions to be performed. This in turn will require more and larger facilities
which must be accommodated on the campus.

In summary, the need for this site to closely tied to the development and production
program and its unique attributes. The success of the SBL program and its ultimate capability for
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fulfilling a major nation defense policy role, rests in large part on the successful development and
operation of the SBL Test Facility.

During this contract year, Schafer participated on a team comprised of government and
industry personne! actively involved in the selection of a site for construction of a high energy
LTF. The site selection process used by the SBL Program Office to determine a site for the Laser
Test Facility, is based an established and approved BMDO Directive. In preparation for the
selection of the LTF, the criteria for the selection of the facility site had to be developed. The
criteria development was conducted in accordance with the unique requirements of the SBL
program, national defense policy guidance and the provisions of applicable DoD regulations and
directives :

The selection process began with the examination of program goals which were clearly
defined and closely tied to the integrated testing requirements established by a team of technical
experts comprised of both industry and government personnel. Schafer led the team of technical
experts with the assistance of Lockheed Martin, in identifying and establishing the integrated test
requirements that would support the development and testing of a space operational system. The
team examined areas including: 1) gravitational effects on vertical and horizontal testing of a laser
payload element, 2) performance capability achievable for both high power optical beam
performance and for acquisition tracking and pointing, 3) detailed end-to-end system performance
modeling that could be calibrated and validated in a series of sub-element, element, multi-element
and integrated space vehicle tests on the ground which would provide traceability to on-orbit
performance, 4) structural dynamics and vibration as a driver in performance error budgets and
the physical vibration isolation required in the LTF and 5) the development of a structural
vibration/dvnamics risk reduction/mitigation plan to assure proper development of sub-element,
element, multi-element and integrated space vehicle test plans.

Based on the program goals and test requirements, the facility requirements were then
defined A search of existing test facilities and a study of potential modifications, to existing
facilities, was completed to ensure no duplication of effort with a test facility, in order to save the
government time and money. With the facility requirements and the program operational
requirements identified, the development of site selection criteria began. This was a collective
effort achieved by the Army Corps of Engineers along with the Space Based Laser Program
Office. Lockheed Martin, SciCom, Schafer and other government and industry representatives
involved in the siting analysis process. LTF siting criteria assumptions, exclusionary and
evaluative criteria were all established. The criteria was prioritized and assigned weights and
defined measures. The Army Corps of Engineers then applied the narrowing and exclusionary
criteria to a database run of potential sites within the United States. A list of potential sites was
generated meeting minimum requirements. A table top evaluation was completed applying the
evaluative criteria to screen out marginal sites. The top four sites were determined from this list.
The top two sites from DoD, and NASA were then chosen as sites that deemed worthy of a
physical inspection Letters were sent to the appropriate agencies requesting permission to
examine the sites. A physical site inspection and took place during January 1998 at four sites:
Cape Canaveral Air Station, Kennedy Space Center, Redstone Arsenal, and Stennis Space Flight
Center. The final site selection will be based on: 1. Siting Analysis, 2. Environmental Analysis, 3.
Economic Analysis, 4. Executive and Congressional Guidance.
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3.2.2.2 Laser Test Facility Environmental Assessment Support

A key criterion in the section of an LTF site is the environmental consequences related to
its construction and operation. The environmental aspects of the project have several direct and
indirect effects. First is the environmental impact itself This program, as all others of similar
scope, must meet the requirements set forth in various National Environmental Protection Act
(NEPA) regulations, as well as similar and related regulations, title and statutes of the state,
regional and local jurisdictions. Indirect effects of environmental considerations are the impact on
cost and schedule required for documentation of compliance, obtaining requisite permits, and the
development, approval and implementation of any necessary mitigation and remediation measures.

In order to fully evaluate the environmental implications of the LTF and to determine
whether such implication might bear upon the final site selection, an environmental assessment
(EA) for each of the sites was ordered to be performed. The basis for such and EA is usually the
preliminary design documentation for the project. However, owing to the competitive nature of
the acquisition process in place during this period, the designers were not available for
consultation. Therefore, it was decided that the preferred approach for conducting the EA would
be for Schafer personnel to collect the necessary data and information, and to make it available to
the agency responsible for the EA itself. In this instance, the Army Space and Missile Defense
Center (SMDC) was designated as the office with primary responsibility for the EA. In support
of SMDC, Schafer worked from a Data Needs Document prepared by the Center. Based on these
data needs, design, construction and operational information was developed using existing non-
competitive contractor information where available and employing engineering judgement and
analysis where is was not. In this section of the report, the data needs fulfillment process is
discussed

A key aspect of the EA data collection process is the issue of establishing the baseline
design With the re-direction of the program management and objectives, the previous design
efforts of the Zenith Star (ZS) program were at first believed to be obsolescent. However, since it
became clear that no new design of comparable maturity was likely t be available in a timely.
fashion. it was determined that even though the former baseline design might differ somewhat
from whatever the final design evolves to, the similarities would far out-weigh the differences, and
that either would stand as well for the purposes of the EA. With that approach adopted, the EA
data collection was conducted based on the ZS parameters.

The EA data needs were spelled out in a document from SMDC and formatted as shown
in Appendix 3.2-2. As seen in this attachment, each question is answered in respect to the phase
of the program in which the impact might be realized. It is recognized that the most important
impacts will be those associated with the initial construction, but the EA must cover all phases of
the program. Also noted in the report are the sources for the information provided. Here again,
the constraint on information availability made it impact. Since the contractors which had done
the original design were involved in a competitive procurement, the best data sources were not
permitted to provide the necessary information. For this reason, it was necessary to seek design
data from contractors whose familiarity was at a second or third remove from the original design.
Even the documentation from the ZS baseline was unavailable or outdated. In such cases, the
priority was placed on using a conservative approach in establishing the expected impact. If it
was not known whether the construction process would use 20 or 30 acres for waste water




containment, the 30 acre value was selected. In all cases, a conservative but representative
number was used.

The data need information requests were categorized as follows:

Design and Construction

Socio-Economic

Transportation

Utilities

Hazardous Maternials

Health and Safety

Air Quality

The information provided in response to these data requests in shown in Appendix 3.2-2

and will not be further expanded in this section. However the context of responses and the source
of the information are discussed in turn.

Design and Construction

Detailed design information was never developed for the ZS LTF. Preliminary work was
completed but not documented. Therefore the information offered in response to the data request
relied heavily on the engineering judgement and experience of two organizations: FSEC, Inc. and
Black and Veatch, Inc. FSEC had done a considerable amount of work in facilities similar to the
anticipated LTF design, where Black and Veatch has considerable experience with program of
similar construction scope. Discussions with senior staff members from both companies was
invaluable Some use was made of relevant documentation from older ZS design activities, as
well as the experience of Schafer staff members who had worked on the design and operation of
the laser test facility at Capistrano Test Site (CTS) at San Juan Capistrano.

In all cases the answers provided were based on their experience and best commercial
practice The construction estimates were based on the assumption of a “green grass” starting
point That is, a case where no advantage was assumed taken of existing buildings, roadways,
utilities or other elements of infrastructure. This assumption does not have a markedly different
impact from onc LTF candidate site to another. In general, the will each require almost
completely new construction.

Socio-Economic

There were only two general areas of concern in this category, construction and operation,
both of which arise from consideration of the number of people that the LTF program will bring
into the area. To get an estimate of these numbers, reliance made placed on the experience of
Black and Veatch with construction jobs of similar scope. From this source the numbers of
workers was estimated. The cost of the employment, possibly affecting the local economy, was
made using planning factors obtained from Air Force estimating standards.

Estimates of the number of people required for operation was based on previous work
reported by Lockheed-Martin during the ZS program. The income for this staff was estimated
using cost parameters representation of similar work forces at existing facilities.
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Transportation

This category addresses the question of how much road traffic will be associated with the
construction and operation of the site. Construction estimates were based on Black and Veatch
experience, whereas operational vehicular traffic was estimated from experience at CTS.

Utilities
Information of the utilities required for the LTF were based on discussions with FSEC,
which provided the data relevant to ground support equipment operation, and TRW staff at CTS

which provided information on the utilities consumption for a facility with representative
infrastructure

Hazardous Materials

This part of the data needs request was the most difficult to respond to. Most of the
specifics of the operating conditions of the high energy laser itself are tied to design choices that
have yet to be made Still it was necessary to provide representative data and information, so
reliance was placed on previous analyses that addresses some aspects of the problem. Principally
the information was taken from older Lockheed-Martin reports on facility requirements, pressure
recovery system operation and discussions with senior Schafer staff members. The result is felt to
be within the broad objectives of the data requirement, but does suffer from inconsistencies of
design and operational specifics. It is anticipated that this topic may have to be reviewed and
revised in the current year's program.

Health and Safety

The health and safety questions on the LTF refer mainly to the possible impact the facility
would have on the public, should there be an accident or other crisis. The specifics of the
responsc were based on preliminary design concepts from the ZS program and discussions with
engineers and analysts involved in the project. Further information was obtained from staff at
CTS for aspects of the LTF that are expected to be similar to the CTS operation. A notable
omission from the response is the calculation of the Explosive Safety-Qua.ntlty Distance (ESQD)
for handling of explosive materials. This calculation is within the purview of the Corps of
Engineers and is expected to be supplied by that organization.

Air Quality

Air quality questions stem from two principal concerns. First is the emission from
construction vehicles and equipment during the construction process. Second is the emission

from the LTF itself during operation The latter category includes both the laser test-related
emission and the non-laser emission from vehicles and equipment.

In answering these questions, information was obtained primarily from Black and Veatch
(regarding construction) and CTS staff (regarding operation). All of the information provided
must be viewed in the same context as previously stated, in that specifics which rely on detailed
design have been foregone in favor of conservative engineering estimates.  As with the
consideration of hazardous materials, the questions about air quality may have to undergo
additional analysis in the coming year.
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3.2.3  Cost Analysis Support
See Appendix 3.2-3.

3.3 SMC Modeling and Simulation

Attended TRW and LMA interchange meetings. Supported government team M&S
meetings. Provided listing of past SBL analyses to Sparta. Evaluating NMD constellation sizing
for a parametric set of powers and diameters to determine the performance against the new
missile in a salvo. Participated in BVR evaluations. Development of an automated SBL error
budget has begun, as part of the overall activity to review system engineering issues. The
computer program, written primarily in Visual Basic, is designed to be flexible and provide a
system engineering tool for analyses of critical measurable parameters of the SBL system and
subsystems. The modular design allows for top-down system performance parameter allocations,
bottom-up performance parameter assessment, and a wide range of performance parameter
comparisons based upon realistic technology limits and predicted technology enhancements. This
tool is necessary because existing spreadsheet tools are nearing the end of their usefulness as
design issues become more complicated.

Measures of Effectiveness and Measures of Performance for an SBL system are being
developed, in response to an action from a previous M&S meeting. A "function line" (similar to a
time line) has been created that provides an outline of the functional steps required for a measure
of SBL success. Attaching the hardware constraints and quantifying the inputs to the "function
line” is the next step.

Attended TRW and LMA interchange meetings. A revised white paper on TMD
performance was submitted to Brown. Work on a paper describing SBL history was begun.
Analysis of the BVR error budgets is continuing Support to a variety of internal SMC meetings
was provided Most of this activity is competition sensitive and had been separately reported.

Attended TRW and LMA interchange meetings. Analysis of brightness budgets from the
first BVRs was completed and reported. Preparation for upcoming M&S meetings was begun.
Lethality support continued including discussions of low-irradiance lethality issues.

Attended TRW and LMA interchange meetings. M&S meetings/telecons were supported.
A number of planning activities in support of the SMC FY 99 plan were completed. These
activities are confidential to SMC and cannot be reported in detail. Results of the analyses were
discussed and further analysis plans are being developed.

System engineering support was provided, both in planning support and a variety of
technical issues. The scaling of SBL performance as a function of primary mirror aperture size,
laser wavelength, and laser power was analyzed. The results of the analysis show that "brightness
saturation” occurs if beam control system performance cannot be improved in (quadratic)
proportion to increasing beam diameter and decreasing wavelength. The theoretical brightness
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curve should never be used for scaling analysis without the inclusion of wavefront error and jitter
terms.

Support for the modeling and analysis activity continued, in preparation for the M&S
meeting scheduled for early December in Colorado Springs. The effort includes evaluation of
trends in system performance, with varying brightness, power, primary mirror diameter, lethality,
and jitter, to provide a complete set of performance results for costing analysis. This analysis is
for NMD and for the latest missile type. Two different lethality models were used. The AFRL
model uses somewhat higher fluence, and kill times increase exponentially at lower irradiances.
The Howie model uses lower fluence and kill time increases more linearly at lower irradiance.
There are major differences in system performance for the two lethalities. The Schafer analysis
uses 216 war start times for each "battle”. This sampling density is critical to determine when
coverage gaps appear. The more detailed analyses continue to show what simpler studies have

suggested: low jitter is required for brighter, more capable systems.

A series of system architecture analyses were produced to evaluate sizing for an SBL
constellation  Trends in system performance were evaluated considering brightness, power,
diameter, lethality, and jitter. System performance was then correlated to cost to address the
issuc of affordability.

The software being used to perform this evaluation is the ISAAC Suite, which is a set of
programs taking performance evaluation of an SBL constellation from beginning to end. It
includes modules that produce threat sets, performs constellation design, calculates m-on-n
scenarios, produces graphics, and evaluates the resulting output.

The overall approach used to perform constellation-sizing analyses is to specify a set of
inputs to ISAAC, using ISAAC to calculate the performance of each constellation, optimize the
constellation design for a single inclination, and iterate on complex constellation designs with
multiple inclinations to minimize the number of satellites required for different latitude regions of
coverage The optimized performance results are then correlated with cost to address
affordability

3.3.1 Systems Analysis

In the past two years the technical direction philosophy of the SBL program has been
revised to emphasize technologies that support far-term objectives rather than the near-term
objectives of the previous approach. In this context far-term objectives refer to those associated
with high hardness strategic threats and near term objectives refer to those associated with lower
hardness theater threats. The near-term approach was always traceable and scalable to a far-term
system, however, major program revisions are associated with the planned space experiment, now
referred to as the Integrated Flight Experiment or IFX, and the initial operational capability (10C)
platform  Previously, the IFX was directly linked to a near-term 10C and the lower hardness
theater threat. now the IFX will be linked to a far-term I0C and the higher hardness strategic
threat
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System level analysis performed to guide this change of direction is reported here. Since
the near-term approach was always traceable and scalable to far-term objectives, the technologies
associated with the far-term were already recognized and the revised technical direction occurred
smoothly 'A briefing which documents the SBL Growth Path and the required top-level system
parameters was prepared and presented at SMC. The briefing is summarized below and included
as Appendix 3.3-1.

As the SBL program emphasis shifted from near-term to far-term threats, there arose a
concern associated with the hardness of far-term threats. Near-term threats are much better
understood, so the concern was the degree to which the uricertainty in the far-term hardness
would disrupt the far-term system designs of the conceptual design study(CDS) contractors. A
briefing which documents the impact of Far-term SBL Lethality uncertainty on the top-level
SBL system parameters was prepared and presented at SMC. The briefing is summarized below
and included as Appendix 3.3-2.

Also, as the SBL program emphasis shifted to strategic threats, a concern arose regarding
the SBL system applicability to theater threats, which have a much more stressing time-line
because of the much shorter boost-phase time. A briefing which documents the Theater Missile
Defense(TMD) Time-line and the Feasibility of a far-term SBL system for this application was
prepared and presented at SMC. The briefing is summarized below and included as Appendix
333

As ballistic missile technology, including hardened composite materials, proliferates, the
SBL system counter-countermeasure approaches include: (1)increased platform brightness and
agility, all other parameters fixed, (2)increased number of platforms in the battle, which amounts
10 increasing the total number of platforms at fixed altitude and brightness in order to maintain
coverage, and (3)decreased range, which amounts to increasing the total number of platforms at
fixed brightness and decreasing altitude in order to maintain coverage. Previous cost studies have
shown that approaches (2) and (3), which do not require a non-recurring cost investment in
technology development, are ultimately not cost-effective because of the large recurring cost
component associated with increased platform number. Ultimately, when technology scalability
limits are reached, approaches (2) and (3) become necessary, however, by invoking approach (1)
now the required technologies will be available when needed.

Acknowledging the limits of power scaling, increased brightness can best be achieved with
increased diameter projection apertures and the required line-of-sight stabilization(jitter reduction)
and with reduced beam divergence associated with shorter laser wavelength and reduced wave-
front error. Invoking these factors leads to the conclusion that 12 to 20 meter diameter beam
directors and wavelengths of about 1 micron are required to address far-term threats.

The principal conclusion of this study is that, regardless of the lethality assumption, the
technology development goals associated with large deployable apertures in the 12 to 20 meter
range are appropriate to address far-term threats. The difference between the two assumptions
can be accounted for with platform number: for example, under the more stressing assumption,
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40 platforms are required and under the less stressing assumption 30 platforms, with all other top
level parameters the same.

In this study a detailed pre-engagement time-line for SBL activation is determined. The
results show that with reasonable time allocations for pre-engagement functions, a total pre-
engagement time delay of 10 seconds is a conservative estimate. With this pre-engagement time
delay, model calculations show that for a far-term hardness TMD threat a baseline NMD system is
effective for TMD threats with ranges as short as 150km.

3.3.2 HF, DF, Overtone
Basic Operation

As with all lasers, chemical lasers consist of a gain generator and a resonator. The gain
generator produces a region of flowing gas where the chemical laser molecules exist in an excited
state The resonator provides optical feedback which allows initially-random fluorescent emission
to build into stimulated emission and thus lasing. A simple analogy is the fluorescent light bulb,
where gas molecules are excited by electric discharge. The emitted light is omnidirectional. If the
gas mixture and characteristics were carefully controlled, and resonator mirrors added at each end
of the fluorescent bulb, a laser would result, with the laser energy coming out of the end, rather
than the side, of the bulb.

HF. DF, and Overtone lasers are all very similar (many aspects identical). In all three
types. an oxidizer, either fluorine or a donor (usually NF3), is burned in a combustor with
hydrogen or deuterium  An HF laser uses deuterium as the combustor fuel, while a DF laser uses
hydrogen Use of the "opposite” isotope prevents the formation of ground state molecules in the
combustor, which would prevent lasing by their high absorption. The combustion process results
in thermally excited free fluorine ions. These ions are expanded through a nozzle and mixed with
a secondary flow of hydrogen (for HF) or deuterium (for DF). Further chemical reactions form
HF' or DF’ (the excited states of the molecules). The overtone laser versions of either HF or DF
are identical The overtone lasing is achieved through control of the optical properties of the
resonator (more below).

As in any laser, a "population inversion” is necessary for lasing. In chemical lasers of this
type. the vibrational/rotational energy levels of the molecule are excited. There are three sets of
states that are important: the ground state, the first excited state and the second excited state.
Each excited state has a number of sub-levels corresponding to the structural modes of the
molecule The population of excited states must be "inverted” in order for lasing to occur. This
means that more molecules exist in the second excited state than the first, and more in the first
than in the ground state. The lasing wavelength is determined by the energy difference between
the excited states. Lasing can take place when molecules are stimulated to emit radiation between
the second and first states (the 2-1 transition), the first and ground states (the 1-0 transition), or
between the second and ground states (the 2-0 or "overtone" transition). Other higher or more
complex transitions are possible, but are not efficient. The most probable energy path is the 2-1,
then 1-0 transition. Unless such a path is suppressed, the overtone transition will not lase. HF
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and DF lasers differ only in that the energy difference for the transitions is slightly smaller in DF.
resulting in longer wavelength emissions.

As with all lasers, a resonator must be used to provide sufficient feedback for lasing to
start. Gains for the 2-1 and 1-0 transitions are generally much higher than the gain for the
overtone transition. The overtone laser uses a set of resonator mirrors which are highly
absorptive for the fundamental wavelengths, and highly reflective for the overtone. The additional
loss introduced into the 2-1 and 1-0 transitions keeps them below the lasing threshold. The laser
then runs on the 2-0 transition. Both HF and DF can be run on their overtone lines, although
most work to date has been with HF overtone. ' '

HF and DF lasers produce gain on a number of transitions simultaneously, and usually
have sufficient energy to run on 4-8 wavelengths at the same time. The table at the end shows
typical operating wavelengths (information used in the table courtesy of Jeannette Betts from
TRW). Note that there are potential differences in wavelength depending on measurement
technique, and accuracies in the table may not be as good as the number of significant figures
might indicate. The gain distribution is not uniform in the downstream, or flow, direction.
Different transitions have peak gains closer to the nozzle exit plane, and others further. In
general, the higher number transitions have peak gain closer to the nozzle exit. The location of
the resonator optical axis thus has significant impact on which lines lase, and shorter or longer
wavelengths may run as a result.

Differences and Relative Performance

The simplest difference is the output wavelength. All HF/DF lasers operate on several
lasing wavelengths simultaneously (except when "line selected”). The approximate average
wavelength of the HF laser is 2.8 um. The approximate wavelength of the DF laser is 3.8 um.
The overtone wavelengths of each are nearly half of the fundamental (HF at 1.3 um, DF at 1.8
um) The wavelengths of the overtone transitions are determined by the energy difference
between the second excited state and the ground state. The first excited state is not quite midway
between, so the wavelengths do not have an exact factor of two relationship. The DF overtone
has not been of much interest. The overtone laser (either version) generally is less efficient than
the fundamental because some energy is lost and less overall energy can be extracted. Some
experts believe that an overtone efficiency of 80% of the fundamental can be achieved. Most
operating lasers to date have achieved the 40-60% range. If perfect optical operation can be
achieved, the wavelength advantage for the overtone means that "breakeven” is at about 25%
efficiency Actual efficiency comparisons must be done on a weight basis and are much more
complex. There is no study to date that shows a detailed comparison between an overtone and a
fundamental system, all other factors being held at equal technology levels.

There should be no significant difference in performance between HF and DF lasers on a
watt/pound of system weight basis. The overtone version of either laser should operate at
roughly 60% (i.e., about 1.67 times as heavy per watt of output). Brightness performance is
much more complicated and driven by many optical technologies. The chart below (Figure 3.3-1)
shows relative brightness of the four types of lasers as a function of the system wavefront error.
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The three vertical lines show experimental results (left-most), current goal (middle) and projected
operational system performance (right-most). At projected performance levels performance
differences are relatively small, with HF and HF OT nearly the same, and the other two about
10% (DF OT) and 30% (DF) less bright. The engineering difficulty of achieving OT performance
is significantly larger than achieving Fundamental performance due to the relative lack of maturity
of the OT devices.

e=t=Bhf
—a— Bdf

i —a— Bhfot

=+ Bdfot

[WEREIS]

Figure 3.3-1. Brightness vs. wavelength

Line Selection

HF or DF lasers can be made to run on fewer wavelengths either by using gratings to
preferentially reflect certain wavelengths, or by coating mirrors with narrow band coatings which
suppress unwanted lines. Energy transfer through the various excited states follows pathways
determined by quantum selection rules. Selecting a single wavelength will not efficiently extract
energy, since much of the energy will be "stuck" in other excited states until the gas flow removes
those molecules from the lasing region. Efficient operation on a smaller number of lines is
possible, and such experiments have been conducted at the University of Illinois.

Atmospheric Transmission

Just as molecular lasers emit light, molecules that are in resonance with that light will
absorb it (in addition, scatter, turbulence, and other effects play a major role). Water vapor has a
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complex molecular absorption profile that is strongly absorbing over the range from about 1.35
um to about 1.5 um, from 1.8um to 2.0 um, and from 2.5 um to 3.5 um. As with any molecular
absorber, absorption can vary by orders of magnitude over very narrow changes in wavelength,
even within generally absorbing regions. Both HF overtone and DF propagate well through the
atmosphere, while HF fundamental propagates poorly. These general statements must be
modified by looking at particular lasing lines under specific atmospheric conditions. On a very dry
winter night, at least one HF fundamental wavelength may penetrate to the ground from space.
During a rainstorm, no wavelength may penetrate to the ground (although the mechanism may be
scattering rather than absorption). For system engineering purposes, we tend to use a single
absorption per kilometer number to represent some average condition for each wavelength.

Atmospheric transmission must consider both the path through the atmosphere and the
conditions over that path. Transmission to the ground may also not be needed for many
applications  Absorption is highly non-linear with path length, and is greatly reduced with
altitude. If we want to kill a missile at first opportunity, it may still be several kilometers above
the ground by the time it can be prosecuted. A cruise missile, on the other hand, may be only a
few hundred meters above the ground.

Typical Operating Wavelengths

The table below shows typical operating wavelengths. More detailed information for a few lines
is shown subsequently.

Laser Transition Wavelength
HF overtone (2-0 transition)

P(2) 1.3045
P(3) 1.3126
P(4) 13212
P(5) 1.3305
P(6) 1.3404
P(7) 1.3510
P(8) 1.3622
P(9) 1.3737
HF fundamental

Pi(5) 2.672653
Py(6) 2.707523
Py(7) 2.744129
Py(8) 2.782643
P1(9) 2.823137
Py(3) 2.727504
Px(4) 2.760466
Px(5) 2.79525
Px(6) 2.831923
PA7) 2.870551
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P,(8) 2911212

P»(9) 2.953986

P,(10) 2.998959

DF fundamental

Py(7) 3.6449

P\(8) 3.6789

P,(9) 3.7142

P,(10) 3.7508

Py(11) 3.7887

Px(7) 3.7648

Px(8) 3.8001

Px(9) 3.8369

Px(10) 3.8749

Px11) 3.9144

DF overtone Not available
(around 1.8um)

The table below shows HF OT line measurements. Bill Jeffers at Helios measured 2
unspecified lines to accuracies of 0.2 cm’, or wavelength accuracies of about +/- 0.00004 pum.
This is sufficient accuracy to compare with the McDonnell Douglas water vapor absorption cell
measurements, but not sufficient to make precise arguments for those lines near the edge of a
water vapor resonance. Several of the lines are clearly too far from resonance for absorption to
be a major issue

Wavelength designator Wavelength Wavenumber Transmission 1.2 km to space
lodine 1.315246 7603 1385 .93
P3 1.31256 7618 71 .90
P4 1.32122-6* 7568.33,7568.76* | .88,.84
Ps 1.33052, 7515.86, 7515.98 | .72, .26
1.330499
P6 1.3404 7460 46 .37
P7 1.30957 7402.16 .01
P8 1.362166 7341.25 0

*measured vs calculated. Measurement technique is unknown, perhaps absorption spectroscopy.

The only two available (of the probable four) MacDac data sets is also attached, as are a
series of FASCODE runs which match the data reasonably well, although with lower resolution.
There are gaps in the wavenumbers/wavelengths covered (the working notes found are clearly
incomplete) Some of the measured OT spectra indicate that the higher lines run. These generally
have poorer transmission. The x. data show that if the optical axis is moved downstream, the
shorter wavelengths tend to run. Assuming that the efficiency is available, we would clearly like
to run at as short a wavelength as possible. Lee Sentman (UTUC) has also made some progress in
line selection that may be of use. '
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3.3.3 SBL Disturbance Spectrum

An issue was raised as to the validity of the SBL disturbance spectrum in the AMSD
specification. The disturbance spectrum in the specification seemed very familiar. Many of its
characteristics were similar or identical to the output jitter spectra estimations for the SBL
operational system (low frequencies) and the ALI output spectrum (higher frequencies). The units
(acceleration) were also puzzling. The original disturbance spectra were expressed as PSDs in p
rad’/Hz, an appropriate set of units for a jitter spectrum. The low frequency disturbances were
generated by estimates (from analytical models) of turbulent flow in the reactant supply pipes and
from gain generator disturbances. The higher frequency (above 50Hz), were the result of mirror
vibration due to coolant flow. The coolant flow disturbances will not exist in future SBLs
because of the advances in uncooled optics.

Schafer (Golnik) spoke with a number of people in the AF SMC SPO to try to determine
the origin of the information. The only one who seemed to remember sending any information to
AFRL was Kevin Zondervan (Aerospace). He recalled sending information from ALI/ALO which
is consistent with the jitter spectrum. He did not recall ever seeing an acceleration spectrum .

I also spoke at length with Jim Wells of the Schafer LA office. Jim was a key person,
while at TRW, in developing the disturbance estimates. He has recommended a program to
develop better disturbance estimates, and has commented that there were errors in some of the
old estimates, which should thus be considered suspect.

The expected SBL on-board disturbances will likely come from several primary sources:
reactant flow in the storage and feed system, combustion in the laser; reactant flow through the
EMA and unbalanced exhaust forces; "ringing" of the spacecraft due to induced slewing motions;
rotational frequencies of CMGs (if used), thermal effects on the structures; on-board mechanisms
(power conditioning, etc.), and optical control elements (fast steering mirrors). These
disturbances will be isolated from the spacecraft if they are large. The primary mirror assembly
will be further isolated from the spacecraft (passively or dynamically). The calculation of the
expected disturbance at the attachment points of the PM, for example, is thus very difficult to
calculate We do not have a structural model of an SBL which can be used. I caution against
overly-conservative estimates that make the PM design job very difficult. At the same time, a
disturbance "floor" is very difficult to determine. More SBL design work is necessary, but is not
in the near-term plan.
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3.3.4 SBL Technical Briefings

Schafer developed a plan which could be used to reduce the number of analyses needed to .
develop a full study of possible SBL architectures. The plan was described in a briefing, which is
included below. Other briefings are included in Appendix 3.3-4.

Schofer

Architecture Study Neck-down Plan

Gerv Gotnik
Schafer Corporanan
20 Jarmary 1999

19 tnmuwy 1OW oorrx
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Schofer Architecture Study Neck-down Plan

» General Considerations

- Although the number of possible permutations is high, many trades are
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3.3.5 System Architecture Analysis

A series of system architecture analyses were produced to evaluate sizing for an SBL
constellation. Trends in system performance were evaluated considering brightness, power,
diameter, lethality, and jitter. System performance was then correlated to cost to address the
issue of affordability. The subject of cost is written up in the costing section of this report. A
classified Appendix will be delivered under separate cover.

The software being used to perform this evaluation is the ISAAC Suite, which is a set of
programs taking performance evaluation of an SBL constellation from beginning to end. It
includes modules that produce threat sets, performs constellation design, calculates m-on-n
scenarios, produces graphics, and evaluates the resulting output.

3.3.5.1 The ISAAC Suite

The ISAAC Suite consists of a set of programs that provide the tools to perform System
architecture analysis. ISAAC, which stands for Integrated Strategic Architecture Analysis Code,
is at the heart of this suite. ISAAC is a deterministic, discrete timestep, m-on-n simulation which
is used to architecture analysis for varying war start times. It provides rapid exploration of a
significant parameter space without sacrificing fidelity to evaluate constellation performance. In
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each timestep, the code updatesthe status and position of each SBL and each target. The code
flies out the threat, accounts for all the necessary calculations in the timeline, calculates the
brightness and aspect and delivers the required fluence to the target. It performs all the battle
management functions and provides deconfliction between the different platforms in the

constellation.

Figure 3.3-2 : The ISAAC Suite - Integrated Strategic Architecture Analysis Code

Figure 3 3-2 shows the general flow in utilizing the various routines in the ISAAC suite.
The threat scenarios are either provided on threat tapes or generated by ETA-T, which performs
all the flyouts and creates trajectory information based on missile characteristics and location
inputs  Constellation design is performed using ETA-S, JACOB and ETA-G. These programs
each provide a different type of output that allows for a thorough review of constellation design
for sensor type constellations. The output can be used as an initial assessment of constellation
design for an SBL system. The next step is to run the constellations in ISAAC to determine
whether or not that constellation is adequate as an SBL constellation under various threat
scenarios Because of factors such as aspect angle, circles cannot describe coverage so the
scenarios must be played out in an architecture program to assure the constellation can handle the
threat ISAAC utilizes input from an atmospheric propagation program called SBLE that
accounts for atmospheric losses due to extinction and turbulence. These losses are mainly a
factor in ear limb or across the limb shots. The output from ISAAC can be utilized to graphically
view the scenario. ESAU is used to create a graphical depiction of the scenarios, which enables
the user to visually synthesize the effectiveness of the system and battle management issues. It
will also show any problems with threat flyouts provided to ISAAC. Output tables are created
that are used to evaluate statistics of the scenarios concerning multiple war start times or
scenarios.

-




3.3.5.2 Approach

The overall approach used to perfonn constellation-sizing analyses is to generate a threat
set’ of intérest, evaluate constellation sizing optimums using Rider’s method, and creating a
parameter space to investigate depending on this initial assessment. Figure 3.3-3 shows the next
series of steps following this initial assessment. At step 1 we specify a set of inputs to ISAAC and
then use ISAAC to calculate the performance of each constellation in step 2. These 2 steps are
iteratively performed millions of times to evaluate all necessary permutations of the input
parameters. This yields a set of results where the minimum number of satellites for each power,
diameter, jitter, and lethality trade can be determined by evaluating all possible combinations of
the input parameters: altitude, rings, inclination, and phase. We can then determine the optimized
constellation design for a single inclination for the threat scenario used. The next step will be to
iterate on complex constellation designs with multiple inclinations to minimize the number of
satellites required for different latitude regions of coverage. The optimized performance results
are then correlated with cost to address affordability.

Step 1:
Inputs

Swp2: Calculate|______, Evaluate spot sizes, ranges, dwell times,

Performance aspect angles. and slew times.
Step 3:_ Opmnze
Consicllation Design fos- Determune the minimum number of platforms
Single Inclination required for a specified performance ievel.
l (80%, kills)
Stop 4: Banding and
IComplex Constellati

Figure 3.3-3— Approach to optimizing constellation design

Step 1 — Specify the inputs to ISAAC

Step | is to specify the inputs to ISAAC. These include parameters associated with the platform
brightness, the constellation design and the threats.
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The platform brightness is described by

aPD? 1 1
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Equation 1: The Brightness Equation

where the parameters are defined in Table 3.3-1.

Table 3.3-1: Brightness Equation Parameters

equation | name units parameter space
parameter evaluated
Brightness Watts/sr (classified)
B
P Power exiting the laser scraper | Watts (classified)
within the clear aperture
D Diameter of the exit aperture at the | meters 8,12, 16
primary mirror
A The power weighted average output | meters 2.83 x 10° m for
wavelength. the HF laser
K, The effective brightness reduction | dimensionless | 0.71
term due to obscurations
K, The fraction of power lost by | dimensionless | 0.98
absorption or scatter in optical
components after exiting the laser
o The wavefront error (RMS 16) due | fraction of a| 0.045
to aberrations in the laser after | wave at the
correction by the beam control | operating
system wavelength
& The equivalent wavefront error term | fraction of a| 0.05
for the beam control system. wave at the
operating
wavelength
X This term is allocated to polarization | dimensionless | 1.02

effects, or other non-phase terms
that might degrade laser output
quality without inducing wavefront
error.
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o] The net corrected jitter (RMS lo | radians Total jitter of 50,
single axis) at the scraper, divided by 100, 150, and 200
the beam expander magnification. nrad.

Jitter is defined as any beam tilt
motion at temporal frequency greater
than or equal to 2 Hertz.

G The net corrected jitter (1o single | radians
axis) in output space due to the beam
control system.

G The net corrected jitter (1s single | radians
axis) in output space due to the
tracker system.
oy The diffraction angle A/D. radians D

Details on the derivation of this equation as well as related equations can be found in
reference’ Other parameters not specifically included in the brightness equation but required for
input are the boresight drift rate, the boresight offset angle, the settling times, and the slew rates.

The constellation design is specified by: the number of rings in the constellation, the
number of satellites per ring, the inclination angle of the constellation, the altitude of the
constellation. and the walker number. The parameter space investigated is specified in Table 3.3-

-

Table 3.3-2: Constellation design parameters

Name Parameter Space Investigated

Number of nngs 4.5 6

Number of satellites per | factors providing up 100 total satellites in the
nng constellation

Inclination angle 50-60 deg, though the optimum number was always 54,

55, or 56 for this specific threat ]
Altitude 600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400, 1500
Walker number ' all possible

The last set of inputs required includes all values associated with the threats. The analysis
described in this final report has been performed for a single classified scenario described in the

classified appendix.

|Golnik.G.. memorandum on "Brightness, Far Ficld Irradiance, Kill Time Equations,” 23 July 1996, GG-96B-06a
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Step 2- Calculate Performance

ISAAC is then used to calculate performance for each of the permutations being evaluated
in the input matrix. The code evaluates more than 200 war start times across an effective period
of the constellation. Figure 3.3-4 shows a sample of the ranges with time of a constellation with 4
rings and 7 satellites in each ring. Each point on each curve represents the range of a satellite to a
point at a given latitude and longitude with time. Each narrow sinusoid is the track of a single
satellite. Each wide sinusoid signifies a ring of satellites and is represented by a color. The
pattern shown in Figure 3.3-4 eventually repeats itself. The averaging period provides a fair
representation of coverage with time. Figure 3.3-4 illustrates the need to average over a
representative period. Averaging over shorter periods such as 50 minutes would completely miss
the sparsest regions of coverage. '
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Figure 3.3-4: Orbital periods of a 4x7 constellation.

The output from ISAAC can be used to evaluate statistics on spot sizes; engagement
ranges, dwell times, starting times of engagement, ending times of engagement, altitudes of
engagement, aspect angles of the targets at engagement, fuel usage, slew times, and intensity on
target. A sample statistical output is shown Figure 3.3-5.
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Figure 3.3-5. Example of ISAAC Statistical Output

Step 3 — Optimize Constellation Design for Single Inclinations

The next step is to evaluate the large parameter space of results and determine the
optimum combination of altitude, inclination angle, phase, and ring number by determining which
combination provides the highest average percent of kills for the scenario of interest. In other
words, each number combination is evaluated. So if the number of satellites is 20, then 4 rings of
S satellites and S rings of 4 satellites are evaluated. For those 4x5 and 5x4 combinations, altitudes
ranging from 600 km to 1500 km were evaluated, inclinations of 54, 55, and 56 degrees were
evaluated. and Walker numbers of 0, 1, 2, and 3 for the 4 ring case and of 0, 1, 2, 3, and 4 for the
5 ring case were evaluated. Patterns arising in the average percent of kills output were also
evaluated Definite altitude and inclination angle optimums were present for a particular threat
type and scenario  Though patterns were present for phasing and ring number, these tended to be
more randomized Summarily, a significant parameter space needed to be evaluated to optimize
the constellation because all phasing possibilities or all ring number possibilities can cause the
average percent kills to vary >10%. When effects of the variations are combined, i.e. phasing and
number of rings the vanations can be >20%.

Step 4 — Banding and Complex Calculations

Step 4 is to look at constellations comprising multiple inclination angles. This step has not
yet been performed in the analysis. Streets of coverage calculations indicate that significantly
greater numbers of satellites are required to provide global coverage versus coverage over only
mid latitudes Covering the equator is particularly problematic. “Small” holes open up at the
equator for a constellation with optimum coverage in the midliatitude regions. Often the number
of satellites must be doubled to close these holes in a simple constellation. Satellite constellations
with multiple inclinations may be able to provide global coverage with equal performance using
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fewer satellites. A simple example would be a constellation that optimizes coverage in the
midlatitudes with a single equatorial ring to close the holes around the equator.

Step 5 - Costing

The affordability issue is addressed by relating costing to performance as shown in Figure
3.3-6. Life cycle cost for each SBL unit is determined for each set of input factors such as power,
diameter, wavelength, and jitter. The details of this life cycle cost estimation are covered in the
cost section. The outcome of the optimization on performance provides the minimum number of
satellites required to achieve a certain level of performance. These numbers can then be used to
estimate cost for an entire operational system along with specifics that affects cost such as the
number of rings in the constellation. Given a parameter space of power-diameter-jitter
combinations for equivalent performance a determination of minimum cost solution for that

performance can be made.

Inputs Life Cycle Cost
ah]m "
Performance
Optimize Constdlmon Cost for
 Desiafoc > Optimied Design
Minimom
Cost Solution

Figure 3.3-6: Approach to determining affordability

3.3.5.3 Assumptions for Current Analysis

The general categories of assumptions that were made to perform this analysis include;,
scenario, threat, performance, statistical, and input assumptions. The unclassified assumptions are
discussed in this document. Classified information is included in the classified appendix.




Threat Assumptions

The threat type assumed in this analysis is an NMD missile. There are two lethality
estimates associated with this threat that have been used. They are both shown in Figure 3-3.7.
One estimate was produced by AFRL and the other by Steade Howie of ARA.

S. Howic estimate AFRL estimate
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Figure 3.3-7: Lethality estimates showing fluence and dwell requirements with intensity

The shapes of the two fluence curves above the intensity 500 W/cm? are similar though the
curves are shifted by about 5 kJ/cm?® with respect to one another. The peak occurs at about 800
W/cm? in both cases. The most significant differences occur below 500 W/cm®. The S. Howie
estimate shows a distinctive knee in the dwell time curve at 500 W/cm®. AFRL’s code does not
calculate values below 500 W/cm? and the results for those values have been extrapolated.

Scenario Assumptions

Multiple missiles are launched from a single location. The launch latitude is around 52°N.
Because the runs were performed over a representative period, the results should not change
much with longitude.

Performance Assumptions

Results were reviewed in terms of equivalent perfonnanoé parametrics. In other words, to
assure the comparisons were being made on an equal basis, each constellation was required to
. have an equivalent average kill performance.
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A representative period is evaluated in each case. This analysis required that there be no
holes in the constellation during the entire period (i.e. Must kill at least 1 missile in boost for
every event evaluated.) The reason for this requirement is that an enemy would exploit these holes
giving the constellation an effectiveness of zero.

Statistics Assumptions

216 war start times were evaluated for each representative period of each constellation
design. Though this number may miss holes in the constellation on occasion, the average of this
number of war start times should not change much even when ¢valuating a larger number of war

start times

Input Assumptiouns
Input assumptions used have been specified in Table 3.3-1.
3.3.5.4 Equivalent Performance Parametric Results

The results of this study are evaluated in terms of equivalent performance. In other
words. a constellation of a certain number must have an average performance level of 90%, 80%,
or 70% In addition to achieving these performance levels, the constellation could not have any
zero kill events indicating the existence of holes in the constellation though it is rare for a
constellation to achieve such high average performance levels and have holes in it at the same
time

Table 3.3-3, Table 3.3-4 and Table 3.3-5 contain the number of satellites required for
various combinations of power, diameter, jitter, and lethality estimate for a 90%, 80%, and 70%
average performance of the constellation. The powers increase from P1 to P4. Similarly, the
diameters increase from D1 to D3. '

Note the large differences in satellites required between the two lethality estimates
especially at lower brightness.
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Table 3.3-3

90% performance

Power | Diamete Steade AFRL
r
200 | 150 | 100 | 50 | 200 | 150 { 100 | 50O
nra {nra |nra {nra |nra [ nra | ora | nrad
d d d d d d d
P1 D2 NAINA| 72 | 54 | NA|NA|NA| NA
Pl D3 NA|] 9 | 60 | 40 | NA|NA|NA| 72
P2 D1 NA] 92| 65| 54 | NA|NA|NA| NA
P2 D2 90 | 60 | 45 | 36 | NA[|NA|NA| 60
P2 D3 78 | 56 | 40 | 30 | NA | NA | 64 42
P3 D1 60 | 48 | 40 | 36 | NA | 84 | 72 60
P3 D2 54 | 40 | 32 | 28 | 100 | 72 | 48 36
P3 D3 48 | 36 | 28 | 20 | 88 | 60 | 36 25
P4 D1 45 |1 40 | 32 | 30 | 84 | 70 | 48 45
P4 D2 40 | 32 | 28 | 24 | 68 | 48 | 35 25
P4 D3 40 | 30 | 24 | 16 | 66 | 42 | 30 20
Table 3.3-4
80% performance
Diameter Steade AFRL
Power
200 | 150 | 100 | SO | 200 | 150 | 100 50
nra |nra |nra |or {nra |{ora | nra | nrad
d d d {ad]| d d d
Pl D2 NA | 100 ] 64 | 48 | NA| NA | NA| 92
P1 D3 NA| 84 | 48 | 35| NA| NA|NA| 64
P2 D1 96 76 54 | 45 | NA | NA | NA 80
| D2 78 | 52 | 40 | 30 | NA | NA | 68 48
P2 D3 70 | 48 | 32 |25 | NA | 92 | 55 36
P3 D1 §2 | 40 | 35 130 | NA | 80 | 60 48
P3 D2 42 | 35| 28 | 24| 84 | 60 | 40 30
P3 D3 40 | 32 | 24 |16 ) 80 | 52 | 30 20
P4 D1 40 | 32 | 28 |25] 72 | 56 | 40 36
P4 D2 35 |1 28 | 24 1 18| 60 | 42 | 30 24
P4 D3 32 | 28 | 20 | 15] 52 | 36 | 24 16
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Table 3.3-5

70% performance

Diameter Steade AFRL
Power
200 | 150 | 100 | 50 | 200 | 150 | 100 | 50
pra |ora |nra |or |nra |ora | nra | nrad

d d d {ad] d d d
Pl D2 NA | 88 | 54 | 40 NA|NA|NA| 76
Pl D3 NA| 721 42 | 28| NA[NA | 95 54
P2 D1 84 | 60 | 45 | 40 | NA | NA [ 100 76
P2 D2 68 | 44 | 32 | 28 | NA | 100 | 60 40
P2 D3 60 | 40 | 28 |20 | NA | 84 | 48 30
P3 D1 44 | 35| 28 | 28| 92 | 70 | 52 42
P3 D2 35 | 30 | 24 120 72 | 56 | 35 25
P3 D3 35 | 28 | 20 | 14| 64 | 44 | 24 20
P4 D1 32 | 28124 20| 60 | 48 | 36 30
P4 D2 28 | 24 | 20 |15 52 | 35 | 2§ 20
P4 D3 28 | 24 | <18 | 12| 45 | 32 [ <24 ]| 15

Power with constant D

Figure 3.3-8 shows the number of satellites required for variations in power over lines of .
constant diameter Increasing power 1 level from the lowest to the next one up yields a
significant different in the number of satellites required and indicates a knee in the curve at this

point
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Figure 3.3-8: 100 nrad jitter - 80%

' Diameter with constant P

Figure 3.3-9 shows the number of satellites required for variations in diameter over lines
of constant power. These curves are flatter than the power curves at the jitter level of 100 nrad.
The payoff is fairly linear going from one diameter to the next. For lower jitter levels the higher
diameters will yield significantly better results.
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Figure 3.3-9: 100 nrad — 80% performance

Effects of Diameter and Jitter on Performance

Figure 3.3-10 and Figure 3.3-11 illustrate the effects of diameter and jitter on
performance The curves have been grouped in sets of [p1d2, p1d3, p2dl], [p2d2, p2d3, p3dl],
and [p3d2, p3d3, pAd1] since these sets yield similar results. Somewhere between 100 nrad and
200 nrad in each of the cases the higher power / low diameter case yields better results than the
lower power / high diameter case. This illustrates that if a lower power / large diameter design is
chosen, the jitter must be less than 100 nrad to optimize the power diameter trade with weight.
Otherwise trading more power for less diameter is a more optimum solution.

72




Number of Satellites

Jiter (nrad)

-u-p1d2
-#-p1d3
—~-p2d1
-=-p2d2
~a-p2d3
—~— p3d1
-=-p3d2
-« p3d3
- p4d1

S0 100 150 200

Figure 3.3-10 : Effect of Diameter and Jitter on Performance

Number of SateiMtes

Steade Lethality Estimates - 80%

; -
80 | . - - —a
//.
% T //‘:/
i} Ej/
0 ,
50 100 150 200

Jitter (nrad)

= p1d2
-« pid3
s p2dt
-»-p2d2
-=-p2d3
-« p3d1
-=-p3d2)
-=- p3d3

-+ p4d1
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Performance Curves

Figure 3.3-12 and Figure 3.3-13 and Figure 3.3-14 show performance curves for 3
different sets of powers and diameters. The curves show the number of satellites required to
achieve varying average percents of kills for a given lethality and jitter. Lower brightness systems
require significant increases in the number of satellites to increase the average percent of kills and
jitter. They require drastic increases in numbers with increases in fluence requirements.
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Figure 3.3-12: P1 D2 performance curve
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3.3.5.5 Summary

" "The differences in results using the two lethality estimates at a maximum dwell time of 35
seconds, provides the single greatest difference in the number of satellites required, especially at
lower bnghtness.

When considering a weight trade between power and diameter, jitter is an integral part of
the design. For the cases studied, designs with jitters greater than 100 nrad favor increasing
power rather than continuing to increase diameter. For designs with jitters significantly lower
than 100 nrad, increasing diameter clearly adds more benefit than increasing power.

The brightest systems are the most robust in that they require significantly smaller
increments of satellite numbers with changes in jitter, fluence requirements, or average percent of
kill requirements.

3.3.6 Retargeting of Primary Mirrors

A study to determine the effects of retargeting of large, lighten primary mirrors was
completed and is attached as Appendix 3.3-5.

3.3.7 Brightness Saturation

Quasi-technical arguments have been offered in the past to explain brightness scaling in
simple terms  Such arguments include scaling brightness inversely as the square of wavelength
and directly as the square of diameter, according to the equation:

B=——5
a2

Such a simplistic approach argues that shorter wavelengths and larger diameters are better
(greater power is also better). Unfortunately, the term S in the above equation (the Strehl ratio,
or degradation of the laser beam) is also a function of both diameter and wavelength, and
generally reduces the brightness with increasing diameter and decreasing wavelength,

Figure 3.3-15 shows the brightness obtained from a more detailed version of the
brightness equation (Schafer memorandum GG-96B-06a describes the brightness equation in
detail)
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Figure 3.3-15. Brightness Scaling

The uppermost curve is the theoretical brightness obtained with a perfect beam (Strehl
ratio of 10) The horizontal axis shows simultaneously increasing power, diameter, and
decreasing wavelength. For this particular parametric example, the theoretical brightness rapidly
increases  Adding two of the primary system errors shows a more realistic behavior. For 50
nanoradians net system jitter and 0.1 micrometers wavefront error, the second curve from the
top of the set is obtained. Although the trend is similar, the brightness is reduced by a significant
amount (~35% at 11 m diameter). Additional errors are added to obtain the third curve.
Brightness saturation is now present. By about 14 m diameter, the brightness peaks and then
begins to fall As more errors are added, the peak of the brightness curve shifts to the left
(longer wavelength and smaller diameter) Figure 3.3-16 shows an expanded scale. The lowest
curve shows a brightness peak near 9 m diameter.
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Figure 3.3-16: Brightness Scaling

The explanation for this behavior is simple. As the diameter increases, and the wavelength
decreases, the spot size of the focussed beam gets very small. Pointing errors move a smaller
beam by a more significant amount, and wavefront errors which spread the beam are also more

noticeable

There are other effects which are more detailed, but which should not be ignored. As
mirrors become larger, they are less rigid for a comparable weight. The mirrors thus have more
jitter and wavefront error (if the retarget and settling times are held the same).

For a mirror of more than 10 meters diameter, total system jitter must be less than 100
nanoradians Past error budgets have generally assumed that the uncorrectable portion of the
laser jitter, the beam control/large optics jitter, and the track jitter are roughly comparable and
uncorrelated This implies that each must be less than about 60 nanoradians. For mirrors of the
16 m class, the overall budget must be about 30 nanoradians, with the three lower tier budgets
about 17 nanoradians (WFE reduced similarly). The beam control problem is thus challenging,
and will limit the available diameter just as much, if not more, than fabrication technology.

3.3.8 Code Development

Code development activities are summarized in Appendices 3.3-6, 7, 8, and 9.
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3.4 University of Hlinois

Summary of Activities

The UTUC program has always had a dual function: provide research into the physics of
chemical laser devices in a very cost-efficient fashion (many thousands of seconds of device run
time per thousands of expended dollars), and provide a training ground for graduate students to
replace the rapidly dwindling U.S. supply of trained laser physicists. Recent research has
concentrated on line selection techniques for chemical lasers, and the effect of modified nozzle
techniques on device performance.

HF lasers have a spectrally-rich gain region, and will lase on as many as 4-8 laser
lines(wavelengths) simultaneously. Some of the lasing lines are strongly absorbed by water vapor,
and thus do not propagate well into the atmosphere. This poor atmospheric propagation results
in difficulty in engaging thrusting missiles at altitudes as low as could be achieved without the
absorption Previous research at TRW and UTUC investigated the overtone laser wavelengths (at
about 1.3 um). Overtone lasing is still a promising candidate, but suffers from some efficiency
penalties and lower gains, increasing the difficulty of resonator design and power extraction. If
the number of lasing lines in the fundamental operation (at around 2.7 um) could be restricted to
only those lines which have low absorption, both of the goals of good atmospheric penetration
and efficient operation could be achieved. Such "line selection” is accomplished by using
wavelength-sensitive gratings in the resonator. Physics of the gain region also constrain the paths
by which energy is transferred among energy level® of the HF molecules, so arbitrary lines cannot
be selected

As part of an investigation of line-selected HF laser performance, a number of experiments
have been performed using line selection gratings. Single line off-Littrow performance was
measured for Grating 4. The highly efficient Grating 4 put 80.4% to 99.99% of the total power
(outcoupled + secondary zero order + primary zero order) in the outcoupled beam. The less
efficient Grating 2 placed 45.0% to 51.8% of the total power in the outcoupled beam.

Multiple line selected performance was measured for 18 line combinations, 5 cascade
pairs, 8 non-cascade pairs, and 5 triplets. The best performing cascade pairs were [P2(6), Py(7)],
[P7). P\(8)] and [Px(8), Py(9)] with [P(7), Py(8)] giving almost 25% more power than the other
two pairs, 26.3 watts  The best performing non-cascade pair was [P(7), Pi(7)], which gave as
much power, about 21 watts, as the cascade pairs [Px(6), P\(7)] and [Px(8), P1(9)]. The triplet
performance is rather interesting. When the line P,(7) was added to the non-cascade pair [Px(8),
P(7)). the triplet performance was 21.6% larger than the pair performance. However, when the
line P,(8) was added to this same pair, the triplet performance was 58% larger than the pair
performance! This suggests that multiple line selected performance is a strong function of the
lines that can be lased simultaneously. The possibilities are limited by the grating equation. When
P,(8) was added to the cascade pair [Px(8), P1(9)], the triplet performance was 14.7% larger than
the pair performance.
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Previous studies included Helium film cooling nozzle power as a function of flow rates.
For comparison to other laser devices, the data have been presented in terms of the film cooling
He (FCHE) mass flow rates and molar flow rates divided by the total primary flow, the secondary
H, flow, the secondary He flow, the total secondary flow, the total (primary + secondary) flow
and the total throat area of the nozzle bank. This research is important in understanding the
design and performance of the nozzle concepts proposed in the CDS studies.

The performance of the He Film cooling nozzle bank was measured as a function of the
mass flow rate of the cooling He. Maximum performance was obtained for a He film flow rate of
0.040gm/s. For larger He film flow rates, the power decreased significantly. By re-optimizing the
flow rates, it was possible to recover about 30% of the lost power at the larger He film flow rates.
Re-optimizing the flow rates decreased the nozzle blade temperatures. The data are summarized
in the appendix. The analysis of the data is on going.

Single line off-Littrow performance was measured for Grating 4. The highly efficient
Grating 4 put 80 4% to 99.99% of the total power (outcoupled + secondary zero order + primary
zero order) in the outcoupled beam. The less efficient Grating 2 placed 45.0% to 51.8% of the
total power in the outcoupled beam.

Multiple line selected performance was measured for 18 line combinations, 5 cascade
pairs, 8 non-cascade pairs, and 5 triplets. The best performing cascade pairs were [P(6), P:(7)],
[PA7). Py(8)] and [P«8), P\(9)] with [PA(7), Py(8)] giving almost 25% more power than the other
two pairs, 26.3 watts. The best performing ndn-cascade pair was [PA(7), Py(7)], which gave as '
much power, about 21 watts, as the cascade pairs [Px(6), Py(7)] and [Px(8), Pi(9)]. The only
other non-cascade pair that came close to cascade pair performance was [Px(8), Py(7)] at 18
watts The triplet performance is rather interesting. When the line P\(7) was added to the non-
cascade pair [PA8), PA7)], the triplet performance was 21.6% larger than the pair performance.
However, when the line Py(8) was added to this same pair, the triplet performance was 58%
larger than the pair performance! This suggests that multiple line selected performance is a strong
function of the lines that can be lased simultaneously. The possibilities are limited by the grating
equation When Py(8) was added to the cascade pair [P(8), Py(9)], the triplet performance was
14 7% larger than the pair performance. Adding Pi(6) to the pair [Px8), P:(7)] increased
performance by only 6.1%. Adding Py(7) to the pair [P1(9), P\(8)] decreased performance by 2%.

Comparison of the zero order, outcoupled and total (outcoupled + zero order + secondary
zero order) powers of the line selected combinations that were measured for both Grating 2 and 4
show that Grating 4 outcoupled power is significantly larger and the zero order power is
significantly smaller than that for Grating 2.

The Helium film cooling nozzle power as a function of flow rates was presented in last
month’s progress letter. For comparison to other laser devices, the data are presented in terms of
the film cooling He (FCHE) mass flow rates and molar flow rates divided by the total primary
flow, the secondary H; flow, the secondary He flow, the total secondary flow, the total (primary +
secondary) flow and the total throat area of the nozzle bank.
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Grating efficiencies were determined from Littrow and off-Littrow single line data.
Because Grating 4 is a very good grating, it was necessary to take into account the transmission
and absorption/scattering losses of the feedback mirror when grating efficiencies were deduced
from the off-Littrow data. For lines whose wave length is shorter than the Blaze wavelength of
the grating, the efficiency is greater than 99.8%. For lines whose wave length is longer than the
Blaze wavelength of the grating, the efficiency falls off rapidly the farther the wave length is from
the Blaze wavelength. The efficiencies deduced from the Littrow and off-Littrow data agree
within 0.15% for lines whose wavelength is less than the Blaze wavelength of the grating. The
differences between the Littrow and off-Littrow efficiencies increase the longer the wave length is
compared to the Blaze wavelength.

These results suggest that if the Blaze wavelength is larger than any of the wavelengths of
interest, the grating efficiency for the P lines for J >4 would be comparable to that for the lower

J lines. This would result in significantly better line selected performance of the peak power P2
lines )} = 6,7, 8, and 9. A new grating with ABlaze = 3.4 or 3.5 pm should be tried.

The HYSIM overtone data were used to determine the values of the Rigrod parameters
gol. and I, that gave the best fit to the data. With these values of gol. = 0.014 and L. = 14,000
watts, the Rigrod Py versus JR,RZI curve, which can be used to deduce the reflectivity of a

mirror, was generated. The HYSIM data with the 4mCC#8/4mCC#10 mirrors was used to
determine the reflectivity of the 4mCC#8 mirror. The R, T and A/S characteristics of this mirror
are. 97.72%, 0.9768%, 1.3032%.

During October, the flow rates for optimum performance of the notched H: injector
nozzle bank were measured and found to be the same as for the HYSIM nozzle. Power, beam
size, optical axis location for peak power (x.), and spectra were measured for 24%, 50%, 73%,
93%. and 96% reflectivity outcouplers. The addition of the hydrogen notches had essentially no
effect on the performance of the laser. The data were within the +10% repeatability band of the
HYSIM nozzle bank data. Since one of the purposes of the secondary helium injectors is to
shield the hydrogen from the fluorine atoms in the primary flow until the hydrogen has reached
the nozzle exit plane, there might have been no increase in performance because the helium
injectors were not notched. To answer the question, the helium injectors were notched in a
similar fashion Resulting data showed that performance was still essentially unchanged,
indicating that notching had little effect on laser performance. '

A plot of grating efficiency versus wavelength for grating 4 showed that all efficiencies
were reduced sharply for wavelengths exceeding the blaze wavelength. A number of other
grating measurements were completed.

During November, measured efficiency data for Gratings 2 and 3 suggested that a grating
with a blaze wavelength shorter than any of the wavelengths of interest may have a higher
efficiency than that of a grating with a blaze wavelength in the center of the wavelength range of
interest. The groove spacing and blaze angle were measured with a HeNe laser for Gratings 2, 3,
and 4 for both 0° (right side up) and 180° (upside down) orientation of the grating face. These
experiments confirmed that all of the gratings were ruled as specified, 600 linesymm. The
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measurements showed that the blaze angles in the 0° orientation for Gratings 3 and 4 were
56.37°, as specified. For the degraded Grating 2, the 0° orientation blaze angle was 21°. In the
180° orientation, the blaze angles for Gratings 2 and 4 were both 33.63° and for Grating 3 was
21°. The corresponding groove vertex angles, which were supposed to be 90°, were 125.37° for
Grating 2, 102.63° for Grating 3 and 90° for Grating 4. For the wavelength range of interest, 2.5
to 3.1pm, diffracting into the first order, a blaze angle of 33.63° corresponds to a blaze
wavelength of 1.85um. Since Grating 4 is blazed at 1.85 pm in the 180° position, which is.
shorter than all wavelengths of interest, single line Littrow performance will be measured with
Grating 4 in the 180° position to test the efficiency hypothesis. Other continuing work included
setting up the optical layout for the RFG HYSIM experiments, designing the water vapor cell for
the line selected intracavity water vapor cell experiments, and experimentally determining the
effect of decrease in blaze angle on line selected grating performance. Future plans include
measurement of the residual fundamental gain while lasing on the overtone for the 30 cm gain
length HYSIM nozzle, and measurement of line selected performance obtained with a water vapor
cell as the line selecting element.

An intracavity water vapor cell is being designed to determine if line selection can be
obtained by suppressing the gain on lines with poor atmospheric propagation due to high water
vapor absorption A mechanical layout was devised with appropriate plumbing to the water vapor
cell to monitor and control the cell's pressure, temperature, and humidity. The literature is under
review to gain an understanding of water vapor absorption calculations as a function of
wavelength and atmospheric conditions. With logarithmic absorption coefficients obtained from
Ref (1), the transmission of the vapor cell was calculated as a function of pressure, temperature,
relative humidity, and cell length. As a consistency check, these calculations are being compared
with computer code results from LOWTRAN 31 and the HF absorption tables? for beam
transmittance at 1 km  Our rotational nonequilibium computer model is being modified to
simulate the effect of an intracavity water vapor cell on the output spectra of the laser.

The full UIUC report is attached in Appendix 3.4-1.

3.5 BMDO Support (PRA)

The work accomplished by Photon Research Associates is provided in Appendix 3-5.
(provided under separate cover due to proprietary information). .

3.6 Lethality

This effort provided lethality calculations and support to the lethality process. During the
past month, further calculations were performed and a presentation developed for upcoming
meetings with AFRL and SMC. There are still some discrepancies between the ARA and AFRL
models in the low intensity regime, where ablation is minimal and thermal effects dominate. These
analyses have been conducted for a particular composite motor case design of interest to the SBL
community. '
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Support was provided to a meeting at Aerospace with SMC, AFRL (Beraun et al), and
Aerospace technical staff. The topic of discussion was the differences between ARA and AFRL
analysis. There still appear to be significant differences between models in the low intensity
regime (under 500 watts per square centimeter). Considerable discussion of the correct
parameters for modeling did not lead to a firm conclusion. Further review of test data obtained at
PSI was recommended by Rigby. Brief discussion of the TMD lethality document indicated that
the requirements previously given to the CDS contractors were very conservative (perhaps 40%
higher than normally used, and as much as 200% higher than some analyses would indicate).

3.6.1 General Lethality Issues

A number of issues relating to lethality need to be considered by the lethality working
group. Lethality of ballistic missiles is critically important to SBL system performance, since kill
time is directly proportional to target lethality. A factor of two difference in lethality is roughly
comparable to the difference between an 8 meter diameter SBL primary mirror and a 12 meter
mirror. Both absolute lethality and uncertainty in lethality are critical. Lethality is defined as the
total accumulated fluence (energy) required to kill the target. The total fluence is calculated by
determining the "edge fluence” at a beam diameter which matches the target damage spot size
(more below), and integrating that edge fluence over the kill time until the required total fluence is
achieved. In a practical sense, heating of the target causes its destruction, so that target
temperature is actually the direct measurement. Fluence is more practical to specify for the
output of an SBL. Since the fluence at the center of the beam is larger than at the edge, the total
deposited energy will always be considerably more than the lethality criteria. That extra energy is
"wasted” when specifications are considered, but should result in a faster target kill. Lethality
specifications are thus intrinsically conservative.

Past lethality work has concentrated on the "prompt ablation” regime. This region is
characterized by high incident energy. The rapid deposition of energy converts the irradiated part
of the missile surface rapidly into gas and fragments which are quickly removed from the surface.
Very little chemistry takes place, and the surface material is quickly removed. The missile wall
gets thinner, without the surrounding region heating up. The heat simply does not have time to
diffuse before the material is removed. Failure occurs when the missile wall becomes thin enough
that the internal pressure of the underlying tank or combustion chamber causes the wall to
rupture

The prompt ablation regime was chosen because the massive Soviet threat of the early
1980's required very bright laser systems. The sheer number of targets required that individual
targets be killed in fractions of a second. The irradiance required to deposit sufficient energy in
such a short period of time was so high that only ablation needed to be considered.

“Current SBL systems are projected to operate at delivered irradiance levels that are much
lower than the projected systems of the early 1980's. Depending on the range to target, the
irradiance is generally between 80 W/cm® and 5500 W/cm*® (peak) and about 40-2800 W/cm’
edge, with the higher irradiance at the shorter ranges. These numbers are strictly parametric and
can vary widely with specific designs. RD or IFX irradiance is likely to range from 150-600
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W/cm® peak and roughly half that at the edge (larger ranges of irradiance are possible since the
design concepts are not mature). Edge irradiance is defined as the irradiance at the diameter
associated with the target damage spot size. The damage spot size is determined by the critical
crack propagation length for burst. The irradiated spot will begin to fail at the point of highest
irradiance (modified by any weak spots in the target).

As delivered irradiance is reduced, chemical reactions at the surface become more
important, and the physical effects change from prompt ablation to the thermal regime. In the low
irradiance limit, no material is removed and only target heating is important (even at low
irradiance levels, accumulated energy raises the surface temperature to the point where matenal
begins to be removed, so the length of time and total deposited energy is also important). In
between the two regimes, the material begins to break down. Pyrolosis, the chemical
decomposition of the surface by heat, begins. The surface chars, cracks, and gasifies. If oxygen
is present (as is the case during boost phase) combustion may take place. Some of the chemical
reactions can add heat to the surface. Others remove material and take heat away from the
surface As the surface heats, all of the reactions intensify. Since the beam irradiance falls from
center to edge, different thermal regimes occur across the beam at different times. When the
material becomes thin enough, or sufficiently weakened, the internal pressures cause cracks to
form near the center of the beam. The cracks propagate across the damaged area, and the missile
bursts Once the process begins, considerable mechanical energy is released, and the results can
be spectacular. Pressure bottles mounted to test stands with 1 inch bolts have sheared the bolts
duning the burst event.

Older, higher brightness systems generally had very large apertures (up to 6 times larger
than the RD CoDR baseline) and very small spot sizes. Current projected systems have spot sizes
ranging from about 14-180 cm in diameter (calculated from the 50% power point; i.e. full width
half max), depending on range and primary mirror size. Current target kill spots range from a few
centimeters to about 30 centimeters. The SBL beam is almost always larger than the kill spot,
and so overall thermal effects must be considered.

Spot size is important for several reasons A critical failure length must be reached before
cracks can propagate. If the spot is too small, a vent will form, but the missile may not burst.
Buckling may also occur if the weakened region can no longer support the load forces. These
events are dependent on the ductility of the missile wall material. A ductile material such as some
of the duplex stainless steels will bend considerably before failing. A brittle composite material
will fail much more suddenly.

3.6.2 Coupling

Coupling refers to the fraction of incident laser intensity that is actually absorbed by the
target. Almost all surfaces of interest are optically black (good absorbers) in the infrared (2.8 p
m). Data taken at 1.3 pum begins to be effected more by lower absorptance and must be carefully
corrected. Essentially any surface becomes a very good absorber as the surface heats and begins
to char. Coupling effects are thus of primary concemn in the first few seconds of irradiation, and
usually have only a small impact on total kill time. They can be of significance in small scale
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coupon tests. Some experts have argued that coupling can be low for certain targets.
Experimental data has proven them to be incorrect. Coupling at 2.8 um appears to be excellent
(80-95%) for essentially all targets. Coupling is lowest for shorter wavelengths and polished
metal suifaces. Very small amounts of surface contamination from oils, dust, water vapor, etc.
cause absorption to rise rapidly. Paint is particularly good at increasing coupling. The complex
chemistry, as paint burns, rapidly chars the underlying surface, and there is no discernible
reduction in coupling throughout the irradiation time.

All materials pass through phase changes at certain temperatures, as pyrolosis ends and
the solid material is gasified. This phase change can be seen as a change in the slope of the
heating curve. The chemistry associated with this temperature regime is extremely complex, with
many reactions occurring simuitaneously.

Very limited data is available for the low irradiance regime. In 1994, some 20 test samples
were measured at Helios to determine coupling effects. The chart below shows a small sample of
the test data taken on small coupon samples at low irradiance. Other limited pressure bottle tests
at low irradiance have been cited by AFRL but the references have not yet been made available.
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3.6.3 Thermal Issues

In the ablation regime (high irradiance, 2-5 KW/cm® and higher), the thermal effects are
negligible and the problem is essential one-dimensional. As material is removed, the wall becomes
thinner and eventually fails. In the thermal regime (below 2-5KW/cm2), heat has time to soak into
the material. Thermal gradients build up both in the depth of the material and in both transverse
directions along the missile wall. As the laser beam heats the surface and its temperature rises, the
surface first chars and then gasifies. A maximum temperature is reached which represents a
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thermal balance between the incoming radiation and the losses due to material removal, radiation,
and conduction/convection. This maximum temperature limits the gradient that can be achieved

into the depth of the mssile.
3.6.4  Material Issues

Missile materials fall into two general types, metals and composites. Most liquid-fuel
rockets use metal walls and tanks, and most solid-fuel rockets use composite walls, although there
are a few exceptions. When metals are heated, they soften. Material failure is dependent on
temperature and material properties, with materials like duplex stainless, which is very ductile,
failing at higher temperatures than other materials like aluminum. Composite materials consist of
a binder material and embedded fibers. As the composite heats up, the binder material rapidly
loses strength, leaving the fibers "floating”. As the fibers heat up, they eventually break at a weak
point. The fibers, which are heavily stressed, may then contract away from the breakage point.
Fibers have also been seen to turn up out of plane, forming hair-like growths which can have
significant thermal effects on coupon samples. The combined failure mechanism is dependent on
the details of the residual strength of the composite as the binder softens and the fibers break.
Significant heating can occur over regions as large as three times the spot sizes quoted above,
since the edge irradiance is at the half power point. Since binder materials can soften at
temperatures of 200-300 °C (fibers and metal fail at 800 °C or more), many meters of missile
length and the entire missile width can lose some fraction of its strength. Experts charged with
lethality calculations often assume that missiles are very difficult to kill and maintain integrity and
strength under conditions that missile designers would not begin to consider survivable. An
integral pan of test programs should include direct heating tests to determine strength of materials
(laser heating is not required).

3.6.5 Test Issues

Past tests have involved small coupons (from a few cm to 10's of cm), pressure vessels
(tank-like bottles charged with gas or water), full-size missile sections, and a few actual missile
bodies The only tests conducted with actual thrusting missile stages (locked in place on the
ground) were of very limited use due to experimental problems. No tests have been conducted on
actual thrusting missiles travelling in the atmosphere.

Coupon tests are subject to large heat losses not representative of the actual engagement
of a missile If the coupon is under-filled by the beam, there are significant conduction losses to
the non-irradiated portion. If the coupon is over-filled, measurement of actual incident energy
becomes difficult. In both cases, beam profile is a major issue. A perfectly uniform beam is easier
to model, but difficult to achieve. Thermocouple measurements can cause heat losses for small
samples Conduction and convection losses are critical. The coupon must be held without
providing heat losses through the mounting. Edge losses due to convection and radiation are not
representative of an actual missile which is a continuous piece of material. If the experiment is
run in a vacuum, convective losses due to air streaming over the surface are minimized, but the
effects of air on the thermo-chemistry is removed. If the experiment is run in still air, no material
is removed by an air stream as it would be in flight. In composite materials, hair-like structures
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formed by the broken tips of the fibers can provide larger radiative heat losses. These effects are
not easily scaled to full size missiles where such hairs may form over much larger areas.
Calculation of heat losses for coupon samples requires that the temperature measurements be
continued after irradiation stops, so that decay rates can be measured. Care must be taken to
avoid burnthrough and resulting damage to thermocouples.

Bottle tests are more expensive than coupon tests, but provide additional data. If
appropriately scaled, the bottle can properly represent the stresses in an actual missile. Scaling

becomes more difficult as the irradiated area increases and size and curvature of the bottle become

important.  One significant shortcoming of past bottle tests is that the bottle was simply
pressurized, so that when a hole formed in the side, the pressure was immediately relieved. Such
a test is fine for the prompt ablation regime, since the transition from operating pressure to burst
is usually rapid. For a large-spot, thermal regime, the burst characteristics may be significantly
different. The best subscale test would include a gas generator inside the bottle that could
simulate the combustor pressure of a solid fuel rocket, or the ullage over fluid characteristics of a
liquid fuel rocket

High energy laser beams are not very available. A 3 KW/cm? average irradiance over a 30
cm spot size requires 2.1 MW of power in the spot, and perhaps as much as a 3 MW laser to
deliver such energy after beam shaping, etc. The Alpha laser has no effects test capability.
MIRACL does No other lasers in the megawatt class exist. Typical tests have been conducted
with much smaller lasers, using smaller spot sizes and scaling the various data for approprate
losses Beam profile and temporal characteristics must be carefully monitored. The best choice
for reasonable power level at reasonable cost is a device in the tens of kilowatts range.

Coupon and bottle samples must be carefully prepared, in sufficient quantities for useful
statistical results to be obtained. In some cases, the material properties of the target are not well-
known, and a range of samples covering the expected range of target characteristics should be
used

A detailed test plan is essential The test plan should indicate the modeling to be done, the
design of the experiment, the number and type of samples, the testing matrix and schedule, the
data analysis plan, and the post-test model re-anchoring,

3.6.6 Modeling

The AFRL/SAIC models use a scaling law which works well in the prompt ablation
regime, but not in the low intensity regime. A 2-D or 3-D finite element model is needed to
adequately address the thermal and mechanical effects. This model would ideally be coupled to a
temperature-dependent surface chemistry model, which would determine the heat transport and
heat losses at the surface where the beam and the material interact. Such models do not exist.
Any experiments must be accompanied by predictions of the experiment results prior to the
experiments, and re-anchoring of the models afier experiments. In a well-designed program,
about 25-40% of total program resources should be spent on modeling, with about 60-75% spent
on experiments (all other management and overhead proportioned equally).
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3.6.7 SBL/ABL Issues

_ There are differences in coupling, spot size, lethality, and aimpoint between the SBL and
the ABL ‘which must be carefuily considered. Past efforts have shown that if ABL data is used
directly for SBL lethality, it results in too conservative a lethality specification. The ABL utilizes
a return wave system in order to compensate for the atmosphere. This system tracks a beacon
spot placed on the missile. In the past, limits on location of the beacon spot limited the ABL
aimpoint choices. In one target of interest, the fuel and the oxidizer tanks were likely aimpoints.
The ABL was, at the time, limited to shooting at the lower pressure tank, which was harder to kill
because it was less highly-stressed. The SBL had no such limitation. The ABL beam is a shorter
wavelength, which does not initially couple to the target as well as the SBL beam. The ABL spot
size is smaller and less thermal energy is transmitted to the area surrounding the kill spot. These
effects have caused as much as a factor of 2 discrepancy in the projected lethalities, with the ABL
being higher, and the SBL having an easier time killing the same target. The differences change
with time, analysis, and test data. Another effect not yet fully considered is the initial temperature
of the target missile. As the missile flies through the atmosphere, it heats up by a significant
amount. AFRL has said that this effect has been included in their analysis, yet the lethality has not
been reduced as expected.

3.6.8 Funding

BMDO spent roughly $140M on lethality, with about $35M on thermal laser lethality. A
renewed lethality program should be entered with reasonable expectations and an understanding
of the serious difficulties involved in the subject area.

3.6.9 Further Work

The ARA model should be extended to 3D rather than 1D to investigate conduction.
effects This effort would take about 2-3 man weeks (at about $6K per man week exclusive of

travel)

The PSI and bottle data should be reviewed as a check on what Rigby's (SAIC) analysis
claims ARA and Schafer believe that the energy balance in Rigby’s analysis is flawed. Pyrolosis
seems to take place later than should happen, and takes significantly more energy than expected.
ARA offered the following explanation The PSI data indicate that as the composite material is
pyrolized, charred, and ablated, the individual carbon fibers in the composite break. A
combination of the mechanics and material flow outward from the material cause the fibers to
stick up from the surface like tiny hairs. Since the fibers present very little surface area, they stop
absorbing much incident radiation. They remain hot by soaking up energy from the surface
(conduction, radiation, and gas transfer/convection). Since the fibers have relatively large surface
area as a function of volume, and high emissivity, they radiate very well. This radiation loss is
larger than the parent surface, and plays a large role in the PSI data as well as Rigby's analysis. In
a real missile, however, the spot would be much larger. As the fibers toward the center of the
spot radiate (in nearly 4x steradians), their energy is blocked/absorbed either by the parent surface
or by the "curtain” of fibers formed by other composite strands at greater diameter. ARA argues
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that the effect is primarily an edge effect and is thus large for small spots and small coupon
samples, but small in the actual target. A concern with this argument is that the effective radiation
will also be determined by the fiber density. If adjacent fibers are far apart, much of the energy
radiated at shallow angles will pass over nearby fibers without being trapped. The issue, while
complex, is key because the PSI data is being interpreted more pessimistically than the NRL data
because of this greater radiative loss.

Getting further data to support either side of the argument will not be easy, since small spot
tests are of very limited value, and high power devices are in short supply. The difference
between the two analyses is significant in terms of overall system performance.

Further review of the available data by ARA is recommended and would take about 2 man
weeks. Although the review is critical, data are actually quite limited.

A review of Scud lethality and a careful review of the AFRL specification are critical to
system performance in the TMD scenarios. The AFRL lethality may be as much as 45% higher
than the canonical number, and perhaps 250% higher than the "best case”. Further data reduction
of the Helios data is needed to verify the coupling. The temperature and strain data should be
reviewed Changes in the missile operation should be considered. ARA and Schafer both believe
that AFRL analysis continues to be unduly pessimistic for the SBL. Completion of this task
would take about 5 man weeks.

Modeling of other targets, and in particular the §S-25, is critical to the question of overall
SBL effectiveness against a range of scenarios. Such analysis is best coupled to further ISAAC
analysis by Larrene Harada and her Schafer group, and can answer the question of overall SBL
effectiveness against the range of targets likely to be of interest. ARA did not provide any
estimate of the resources required, since this task is dependent on the number of threats and the
level of available detail

These tasks would take about $100K in total. BMDO has expressed some interest in this
work

3.6.10 Damage Spot Size

The size of the damage spot is dependent on a number of parameters. The primary
structural parameter is the ratio of the internal operating pressure of the missile to the burst
pressure.  The missile has been considered to be equivalent to a pressurized bottle. The hoop
stress is larger than the aerodynamic and vibrational stresses, although there are still some
controversies about the details of the dynamics. The pressure ratio for typical missiles is probably
in the range of 0.45 to 0.72. Higher ratios provide too small a safety factor, while lower ratios
result in a heavy missile with reduced payload.

The attached Excel chart shows typical damage sizes for various composites (Schafer can't

guarantee the identification of the composites, and there is considerable difference in the
composition even of composites that go by the same name). Material properties of the binder and
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fibers vary, and the layup is critically important. The three curves should thus be considered as
rough order of magnitude (ROM) representations. The three curves for the composites are read
from the left axis. The left axis is the ratio between the operating pressure and the burst pressure.
The horizontal axis is the ratio of the damage spot radius to the missile radius. As the pressure
ratio increases, the size of the burst spot decreases. For 2m diameter missiles (1 m radius), the
axis can be read as damage size in meters. For example, at a pressure ratio of 0.72, the damage
spot size varies from about 2cm to about 7 cm (radius) depending on material. At a pressure ratio
of 0.45, the radii vary from 4.5 cm to 19 cm. The damage size is independent of the energy
needed to damage the missile in the sense that if only the damage spot size were irradiated, the
missile would fail. If a larger area is irradiated, the missile will fail somewhat sooner. How soon

is a major source of contention within the damage community.
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The missiles will almost always be irradiated by large spots (compared to the damage size)
because of the large range to the target and diffractive spreading of the beam. For damage
testing. there is a conflict between the desire to irradiate large spots to simulate actual
engagements, and the limited available power. Under some conditions, the irradiating source
must be a laser. Under other conditions a broad band thermal source may be used. In any case,
damage tests should be preceded by structural and materials tests to determine the properties of
both the virgin material, and the material properties under increased temperature, temperature
gradients, and stresses. Sufficient testing must be done to determine statistically valid properties,
ensuring that the variation in material and sample preparation does not bias the results.

The required irradiance can be calculated by assuming a damage threshold and assuming
uniform irradiation over the damage spot size. The Excel chart shows three other curves (E1, E2




and E3, which were arbitrarily chosen as 1, 5 and 20 KJ/cm’ for this parametric analysis) which
should be read to the right-hand axis. These show the required energy in kilojoules. Dividing by
the run time yields the required power. For instance, 100KJ deposited over a 100 second laser
firing would require a 1 kW laser. The total deposited energy is independent of the rate at which
the energy is deposited in a theoretical sense. In practice, losses become more unportant as the
power density drops. We know from past experiments that levels below 100 W/cm?, while
important to understand, cause losses from sample edges, conduction, convection, and radiation
all to become very significant, decreasing experimental accuracy. Actual laser powers need to be
somewhat higher because uniform irradiance cannot be achieved, and times of order ten seconds
are more practical experimentally. A laser of about 15 kW represents a good compromise
between available power and cost of run time.

How then do we choose appropriate spot sizes and irradiances? As an example, choose a
point on the K/E curve (blue with filled diamonds) at pressure ratio of 0.5. The resulting damage
spot size ratio is 0.06. Assume that a small (8 inch diameter) pressure bottle is used. The radius
is 10.2 cm. The damage spot size is thus 0.06 times 10.2 or 0.61 cm (émm). The required
irradiance must be calculated, since the curves assume a missile size larger than the pressure
bottle. The spot area is 1.17 cm’. Assume a desired irradiation of 500 W/cm?, and a desired
fluence of 5 KJ/cm®. The required irradiation time is 10 sec and the required laser power is 585
W. For a full scale missile (2m diameter), under the same conditions, the damage spot size is 6
cm The irradiation time is the same, but the required laser power is 56.5 kW.

Experiments thus become more difficult as the damage threshold rises (roughly as the
square of the threshold ratio), and as the target size rises (roughly as the square of the target
damage spot size). The goal of the experimental program should be to map the parameter space,
in a fashion similar to the Excel chart, where the relevant area is bounded by the upper (purple,
filled squares) and lower (red, filled triangles) material curves, and the two black horizontal lines
representing pressure ratios. The appropriate sizes in flat samples are determined more by the
experimental constraints in trying to match code predictions. Above all, unknown heat losses
must be avoided, and all heat losses should be minimized. Location of thermocouples is cnitical to
accurate temperature measurements. Other diagnostics to measure input power and losses are
key Samples have the annoying tendency to vanish (burn through) at higher temperatures (longer
irradiation times, higher irradiance), with the attendant loss of instrumentation. Thermocouples
also have temperature limits above which they become inaccurate.

The details of a test program must be worked out iteratively with understanding of the
various constraints. Practical considerations indicate that a laser of significant power (like VM) is
probably required. If a laser is used, it must be at the right wavelength. Some tests can be done
with (almost) any thermal source.

Another major vanable in this whole process is the test environment (pressure, gas
composition, etc.). Static tests in vacuum can have problems with sample material and gases
blocking the beam. Static tests in air are subject to the formation of a "chimney" which convects
away the exhaust material, but adds oxygen in large quantities to the reactions. Probably the best
test would include a well-designed flow nozzle which would simulate actual missile flow
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conditions in the atmosphere, with the oxygen partial pressures correct, but the remainder of the
flow an inert gas. Many people have had many ideas about the "right” way to do such tests, and
the community should discuss the options. The better the test, the more it costs (if that isn't a law
of physics, it should be!). The presence or lack of oxygen can be critical, since some of the
reactions are exothermic in the presence of oxygen (i.e., the laser is tumed off and the
temperature keeps rising because the material is burning).

A final note: many of the processes that we need to understand are complicated. We
need a valid statistical sample for each type of test, and we should not rush into a test senes
without the right analysis support and predictions of the physics. Schafer would rather see a test
of one hundred small samples which we understand, than a test of 4 small samples and a full scale
pressure bottle which we probably won't understand. Scatter in past data has sometimes
exceeded 100%! Also, our only two full scale tests (tethered thrusting missile stages) were
useless because of experimental failures/conditions.

3.6.11 Lethality Meeting (17 November 1998)

The lethality meeting was productive and a consensus seemed to be reached on the key
technical issues. The AFRL plan (basic SBL testing) includes all of the key issues which need to
be resolved, although most will be resolved later. The key issues associated with each of the
eight principal activities are discussed below.

Materials

The possible range of composite materials will be very large, and some way of thinning the
list will be required. Jorge Beraun indicated that acquisition of foreign materials should be
pursued, and that we should look into that quickly, since it can take a long time. The "baseline”
design from the intelligence community will be pursued, but we need to have bounding cases.
which can cover the range of possible material properties.

Test Facilities

The critical item in developing a test facility plan is the wavelength and power of the laser
required for each of the various tests. There was consensus that testing of composites must be
done at the operational wavelength (2.8 um) because of the wavelength dependence of the
absorption Certain of the early tests, which depend only on the heating of materials, can be done
with non-laser sources. In between, there will probably be a few disagreements on where the
transition to the 2.8 um laser must occur. There was also general agreement that lasers of at least
10KW will be needed, and that many tests will require lasers of several hundred kW. Larger
lasers cost more to run, and we need to set up a balanced program which trades the desired
number of tests with the costs. The "pit" lasers at AFRL (both CO; at 10.6 um) will probably be
of limited value Primary candidates seem to be the mid-power laser at WSMR and the VM and
NACL lasers at Capistrano. The LHMEL CO; laser does not seem to be a viable candidate
because of the wavelength.
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Test Plan

The most critical issue in the test plan is to define a logical path to acquire the data needed
to develop the models to predict performance. Another key issue is the diagnostics: what will be
measured, how will the data be analyzed, and will the uncertainties be small enough for the data to
be useful. At low irradiance levels, losses in the system are critical and must be carefully
characterized. There has been a particular concern with reradiation as a loss mechanism, due to
the complex surface structure of a damaged composite. As we saw in the video, fibers execute
large dynamic motions when they fail.

Data Analysis / Model Validation Plan

Data without anchored models is of limited use. There are disagreements between models
in the low-irradiance regime. A two-dimensional finite element analysis (and perhaps a 3D) are
probably necessary to understand the effects in detail and to help anchor current models.
Uncertainty in both the test data and the models are to be expected, but we need to reduce the
uncertainty as much as possible.

Test Report

One failing of some past tests has been a lack of adequate reporting of test data. Test
reports must include "raw" data as well as selected data used to produce final conclusions. This
raw data should be available in electronic form as well as paper.

Data Analysis and Model Validation

The main issue in this task is uncertainty and error bars. The task should include enough
statistical analysis to allow us to understand whether the uncertainty is in the experiment, in the
models, in the diagnostics, or in the matenals themselves.

Vulnerability Estimate

Past estimates have been expressed in terms that are difficult for people outside the
damage community to use and interpret. The estimates must be clearly described in a way which
can be translated into system architecture and design studies without ambiguity.

Post FY99 Follow-on

The "Holy Grail" of lethality testing has been a full scale test of an actual thrusting missile
(in a ground fixture). The main problem with such a test is the number of things that can go
wrong, or at least provide significant uncertainties. We should view such a test not as an end in
itself, but as an opportunity to predict the performance/lethality well-enough so that the test can
be advertised as a global confirmation of effects, with a reasonably small uncertainty. We are
likely to get more advertising from such a test than science. We need to be absolutely certain that
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we are not going to get unexplainable "bad" results, since such a test tends to stick in the minds of
Generals.

Lethality Plan

Subsequent to the meeting described above, AFRL developed a plan to implement the
agreements of the meeting. The plan is excellent overall, with the gaps mainly to be filled in
before the various TRR's. AFRL pointed out that they need information on the expected
engagements (time of runs to characterize the engagement statistics for the TMD and NMD cases
of interest. This engagement, variations in likely irradiance and spot size). Schafer recommends a
short series of ISAAC would allow us to determine the best ranges to use and give us a good
statistical indication of spot sizes, incidence angles, kill times, etc. These curves could then be
used to provide a simpler set of numbers to AFRL.

The manufacturers of the test samples and the constraints given to those manufacturers
are critical to the entire process. AFRL plans to review this information prior to procurement,
which is appropriate, but Schafer stresses the importance of that review and recommend that the
entire working group give it high prionity.

On page 10 of the plan, AFRL indicates measurements of optical properties at 2.7, 3.8,
and 10 6 um, but 1.3um is not mentioned. If this omissions was deliberate, we might want to add
the extra wavelength (both for COIL and for Overtone HF). A minor point is that the power-
weighted HF wavelength is about 2.83um rather than 2.7um.

One issue not mentioned in the experimental test section was blockage by smoke. To the
extent that such blockage is not representative it should be avoided.

The plan points out that the edges of coupon samples are critical. We found in past small
coupon testing that the surface area of the edges can be a relatively large fraction of the total
surface area Conductive losses to the holder must of course be minimized by use of insulating
contacts, but a continuous ring of insulator might be better than small three-point kinematic
mounts for some tests Such a holder would minimize radiative and convection losses (if not in
vacuum) The holder might also over-constrain the sample, leading to deformation. Energy
impinging on the holder can also affect the thermal balance. An aperture in front of the sample
and holder, but far enough away to avoid thermal contact might, be appropriate. AFRL has a lot
of experience in this area, and may already have an appropriate holder.

In section 3.4.4 of the plan, the list of test facilities does not include Aerospace. If they
have a facility, they should be included.

There have been questions in the past about the adequacy of tensile testing due to its one-
dimensional nature and the severe dimensional anisotropy of composites. Such tests are still very
useful if properly modeled. We might consider if it is possible to do an equivalent two-
dimensional laser irradiance test by bending a flat sample over a rounded mandrel, perhaps with a
central hole in the mandrel and certainly with an insulator over the mandrel's top.
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The lethality model discussion in Section 3.6 of the plan brings to mind past discussions
about the adequacy of the various models. Steade Howie would be a good person to have on the
working group, or at least at the TRR's. He and Fred Rigby have sufficiently differing views that
a discussion between them will generally bring out any points that we might miss.

Section 3.7.3.3 of the plan on test conditions mentions water pressurization of the bottle
samples. This test method has caused some contention in the past, with some in the community
believing that the conditions of burst and the dynamics during burst are not adequately
represented by water-pressurization. The relatively small gas volume bleeds very quickly. One
suggestion which may be of interest is to use, for at least a few tests, a gas generator. The metal
end caps could be fitted at one end with a generator port, and at the other end with a relief valve.
Such an experiment could better match the dynamic pressure profile of a real target. There are
obvious experimental and safety constraints, including choice of gases. Again, gas generators are
a topic for discussion, not something for which we have a definite answer.

In summary, the program plan is a good one. Schafer at the time did not know the budget
situation in sufficient detail to comment on the funding breakouts. The schedule seemed
reasonable, although a general caution is that past funding and schedule estimates for any
experimental program are often optimistic, and we might expect some shortfalls in the objectives
due to unexpected problems. These sorts of problems are independent of the group or facility,
and the observation should not be taken as a reflection on AFRL, whose past programs have been
well-managed and successful.
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4.0 ABCS SUPPORT

The ABCS program uses a state of the art beam control brassboard to investigate
autonomous alignment techniques necessary for the SBL. In the past year, experiments have
concentrated on alignment techniques for the deformable mirror and the secondary mirror of the
telescope. Both of these elements are key parts of any of the beam control system concepts being
studied under the CDS programs. Previous years' experiments had modified the brassboard to
add secondary mirror actuators and to implement the software required for deformable mirror
control. '

The fundamental technology being developed in ABCS is one of a number of promising
candidate approaches for alignment. The portion of the SBL alignment being addressed is "pre-
alignment”, starting with the system in a state immediately after launch, and aligning the optical
system to a precision that is adequate for the fast control systems to be calibrated and to then
maintain alignment. The ABCS approach uses a single "far field" camera, combined with a
Simplex algorithm. The far field camera uses the image of a star or auxiliary laser, and aligns the
optical system by improving the image. This approach has a significant advantage: because all of
the light from the star is concentrated in a single point image, the light is used very efficiently and
the sensor need not be extremely efficient. Other approaches in the past, and recently proposed,
rely on “"near field" or collimated beam wavefront sensing. The star source is used as a point
source to fill the entire aperture, and the wavefront error is measured over the entire aperture.
Several orders of magnitude more light energy is required. Since available stars are of fixed
magnitude, the ABCS approach is much more robust. The disadvantage of the approach is that
the far field information is less complete. That disadvantage can be overcome by means of the
Simplex algorithm, which simultaneously optimizes many degrees of freedom, providing an
algorithm which is thus both accurate and light-efficient.

ABCS experiments at Raytheon Optical Systems, Inc. (ROSI, formerly HDOS) have
gathered fundamental data about the performance of this approach. These data include sensitivity
to noise, the effects of various "merit functions” which provide the core guidance to the
algorithm, investigation of actuator hysteresis, and other data which are key to understanding of
the approach As a result of the complex interrelationship among the various parameters, the
algorithm currently converges at times, and does not at other times. Such phenomena are
identical to those found at subscale in earlier subscale experiments, and were handled in those
experiments by adjustment of the merit function to avoid regions of low sensitivity (flat areas of
the multi-dimensional optimization space) Various techniques were also developed to avoid
convergence on localized maxima and to avoid drift due to hysteresis and cumulative buildup of
small errors. These techniques have not yet been applied to the ABCS full-scale brassboard.

ROSI has proposed adding a ring resonator to the brassboard to look at the interactions
between the resonator alignment and beam control system alignment. Although a valid
experiment, more fundamental investigations of the utility of various merit functions are the next
logical step. These investigations can be carried out without modification to the current
brassboard.  Given the current contractual mechanisms, active SMC participation in such




experiments would be required. Such participation could result in rapid technical progress,
directly applicable to current concepts, at funding levels less than $500K.

""" A review meeting was held at ROSI Danbury on 15 October. The ROSI plan for FY 99
work was discussed, but the program path is uncertain because funding has not been allocated by
SMC to continue the ROSI effort. Schafer efforts will concentrate on preparing several software
packages and technical descriptions of experimental techniques needed for the continuation of the
program. Schafer will provide a summary briefing for the new ROSI program manager.
Coordination with SMC will continue, with the goal of reaching a final plan for continuation of
technology development in automated alignment systems.

The recent ABCS meeting was a good summary of ROSI's position and their plan for
renewed experiments. There are two primary issues: current funding does not support ROSI's
plan, and there are a number of issues not adequately resolved which should be done before
embarking on a new experimental program. ROSI has again moved the brassboard to a new
laboratory, near the large vacuum chamber once suggested as the baseline for coating a four
meter monolith for the RD. They have again said that this laboratory is not likely to be in demand
any time soon (as they did the last time). There was no indication of any problem associated with
the move, although they have not rechecked the alignment. At the meeting, ROSI distributed a
draft white paper.

The ROSI briefing concentrated on their plans for a resonator alignment experiment which
could be added to the existing brassboard in the area used originally for the Helios HF (OT) laser.
They have proposed building an 8 inch diameter replica of the Alpha resonator, to be diamond
turned by OFC (Keene, NH; formerly Pneumo Precision). This is a change from the previous
proposal to use 4 inch diameter optics. The cost difference is apparently not large, but the eight
inch version is apparently easier to work with. ROSI did not seem to have a good understanding
of the tolerances needed for the resonator optics. As a result, there is some question as to.
whether the price/delivery/quality of the optics from OFC will be reliable.

ROSI presented a program schedule that calls for experiments in the April-August 1999
period. assuming immediate authorization to purchase hardware (which was not forthcoming).
Their proposed price was $565K. The proposed staffing level averaged 1.45 persons, with a peak
of 2 9 during the height of the experiments. This is an average cost of $390K per person year.
The staffing leve! is marginally adequate for a reasonable experimental program. ROSI needs to
add an optical engineer to the program at least 75% time in order to ensure a more complete
program ROSI's past efforts have been flawed by the lack of sufficient optical expertise internal
to their program.

The ROSI resonator design is reasonably good, although the compact leg design lacks an
actuated turning flat. Addition of such a flat would make the resonator an exact analog of Alpha
and would remove the slight tilts introduced by the actuation of the injected beam splitter (which
should not be active). The specification of the inner-to-outer cone errors in the
waxicon/reflaxicon was not adequate in the presentation. ROSI admitted that OFC would do a
"best effort”, but the specifications must be within OFC's capabilities, or the aberrations of the
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conics will dominate the alignment aberrations and the experiment will not be representative.
OFC does not have metrology capability to verify the individual element specifications, and ROSI

did not present a metrology plan.

Performance of the brassboard and the algorithms during the most recent phase of the
experiments was not, in Schafer's opinion, adequate to proceed into the next phase. As Bob
Tyson and Michelle Thomas have pointed out, there are serious concerns associated with the
small dynamic range of the current camera. This small dynamic range can cause convergence
difficulties. There are also still concerns associated with repeatability of actuator positioning and
sensitivity of the merit function.

We also identified that the merit function used by ROSI (5x5 PIB) is not the best function,
and certainly is not appropriate for all degrees of freedom. We recommended the use of different
merit functions for SM despace and for SM 5 DOF, and a sequenced approach, switching merit
functions as appropriate. We also recommended a 3x3 merit function for DM convergence.
ROSI tried one run with such a merit function, but concluded that it was noisy. The conditions of
the experiment at the time they performed that test essentially guaranteed a noisy run.

There is insufficient data to determine the exact causes of the dynamic merit function noise
(the February 1998 data has not been made available to us for analysis). We have found in our
laboratory experiments that the noise sources can typically be reduced or eliminated, since many
of them have to do with the details of implementation, and not with fundamental physical noise
processes Further experiments, on more complex hardware, cannot be recommended until these
noise sources have been identified and eliminated.

The ROSI ABCS autoalignment white paper begins with an overview of ABCS history
and hardware It next describes the experiment requirements, the control and diagnostic systems,
and software The paper then describes the operating procedure. The operating procedure is
correct, but fails to mention the large number of characterizations of the brassboard which must
be made prior to successful testing. The experiments must include, and the white paper should
describe, merit function noise testing, actuator repeatability tests, various merit functions, camera
spot size (both aberrated and aligned), different sequences for convergence, SM single vs.
mutltiple DOF runs, etc '

ROSI's test results section is too short. Preliminary results are presented as if definitive.
ROSI indicates that "the secondary mirror S DOF Simplex was unable to find this best [alignment]
location”. After using the two pass technique recommended by Schafer at the start of this phase
of ABCS, ROSI showed somewhat improved performance, with occasional failures. Schafer's
analysis of system noise indicates that such a result is to be expected, and is a result of experiment
conditions having little to do with Simplex. Furthermore, these experiment conditions should be
fairly easily improved to allow lower-noise experiments. The DM experiments have a very limited
description. This description implies that the experiments had very limited success. A better
description would indicate that the experiments are far from complete, and that many more tests,
including more careful noise characterization, are necessary before any conclusions can be
reached.
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The conclusion section is far more critical of the experiments than necessary. All of the
noted deficiencies are due to the characteristics of the ROSI experiment. Concluding that "further
effort is required in order to make this approach viable for an operational system” indicates that
the problem is with the approach. In fact, the experiments were not sufficiently detailed to make
such a conclusion with any degree of certainty.

The recommendations section is seriously flawed. It recommends constructing a
computer model of the DM Simplex operation to see if the model predicts the observed .
experiment results. A better approach would be to better characterize the brassboard noise, -after
improving the camera dynamic range. Implementation of other techniques previously given to
ROSI, such as "fluffing” the simplex to avoid convergence to local minima, should also be
considered.  Schafer already has full models of the ABCS system. Building another is not
efficient. The merit function optimization suggested by ROSI has already been done, and
provided to them.

ROSI has conducted a good series of experiments, making the most of extremely low
staffing levels. The experiments are incomplete. A more systematic approach is needed,
including better noise characterization after camera dynamic range upgrades. We should
recognize that the last phase of the program has not been successfully completed. Programmatic
and contractual issues associated with such a conclusion should be resolved before going on to
more complex new experiments. The resonator experiments are critical to SBL alignment.
Rushing into such experiments without adequate preparation is unwise.

Work continued at a relatively low level to develop an information package describing the
~fluffing” modification to simplex which may be applicable to convergence problems on the ROSI
brassboard ROSI prepared a brief outline of a modified plan which incorporates most of the
previous suggestions for amplifying experiments prior to committing to new hardware. A meeting
will be held in January to discuss plans for the remainder of the calendar year.

A review of alignment literature from Zenith Star was completed and a package of
documentation is on file at Schafer. These documents will be discussed with ROSI and provided
on an as-needed basis.

4.1 Autoalignment Algorithm Modifications

In order to assist ROSI in the ABCS program, a discussion of the simplex fluffing
modification has been prepared. To date, the studies we have performed in a laboratory used
algorithms based on the downhill simplex method of Nelder and Mead with few modifications. In
the following sections, this method is referred to as the original simplex. A complete discussion
of the routine and the code itself can be found in Numerical Recipes’.

One modification to the original simplex, which showed promise when using computer
models of optical system alignment, has not yet been tried in a laboratory environment. The

* william H. Press ct al. Numerical Recipes The Art of Scicntific Computing (Cambridge: Cambridge University
Press. 1986)




procedure is called simplex shape optimization or, more informally, fluffing. In simulations, this
enhancement has improved simplex results both by reducing number of iterations and by avoiding
convergence to less than optimal solutions. The complete description of the original study can be
found iin a'previous final report’.” An extract of that discussion is included below in the section on

mathematical techniques.

4.2  Review of Original Simplex Algorithm

Given that N represents the number of degrees of freedom (DOFs), a simplex is described
as the geometrical figure in N-dimensional space consisting of N+1 vertices and all their
interconnecting line segments and polygonal faces. For example, if N = 2, the simplex is a
triangle Associated with each vertex is a functional value. The goal of the simplex routine is to
find the minimum value of the N-dimensional function often called the merit function.

To better understand how this process works to align an optical system, the following
associations can be defined. The N degrees of freedom relate to the N controllable mirror motions
(e g tilts and translations of each optical surface). Each vertex is defined by a particular set of
misalignments of the N mirror positions. In our case, the merit function value is a metric
calculated from the far-field intensity distribution resulting from each set of mirror misalignments.
Merit functions are chosen such that the best attainable optical quality is achieved when the
function value is at the global minimum. Therefore, function minimization refers to the search for

the best optical alignment as defined by the quality of the far-field intensity spot.

The minimization process begins with initialization of the N+1 vertices. In our current
format, the vertices are placed randomly throughout the N-dimensional space and a merit function
value is computed for each. The simplex method then takes a series of steps which iteratively
move the current worst vertex (i.e. the worst merit function value) to a location with a better .
value Most of the steps move the bad vertex along a vector extending from the location of this
point through the geometrical midpoint of the opposite “face” of the simplex formed by the
remaining vertices (The only exception is the “global contraction™ step which is a last resort that
gathers all vertices in toward the current best.) The process continues until the vertices converge
to 8 minimum functional value

The original simplex algorithm can converge to a local optimum rather than the global.
How often that occurs depends on, among other things, the topography of the N-dimensional
merit function being evaluated and the route through N-dimensional space that the simplex
follows. Since there are limitless choices for the function itself, modifying the simplex algorithm to
more wisely select a convergence path is a more useful approach to combating this problem.

3 L.J. Palumbo et al. “Task Order 10. Autoalignment of High Energy Lasers”™, WISA-R-94-B-003, 28 January
1994, Contract SD1084-92-C-0008.
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4.3  Overview of Simplex Shape Optimization (Fluffing)

Restarting the original simplex process after an initial convergence to a functional
minimum and occasionally nudging the simplex during the convergence phase are two common
recommendations for avoidance of local solutions. Simplex shape optimization, more simply
known as fluffing, falls into a similar category.

The idea behind fluffing is to avoid letting the simplex reduce its scope within the N-
dimensional space in which it exists. It was determined that a more efficient search path could be
maintained by ensuring that the simplex did not become too “flat” thereby limiting its visibility. In
the two dimensional analogy, envision the triangle collapsed to a line. (In N dimensions, a flat
simplex has collapsed to a hyperplane defined as an (N-1)-dimensional subspace of the N-
dimensional space.) Using only the steps defined by the original simplex algorithm, the vertices
are trapped such that they can never escape from this line to explore the second dimension.
Although complete collapse to a flat simplex is unlikely, simplexes tending toward flatness are not
uncommon.

It was found that maintaining the “roundness” of the simplex helps to improve the
convergence characteristics of the algorithm. Given that an equilateral simplex is described as a
symmetrical figure in which all sides and all altitudes have equal length and all faces have equal
area, the roundness of a simplex is defined as the ratio of its shortest altitude to the altitude of an
equilateral simplex with the same volume. At the extremes, the roundness of an equilateral
simplex is 1 and that of a flat simplex is 0.

The first stage of this modification to the original simplex procedure is implemented by
occasionally computing the roundness of the simplex during convergence. If the roundness value
has dropped below a certain threshold, the simplex is reshaped into an equilateral figure enclosing
the same volume as the original simplex. In the current incarnation of the method, the new.
simplex is positioned such that its centroid is located at the same point in space as was the near-
flat simplex At this time, since all the vertices have been redefined, the associated merit function
values must be recomputed before the simplex algorithm can resume. With this last point in mind,
it is advisable to keep the frequency of the fluffing to a reasonable level. As N increases,
repeatedly revisiting all the vertices can be impractical.

4.4 lmplementation of Simplex Shape Optimization (Fluffing)

The goal of the shape optimization method is to maintain the “roundness” of the simplex
in order to maintain optimum visibility throughout the N-dimensional space in which the simplex
resides. This is accomplished by occasionally “fluffing” the simplex when it tends toward flatness.
This section describes the fluffing algorithm currently implemented in the ABCS laboratory
autoalignment code.
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The autoalignment module requires a set of parameters which define how the code will
run during a particular experiment. Fluffing is controlled by the ninth parameter, MODFLG,
which allows two possible settings:

1 = original simplex
2 = activate fluffing

A setting of 1 tells the code to skip any roundness-checking sections while a value of 2
incorporates into the original algorithm the roundness-checking and any subsequent fluffing of the
simplex. N ’

Although the formal definition of a perfectly round, or equilateral, simplex assumes all
DOFs have the same characteristics, this is not necessarily the case in real systems. The DOFs
can vary in engineering units and ranges of motion. Therefore, in order to implement the fluffing
method, all DOFs are normalized within the routine. This is necessary since statistics, such as the
average simplex altitude, would not make sense if using values with different units or ranges. The
normalization is based on input ranges of motion for each DOF. Note that these ranges may not
be the full actuator stroke possible, but rather the maximum reasonable values considering
detector grid size, far-field spot size, and individual sensitivities.

Two other values control the operation of the fluffing algorithm: roundness threshold and
frequency of roundness-checking. As a starting point, the need for fluffing is tested at a
frequency of N iterations, where N is the number of DOFs being aligned, and fluffing is executed
when roundness falls below the threshold of 0.6. The threshold value stems from the original
fluffing study where it was found that the progress of the algorithm slowed considerably whenever
the roundness dropped below a value of approximately 0.6. As an additional precaution, no fluff
occurs is roundness is below 0.1. Since a fluffed simplex takes on the same volume as the "flat"
simplex. a volume approaching zero will contract the vertices into a very small region. However,
the value of 0 1 is an arbitrary choice and, since it has not been tested, may require modification
based on simulation or experimental results.

Although the original study recommended a roundness-check every 2N iterations, the
speed with which other optical models had locked-up in the past suggested the need for more
frequent checks Merely checking roundness is not a time consuming task and, for relatively few
DOFs, even if all checks indicated that a fluff was required, the time penalty for revisiting all the
vertices would not be excessive. As the number of DOFs increases, however, this issue should be
revisited

Briefly, the fluffing process follows the following steps:
Find the centroid of the current simplex, CO
Create a fluffed (equilateral) simplex with one vertex at the origin
Find the centroid of the fluffed simplex
Shift the fluffed simplex such that its centroid is at CO

The details of the mathematics describing this process are discussed below.
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After fluffing, the new vertices are checked to ensure they do not exceed the input range
limits of each DOF, also referred to as the hard stops. Although this should be a rare occurrence
in a well-behaved system, any vertex which violates the restriction is adjusted by setting any errant
DOF to its limit. Obviously, the simplex will no longer be equilateral. However, the fluffing
process has still acted as a restart or nudge and should still be effective. The final step is to
recompute the merit function for each new vertex in preparation for the next simplex iteration.

4.5 Vertex Refreshment

Although a necessity after fluffing, periodically reevaluating the merit functions of each
vertex is also recommended for any system in which drift, hysteresis, or the occasional unexpected
mechanical error can occur during the course of the simplex convergence process. Since the
fundamental driver of the simplex algorithm is the location of the best vertex (i.e. the one with the
lowest merit function value), an occasional check of the ranking of vertices from best to worst is
advisable. Since this step requires revisiting all the vertices, it can be time consuming, so a
judicious choice of the frequency with which the process is invoked is needed. At a minimum, we
suggest that vertex refreshment be done whenever the simplex algorithm chooses to perform a
global contraction. Since the global contraction step completely relies on knowledge of the best
vertex, recomputing the merit functions just prior to this step can avoid a misdirected
convergence.

Like the fluffing process, this modification to the original algorithm is also controlled by
an input parameter, NREFR. If greater than O, the value assigned to this variable indicates the
frequency of vertex refreshment in terms of simplex iterations. For example, a value of 5 would
force the routine to recalculate all merit functions every 5 iterations. Setting NREFR = 0 is a flag
to perform vertex refreshment only when a global contraction is requested. Any value less than 0
shuts off this option.

4.6  Simplex Shape Optimization: Mathematical Techniques

The implementation of simplex shape optimization required the development of mathematical
techniques for computing the volume and altitudes of an N-dimensional simplex and for creating an
equilateral simplex with a given volume and location. These techniques are described in this section.

Local Optima and Search Efficiency

Occasionally, for some types of optical systems more than others, we have noticed a tendency
for simplex to "hang up" on a local optimum or to get stuck in a region of parameter space where it
appears to make very slow progress. There are two different mechanisms that may cause this type of
behavior: (1) the algorithm converges to a local optimum because its search space is too small to allow
it to "see” the better global optimum; or (2) the simplex collapses nearly to a hyperplane or otherwise
gets very small and, therefore, its search space is greatly reduced. In the latter case, it is possible that
the algorithm may not be able to see either a global or a local optimum.
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In many of these cases, the final alignment state to which the algorithm converges is clearly not
optimal. Depending on the complexity of the search terrain in N-dimensional hyperspace (where N is
the number of degrees of freedom controlled by the simplex algorithm), the tendency to hang up can
occur more or less frequently. Any multidimensional optimization method, including simplex, is capable
of exhibiting tendencies to converge to local optima. Indeed, all methods have difficulty distinguishing
whether the solution to which they have converged is global or local. The simplex algorithm is known
for its ability to avoid local optima, but, given a rugged enough search space, it can also fail in this
manner.

Simplex Restarting

There is a commonly recommended approach for testing whether a particular point to which a
multidimensional optimization algorithm has converged is a global or local optimum. That approach is
to restart the search in the region around the current solution to see if the algorithm can jump out of a
local hole and find a better solution. In the downhill simplex method, this means that one should
constmaamwdmpla(byr&hﬁﬁaliﬁngﬁwvaﬁo&sinmeregionofhypaspaceamundwiﬁchme
algorithm has converged. Some knowledge of the search space is required so that one may choose an
appropriate size for the new simplex to be used to restart the algorithm. Also, it is important to have a
means of determining when the algorithm needs to be restarted. We will discuss approaches for this in
the following subsections.

Hyperplanes

There is another potentially pathological problem that, because of its geometrical nature and
search methodology, may be unique to the simplex method. This is the possibility of having search
space hmited by collapse of the simplex vertices into, or nearly into, a hyperplane. Recall that a
simplex is a geometrical figure defined by the locations of N+1 vertices in the N-dimensional space
defined by N controlled DOFs. A hyperplane is an (N-1)-dimensional “flat surface” in the.
N-dimensional hypa'spaoe,orseard]spaoe‘whaemealgoﬁt}untﬁ&stoﬁndanoptimum Just as three
points determine a plane in 3-dimensional space, N points determine a hyperplane in N-dimensional
space Ifthe N+i vertices of the simplex all happen to lie in the same hyperplane (or in an even smaller
dimensional space, e g , a “hpperline”), then for all subsequent algorithm steps, the vertices will remain
intha!hypa'plancandthusthcs&rdlfortheoptimnwillbelinﬁtedtoaﬂatregionofhypetspaoe, If
the optimum state does not happen to lie in that particular hyperplane, then the simplex algorithm will
never find it

If all the simplex vertices lie in a hyperplane, then none of the types of vertex movements
allowed by the algorithm can move any vertex out of that hyperplane. Conversely, if the N+1 simplex
vcrtioaspanN-dimensionalhypaspaoe(n.e.,theydonotﬁeinahyperplaneand,thusthesimplexhasa
finite Inpervolume) then none of the vertex movements allowed by the simplex algorithm can move a
givmvm:xirnomchypa'planefonnedbymeothanerﬁm. Also, one can visualize for small
values of N that if the N+1 vertices of a simplex nearly form a hyperplane, then a series of simplex
stcpscan'mundmn'thesimplmchmoebroadaﬁngitsmrchspacqﬂmhnpmvinghsswth
efficiency.
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If the N+1 simplex vertices all lie close to — but not exactly in — a hyperplane, then one of two
things may happen as the algorithm proceeds toward convergence. Either the simplex, in a senes of
standard steps allowed by the algorithm, works its way out of the near hyperplanar shape and resumes
an efficient search of problem space, or the simplex tends to limit its search space to points near the
hyperplane. The latter option may be stated in other words by saying that a flat simplex tends to stay
flat. We have found that maintaining the roundness of the simplex helps greatly to improve the
convergence characteristics of the algorithm.

Simplex Geometry

Several quantities that characterize the size and shape of an N-dimensional simplex will now be
defined and discussed. To streamline the discussion we will usually drop the prefix "hyper” from these
quantities; therefore, terms such as hypervolume, hyperarea, hyperspace, and hyperplane will simply be
referred to as volume, area, space and plane, respectively. We define in this subsection the terms,
simplex volume, volume determinants, areas of simplex faces, partial volumes, simplex altitudes,
simplex sides and the concept and properties of equilateral and isosceles-right simplexes. For
convenient reference, definitions of these terms and relationships between them are collected in
mathematical notation in Figures 4.6-1 through 4.6-4.
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Augmented Simplex Matrix and Adjoint Simplex Matrix

(Examples are shown for a simplex in 5-dimensional space where the coordinate
axes are x, y, z, u, and w. Subscripts refer to vertices and range from 1 to 6).

Augmented Simplex Matrix Adjoint Simplex Matrix
5 o5 oa wow ] X, X, X, X, X, X,]
X, Vv, I u w1 Y, Y, ¥, Y, 1, I,
A= HobhohoBoW ! B = zZ, z, z, z, Z, Z,
AR AR AN v, v, u, U, U, U,
X ¥ o2y 4wy ] vV, W, W, W, W, W,
x, ¥ o3, u w1 \» P, P P, P Py |

(Each element of the adjoint simplex matrix is a cofactor of the augmented simplex
matrix).

Simplex Volume Determinant, D, and Volume, V.
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Figure 4.6-1. Augmented simplex matrix, adjoint simplex matrix and related
determinants and cofactors for a simplex in § dimensions
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Hyperarea, A4, of Simplex Face Opposite Vertex 4

E, E,

E, = X1+4Y2+Z}+Ul +W] T

Partial Projected Areas Sum to Zero Across a Row

Z +Z,+Zy+Z,+2Z,+2,=0

Computation of Simplex Altitudes, H

A H =.\'1'-—l—=Nx—x-———'-=-——

|
l=?\--”1 J 4 A

Partial Volume Determinants Add Up to Total Volume Determinant

P +P,+P,+P,+P,+P, =D =N'x}" =6x}’

Length, L, of a Simplex Side

L, = J(x, —x,)  + (v =¥y +(2, —2,) ey )+ (wy -w,)?

Number of Sides, K, in an N-Dimensional Simplex

N(N+Y)
2

K(l\') =

Figure 4.6-2.  Relationships between simplex volumes, face areas, altitudes, and
lengths of sides.
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Relationships Between Altitude (H), Length of Side (L) and Volume

Determinant (D) for an N-Dimensional Equilateral Simplex .
H=L —A,——ﬂ L=H _iN_
2N v N+l
o N Y _on (N1
D=H (Tu) (N +1) D=L ( 7 )

N+l | 2
H=D" .__._)__.__ L=D"V | ————
NN+ (N+DH"

Augmented Simplex Matrix for an Equilateral Simplex in Five
Dimensions (N=5) with One Vertex at the Origin
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r+q q q 1
q r+q9 gq q q 1
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| 9 q q q r+q 1]

Figure 4.6-3. Mathematical relationships for an equilateral simplex
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Relationships Between Short Altitude (H), Length of Short Sides (L) and

. Volume Determinant (D) for an N-Dimensional Isosceles Right Simplex
| H=LJ'7\Z . L=HJN
D=H*IN D=L"
l1=D'"‘/:——7 | L=D'"
Length of Long Sides = L2 Length of Long Altitudes=L

Augmented Simplex Matrix for an Isosceles Right Simplex in Five
Dimensions (N=5) with One Vertex at the Origin
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Roundness of an Isosceles Right Simplex
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Figure 4.6-4 . Mathematical relationships for an isosceles-right simplex
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Augmented Simplex Matrix and Simplex Volume

Auseﬁxlentityford&scn’bingasimplexandinoompuﬁngitssizeand shape is a square matrix
which we define as the augmented simplex matrix. This is an N+1 by N+1 matrix formed by tabulating
the coordinates of the N+1 simplex vertices and appending a column of ones on the right to make the
matrix square (see Figure 4.6-1). The coordinates of a given vertex occupy a row; consequently, there
are N+1 rows. Much useful information about the size, shape and orientation of an N-dimensional
simplex can be obtained from the augmented simplex matrix, its determinant and its inverse. We
frequently refer to the augmented simplex matrix simply as matrix A.

The determinant of the augmented simplex matrix is called the volume determinant. The
volume of the simplex is computed by dividing the volume determinant by N factorial (N!). This can
easily be shown to be true for the area of a triangle (N=2) and the volume of a tetrahedron (N=3). We
asmmﬁmﬁ\eqmnﬁtywnlp\nedsimﬂadyforN>3alsohasmwﬁngasanN—dimmsional
hypervolume

Adjoint Simplex Matrix

For every square matrix, P, we can construct another square matrix, Q, called the adjoint of P.
The adjoint is the transpose of the matrix of cofactors of the original matrix; obviously, it has the same
dimensions If matrix P is nonsingular, then it has an inverse and the adjoint, Q, can be calculated by
multiplying the inverse of P by the determinant of P. This method is much more efficient
computationally than computing the cofactors directly.

If the vertices of a simplex do not all lie in the same (hyper)plane, then the simplex volume is
finite msmmdmhsvo}umedetermimmismn-m,matrbcAisnonsingularand, hence, it has an
inverse Thus we can compute the inverse of the A, multiply it by its non-zero determinant and obtain
a new useful matrix which we refer to as the adjoint simplex matrix. The product of the augmented
simplex matrix, A. and the adjoint simplex matrix, taken in either order, is the identity matrix times the
determinant of A The elements of the adjoint simplex matrix have physical meaning relevant to the
size, shape and orientation of the simplex. For brevity, we often refer to the adjoint simplex matrix as
matnx B

Areas of Simplex Faces

Referring to Figure 4.6-1, we note that in matrix A, the rows correspond to vertices and the
columns correspond to coordinates. Rows 1, 2, ..., N+1 contain vertices 1, 2, ..., N+1, respectively,
while the first N columns, 1, 2, 3, ..., N, contain the X, y, Z, ... coordinates. In the adjoint simplex
matrix, B, this association is transposed. Here, each of the rows is associated with a given coordinate
of N-dimensional space and each of the columns is associated with a particular vertex. The bottom
row of matrix B is associated with the right-hand column of ones in matrix A.
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Table 4.6-2. Comparison of numerical simulations of simplex algorithm convergence with
and without simplex shape optimization

Simplex shape
optimization strategy
From After

N L None Start 1000 Iters
6 1 646 169
6 2 950 152
6 3 398 164
6 201 193 124
6 202 129 130
6 203 143 142
8 1 Fail 248 1346
8 2 Fail 232 1478
8 3 Fail 238 1193
8 201 1615 180
8 202 1229 193
8 203 987 198
10 1 Fail 393 1664
10 2 Fail 348 1408
10 3 Fail 339 1468
10 201 Fail 234 1208
10 202 Fail 258 1337
10 203 Fail 259 1337
16 1 Fail 1042
16 2 Fail 766
16 3 Fail 639
16 201 Fail 420
16 202 Fail 436

. 16 203 Fail 467

COLUMN LABELS:

A" = Number of spatial dimensions or degrees of freedom

L = Length of short side of starung isosceles-right simplex

Simplex shape optimization strategy:

None.  No shapc opimization

From Start  Check simplex roundness cvery 2N itcrations. If it has dropped below 0.6. then perform a
shapc optimuzation (fluffing) step

After 1000 lterations: No shape opumization for first 1000 simplex steps. Then apply strategy as in
From Ntart

CONSTANTS: .
Merit function: Negative of N-dimensional distance from optimum point at (100, 100. 100, ...) spatial
umts Range = munus infinity to zcro
Stopping criterion: Merit function of worst vertex > -0.01
Starting simplex geometry: lsosceles-nght simplex with short sides parallel to the coordinate axes and
with the simplex centroid at the ongin.

NOTE:
" Fail” mecans that after more than 2000 iterations the algorithm has essentially dug itsclf into a hole. The simplex

has become very flat (typical roundness in range 10 ... 10”%), and very small compared to its distance to the

optimum. The simplex is still progressing toward its goal. but very slowly with a step size is of order 10 10 10°

spatial units and shnnking. Often the point at which the small simplex gets stuck is close to the optimum, but
. clearly further away than the stopping critenia of 0.01 spatial units.
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Except for the elements in the bottom row, the values of the elements of the adjoint simplex
matrix, B, can be physically interpreted as partial projected hyperarea determinants. Note (Figure
4.6-1) that a typical element in B'is a cofactor that has the form, including the column of ones, of the
determinant of an augmented simplex matrix with one less vertex and one less dimension than the
determinant of matrix A. Just as the determinant of matrix A is related to the N-dimensional simplex
volume, a single element of matrix B is a volume determinant in (N-1)-dimensional space. Since our
viewpoint is in N-dimensional space, we refer to a volume determinant in (N-1)-dimensional space as a
hyperarea determinanit or, more simply as an area determinant.

The element in row i, column j of matrix B is proportional to the projection onto the coordinate
plane, i, (i.e., the plane perpendicular to coordinate axis, i) of the area of the closed figure formed in an
(N-1)-dimensional hyperplane by all the simplex vertices except vertex j. The proportionality factor is
1/(N-1)! This closed figure, the face of the simplex opposite vertex j, is referred to as simplex face j.
A combination of the partial projected area determinants taken down a column gives a useful
geometrical quantity, as we shall now see.

Given a closed figure in a plane oriented arbitrarily in space, we note that its projected area
onto a coordinate plane is the actual area of the planar figure times the cosine of the angle between the
normal to the plane and the coordinate axis (i.e., the direction cosine). We know that the square root
of the sum of squares (RSS) of the complete set of direction cosines of a vector is unity. Therefore, we
conclude that the RSS of the partial projected area determinants in column j is proportional to the area
of simplex face j This RSS value must not include the last row of the adjoint simplex matrix and it
must be divided by (N-1)! to compute the actual hyperarea of simplex face j (See Figure 4.6-2).

Two other interesting N-dimensional geometrical concepts can be derived from the elements of
matrix B First. the direction of the normal to hyperplane j, expressed in terms of direction cosines, can
be directly computed by dividing the partial projected area determinants (the individual elements of B)
bymeirRSStakmdowncolmmj,forrowi= 1 to N. Second, one can see that if matrices B and A
are multiplied, in that order, the elements of the last column (except the element in the last row) will all
be zero This. of course, follows from the fact that the product of the two matrices is proportional to
the identity matnx This means that the projected areas of all the simplex faces onto a given coordinate
plane add algebraically to zero.

Simplex Altitudes

Simplex altitudes are distances from a given vertex to the face opposite that vertex taken along
a line perpendicular to the face. Recall that the area of a triangle is 1/2 the length of the base times the
altitude and the volume of a tetrahedron is 1/3 the area of the base times the altitude. Extrapolating to
N dimensions, we can state that the volume of a simplex is 1/N times the hyperarea of a face times the
altitude dropped from the opposite vertex to that face (See Figure 4.6-2). This holds for any simplex
face and its corresponding altitude. Therefore, if we have values for the simplex volume and for the
areas of all ofhsfaws,computedasdwaibedabove,wecanusethefonnulajustdismssedto
compute all of the simplex altitudes. Working out the math, we see that the factors of N, N! and
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(N-1)! cancel and the altitude is just the volume determinant divided by the RSS of the partial projected
area determinants.

We may think of the altitude as a vector. The length of the vector is simply the altitude. The
direction of the altitude vector is the direction of the normal to the plane to which the altitude is
dropped. A method for specifying this direction in terms of direction cosines was described above.

Partial Volumes

The elements of the bottom row of the adjoint simplex matrix can be interpreted as partial
volume determinants. By examining the cofactor (determinant) that defines the element in row N+1,
column j, it can be shown that the value of this element is the volume determinant of a new simplex
formed by replacing vertex j of the original simplex by the ongin.

The algebraic sum of the elements in the bottom row of matrix B is equal to the volume
determinant of the original simplex. This can be seen by noting that the product of matrices A and B is
equal to the identity matrix times the simplex volume determinant. In performing this multiplication,
we compute the dot product of the bottom row of B and the right-hand column of ones of A to
produce a diagonal element whose value is the simplex volume determinant. Of course, forming a dot
product of vector, V. with a vector of all ones is equivalent to simply summing the elements of V.
From this it can be seen that if all partial volume determinants have the same sign, then the origin lies
inside the ssmplex.

Equilateral Simplex

Looking ahead to our recommended approach for simplex shape optimization, we have chosen
a method for restarting the simplex by periodically reshaping it into what we assume is a nearly optimal
shape — an equilateral smplex. This is a highly symmetrical simplex in which all sides and all altitudes.
have equal lengths and in which all faces have equal areas. Figure 4.6-3 presents mathematical
relationships between the altitude, side lengths, and volume determinants of an equilateral simplex. The
Figure also shows an augmented simplex matrix that illustrates how the locations of the vertices of an
equilateral simplex can be computed.

For comparison, we show in Figure 4.6-4 similar mathematical relationships for an
isosceles-right ssmplex. This is the N-dimensional analog to an isosceles-right triangle, a well-known
two-dimensional figure with two 45-degree angles. An isosceles-right simplex is easy to construct; the
relationships between its sides, altitudes and volume are fairly simple. However, for large N, this type
of simplex does not have an optimal shape.

Simplex Flatness and Roundness
Since we want to detect and avoid flat simplexes, we need some way to define the flatness or,
conversely the roundness, of a given simplex. Intuitively, we postulate that a flat simplex has at least

one altitude that is significantly smaller than the average. Given the vertex coordinates of a simplex, we
can apply the methodology just discussed to quantify simplex size and shape. We may use the elements
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of the matrix B to compute the areas of all simplex faces and the lengths of the altitudes dropped from
each vertex.

We assume that an equilateral simplex provides the algorithm with an optimal (or at least a
very good) "view" of search space. Although we have not proven it rigorously, we assume intuitively
that an equilateral simplex has the smallest ratio of "perimeter” to volume — much like a sphere.
Therefore we define the term roundness such that an equilateral simplex has a roundness value of unity.
Furthermore, we define the roundness of an arbitrary simplex to the be ratio of its shortest altitude to
the altitude of an equilateral simplex with the same volume. Thus, the value of roundness varies from
zero to one. For a simplex that has collapsed into a hyperplane, all altitudes are zero and the roundness
is also zero. We sometimes use the term flamess, which is defined as 1 minus roundness.

4.7 Monotonic Merit Functions

Simplex algorithm behavior was investigated mainly with simple merit functions that could be
defined similarty for any number of dimensions. Simple forms were chosen to highlight various aspects
of algorithm behavior that are independent of merit function topology. These included N-space
distance and an N-dimensional Lorentzian — two very smooth merit functions with only one optimum,
ie. no local optima These merit functions improve monotonically as one moves in N-dimensional
space toward the optimum. A few runs were done with 8 more complex "optical” ment function to
provide a rough search terrain.

The smooth monotonic merit functions were chosen in order to separate pathological algorithm
behaviors due only to the nature of the simplex algorithm from those caused by a rough search terrain
or local optima The simplest merit function, N~dimensional distance, is defined as the distance
between a vertex and a selected (optimum) point in N-space. This merit function is optimized when
the distance is zero, i.e., when the vertex is moved to the location of the selected point. N-dimensional
distance is computed by taking the square root of the sum of the squares (RSS) of the differences of
the individual vertex coordinates and the coordinates of the optimum location. The use of this merit
function allows us to study simplex algorithm behavior problems that are due only to simplex size,
shape and location and the nature of the simplex algonthm. Most of the work described in this section
was done with the N-dimensional distance merit function and, unless otherwise stated, the results
presented below pertain to runs done with this merit function. It should be noted that results from runs
using an N-dimensiona!l Lorentzian for a merit function showed no significant differences from those
using N-dimensional distance.

Some preliminary runs were done with an "optical” merit function that exhibited very rough
terrain typical of optical interference phenomenon. This merit function, an analytical expression for the
on-axis far-field intensity produced by an array of possibly misaligned rectangular light sources (such as
illuminated mirrors), proved difficult for the simplex algorithm to handle. However, the use of simplex
shape optimization helped significantly in these numerical experiments too. Since this work was very
preliminary, we mention it here for informational purposes only, it will not be discussed further in this
report.
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4.8 Initial Runs and Problems Observed

It was expected that the algorithm, in the form as originally described by Nelder and Mead,
would be well behaved with a very simple monotonic merit function. However, we were surprised to
find that it was easy to create starting conditions that would cause the algorithm to dig itself into a hole
that it could not work its way out of These conditions occurred when all the initial simplex vertices
were close together but they were all relatively far away from the optimum. The simplex would often
tend to shrink to an even smaller size and thus it would never make its way over to the region of the
optimum. A similar problem also occurred for starting simplexes that were large but flat. If the
simplex starts out very flat, it tends to stay that way or get even flatter or smaller. Sometimes, a flat
simplex would shrink about a point away from the optimum point. This results in the algorithm
"getting in a rut” with very bad convergence efficiency.

By contrast, if the size of the starting simplex was large relative to the distance to the optimum
and the initial vertices either enclosed the optimum or lay within a few simplex widths of the optimum,
then the algorithm usually converged to the optimum with reasonable efficiency.

Roundness and Shape Optimization

When the simplex gets too flat, its search space becomes limited and the convergence rate of
the simplex algorithm is greatly reduced. We have found, by observing the progress of the algorithm,
that whenever the simplex roundness dropped below a value of approximately 0.6, the algorithm
convergence rate tended to slow considerably. In cases like this, there is a strong tendency for the
simplex to get even flatter and also smaller as the algorithm progresses; therefore the algorithm search
space can rapidly become very small. This roundness threshold value of 0.6 acts as a useful practical
criterion for any number of spatial dimensions (range studied: N = 3...80). Again, it should be
emphasized, that this behavior was observed for very smooth monotonic merit functions.

Implementation of Fluffing Operation

We therefore have incorporated into the algorithm a capability for computing and monitoring
the simplex size and shape (volume, altitudes, roundness, etc.) and we have also implemented an option
to reshape the simplex whenever it gets too flat In approximate but essential terms, whenever the
roundness drops below 0.6, the simplex is reshaped into an equilateral simplex and the algorithm is
restarted with its new set of vertices. Since we are interested in modifying the shape only, the volume
of the simplex 1s preserved while reshaping. We refer to the operation of reshaping a simplex into an
equilateral simplex with the same volume as simplex shape optimization or, more simply, as "fluffing”
the simplex

Restarting has traditionally been recommended for practically all types of multi-dimensional
optimization methods, including simplex, as a technique for coaxing the algorithm away from a local
optimum. For the simplex algorithm, a widely recommended approach is to generate a new simplex in
the shape of an isosceles-right simplex with one of its vertices coinciding with the position of the best
vertex of the old simplex. The vertex coordinates of an isosceles-right simplex with short sides parallel

115




to the coordinate axes have a simple mathematical form as shown in Figure 4.6-4 and, therefore, are
easy to compute.

However, that same Figure (near the bottom) shows that, for N > 3, an isosceles-right simplex
is too flat. Its roundness is less than 0.6, the limit of our roundness criterion. Similarly, we found that
a simplex created from randomly generated vertices is also very unlikely to exceed the roundness limit,
especially for moderate to large values of N. Because isosceles-right simplexes and simplexes with
randomly located vertices tend to have roundness values less than 0.6, we have chosen to use an
equilateral simplex (with a roundness of 1.0) to restart the algorithm.

Results of Implementing Shape Optimization

In order to study the effect of simplex shape optimization (fluffing), we performed several
numerical simulations in which the shape optimization feature was turned on and off. Some typical and
illustrative results are summarized in Table 4.6-1. Simulations were performed with different numbers
of DOFs, N, and with large and small starting simplexes. We compared results with no fluffing, with
fluffing active, and with fluffing activated after 1000 algorithm steps.

The starting simplex in all cases was an isosceles-right simplex with its vertex coordinates
computed as shown in Figure 4.6-4. The simplex was then shifted so that it centroid was located at the
origin The N short sides were parallel to the coordinate axes. All runs used the same merit function:
N-dimensional distance from a defined optimum point with coordinates (100, 100, 100, ..., 100)
expressed in arbitrary spatial units. Therefore, initially, the simplex centroid was 100 VN spatial units
away from the optimum_ The tabulated results are the number of algorithm iterations required to meet
the stopping criterion, which occurred when the merit functions of all the vertices exceeded -0.01, that
is, all vertices lay closer than 0.01 spatial units away from the optimum point.

Horizontal lines in the Table separate the runs into groups of three. Within each group, the.
value of N is constant and the size, L, of the starting simplex varies only slightly; therefore, one would
expect that the resulting iteration count would be comparable. The observed vanation indicates the
*statistical® behavior of the simplex algorithm. The amount of variation within a group is much smaller
for the runs where shape optimization is active. This more consistent, or less chaotic, behavior has
been observed in practically all simulations (of which those in Table 4.6-1 are a small sample) done
with the fluffing enhancement active.

For each N, simulations were performed for three small values of L and three large values of L.
For the latter, the starting simplex is large enough such that the N-space distances between the simplex
vertices and the optimum point are comparable to the simplex size. This means that if the simplex does
not initiallycomaintheoptimumpoim,ithasthecapabilityofmclosinghinafewalgorithm steps. For
large starting simplexes, one might expect that the algorithm will converge reasonably efficiently in its
basic form, without help from shape optimization. After all, it has worked very well on many types of
problems for years. The Table shows that this is true for N = 6 and L = 201, 202 and 203. In these
cases, the combination of adequate starting simplex size and small problem dimensionality is sufficiently
favorable that the activation of the fluffing feature improves convergence very little, if at all. For more
difficult starting conditions (N = 6, L = 1, 2, 3), with all the vertices clustered around the origin far
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from optimum, the unaided algorithm does indeed converge to the right the answer. But, with shape
optimization activated, the convergence time decreases on average by about a factor of 4.

For the higher dimensional simulations, N = 8, 10 and 16, the unaided algorithm "fails” in
almost all trials. (See the note in Table 4.6-1 for a description of the failure mode.) The only
exceptions are the large starting simplex group for N = 8. For these cases, the unaided algorithm
converges in all three attempts; however, helped by shape optimization, the convergence rate is
improved dramatically (a factor of ~7 if one compares averages of three trials).

For all fifteen runs listed in Table 4.6-1 in which the unaided algorithm failed to converge, the
enhanced algorithm was successful. The version enhanced by shape optimization always takes
somewhat longer given more difficult starting conditions (small starting simplexes) and it requires more
iterations as the number of DOFs, N, increases. The number of iterations required to achieve the
stopping criterion shows only a small statistical variation for closely similar initial conditions. Also, it
increases nearly, but slightly faster than, linearly with N. The variation is closer to linear for runs with

large starting simplexes.

Algorithm behavior for all entries marked "fail” in the Table was practically identical (see the
note) Afier several hundred iterations the simplex size, and hence its motion per step, became smaller
by orders of magnitude than the distance the vertices had to move to reach the optimum point.
Consequently, the rate of convergence slowed to a crawl. Worse yet, the simplex became flat
(roundness value of order 0.00001) and kept getting even smaller and flatter. It was apparent that the
algorithm would never converge, although there was clearly no tendency for it to diverge either. The
simplex was essentially stuck in one place.

The question arose as to whether the algorithm could be lifted out of that helpless state by
using simplex shape optimization. This was tried and the results are indicated in the last column of
Table 4 6-1 In these runs, we allowed the algorithm to run for 1000 iterations in which it dug itself
deeply into a failed state of the type just described. At that point we activated the fluffing capability
and. in 9 out of 9 trials (we did not perform these tests for N = 16), the enhanced algorithm was able to
recover in only a few hundred additional steps. The two identical iteration counts of 1337 in the last
column of Table 4 6-1 (N = 10) are a coincidence, they are not misprints.

The recovery process was similar in all runs and was interesting to watch. First, a fluffing
operation made the simplex perfectly round. Then, as the algorithm progressed, the simplex grew
larger Whenever the simplex started to get flat (and, consequently its rate of growth started to level
oﬂ),aﬂufﬁngoperationwouldforoeittobemderoundagainanditsrateofgromhwouldbe
restored The simplex kept growing at a roughly exponential rate until its size became comparable to
the distance in N-dimensional space that it had to trave! to reach the optimum point. Then it moved to
enclose the optimum point and, finally, shrunk down around that point until convergence was reached.
In this shrinking phase, the simplex tended to stay reasonably round by itself. it did not need much help

from the shape optimization feature.
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49  Summary and Recommendations

We have modified the logic flow of the simplex algorithm by adding a new type of step that the
algorithm can take when necessary. The new step is referred to as a simplex shape optimization (or
"fluffing”) step. It is executed whenever the simplex becomes too flat. This modification greatly
enhances the algorithm convergence rate by nudging it out of pathological situations in which its search
efficiency is seriously degraded. In essence, the modification consists of monitoring the simplex shape
and restarting the algorithm with a new optimally shaped simplex whenever necessary. More
specifically, when the roundness value of the simplex decreases below the value 0.6, the algorithm is
restarted with an equilateral simplex (which has a roundness of 1). It was found empirically that this
roundness value limit of 0.6 applied to any number of degrees of freedom. The Toundness, which
varies in value from zero to one, is defined as the ratio of the shortest altitude of a given simplex to the
ahitude of an equilateral simplex with the same volume.

To aid in defining simplex size and shape, we have developed a computationally efficient
mathematical formalism based on matrices and determinants to calculate such quantities as simplex
volumes, altitudes. and roundness. This formalism also allows us to compute the vertex locations
needed 1o create an equilateral of any size and dimension.

Typical pathological situations that the algorithm can get itself into are not necessarily caused
by the algorithm converging to a local optimum. Another type situation, a flat simplex condition, has
been seen to occur frequently with smooth monotonic merit functions that have only one global
optimum and no local optima. This phenomenon involves the shrinking and flattening of the simplex
such that the steps it takes toward the optimum are very tiny and grow even smaller as the iteration
count increases In runs with smooth monotonic merit functions, the flat simplex problem has been
observed to occur quite frequently. It has happened for systems with as few as 8 DOFs with
challenging starting conditions (small simplex with vertices far away from the global — and only —
optimum) and for systems with as few as 10 DOFs with good starting conditions.

The results of implementing simplex shape optimization were dramatic. The convergence
efficiency and robustness of the simplex algorithm were greatly improved. In every simulation we have
run, the simplex algorithm with shape optimization activated converged efficiently and consistently. In
cases where the algorithm converged both with and without shape optimization activated, either the
same or more iterations were required to reach convergence without it. In many runs without shape
optimization, the algorithm "hung up” when it degraded into a flat simplex condition. Repeating these
runs with the fluffing option activated from the start, or continuing these runs from the degraded state
after activating the fluffing feature, always resulted in successful convergence.

Because of the substantial improvements we observed in convergence rate and consistency, we

strongly recommend that the simplex shape optimization enhancement described in this section be
incorporated into all optimization systems based on the simplex algorithm.
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5.0 SUMMARY

The following tasks are suggested to develop technologies for key SBL issues. Schafer
has concentrated on technology development issues.

Alignment

Current plans calls for limited funding to support automated alignment activities. Small-
scale brassboard activities in the Schafer Chelmsford laboratory are a very efficrent way to
advance alignment technologies beyond ABCS brassboard plans. A detailed proposal could be
prepared, but an effort at 1 person LOE (about $200K) is a sensible precaution which the
program should undertake.

Costs

The current SBL operational system cost, driven by the desire to handle a particular
hardened threat, is in danger of reaching a level which will kill support for the program. A revised
cosUtechnical architecture is needed which can bring the program costs back down to affordable
levels This approach must consider technology, threats, and costs. It should identify key cost
drivers as a function of threats and technology, and should investigate large numbers of potential
architectures in a cost-efficient manner. Schafer has the unique people and tools in place to
perform such a special study. This study should be an intensive 3 person effort for 4 months,
followed by a 1 person level of effort for an additional 3 months for reporting and briefings. Total
cost would be about $300K.

Architecture envelope

Our current architecture studies are limited, because ISAAC used to be limited in the
number of cases which could be run. Advances in code automation have made this tool orders of
magnitude faster than older versions or than any comparable tool in the community. A rapid
search of parameter space should be conducted to find any "local optima” that have been missed
in the past This task would logically be a precursor to the cost task above, and would involve 2
people for 2 months ($80K).

Beam control technology

The current SBL operational concept relies on beam control system performance that is
considerably better than any performance projected in past studies. No particular breakthroughs
are cited. The contractors propose arbitrary beam control performance, which is set at a level just
sufficient to achieve the desired brightness, without any explanation of how such technology is to
be achieved. If such technology was available today, it would achieve 120 times more brightness
than has been demonstrated to date on ALI at high power. This two-order-of-magnitude
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improvement in performance would ordinarily require two generations of major high power beam
control experiments beyond ALIL. A critical study of beam control technology is needed, to
determine the true current state of the art, and to define reasonable limits which should be placed
on system studies so that the resulting architectures are reasonable projections. This effort would
require 3 people working half time over 6 months ($200K).

Large lightweight optics

There has been an argument for the last 20 years between proponents of active technology
and passive technology for large optics. Current concepts may involve combining both
approaches, with a passive large mirror coupled with an active beam control system in the
compact leg In order to understand the likely contractor approaches, a critical study of the two
major approaches should be completed. This can be thought of as a completion of the initial
status briefing. but needs to be extended to understand the interaction between the large optics
and their integral beam control system. This effort would require 2 people at half time for 9
months ($200K).

Telescope phasing

The basis for the only successful phasing technology demonstrated to date (early LAMP
tests) was the piston interferometer developed by the Schafer Rome operation. One of the few
analytic demonstrations of phasing algorithms was the Simplex work done by Bob Tyson a few
years ago We have argued in the community that phasing is the key technology required for
large deployable optics. We should do first an analytical investigation, then a simple experiment,
1o demonstrate the feasibility of phasing approaches. This effort is critical prior to setting forth on
a telescope development program which is likely to cost of order $100M. Schafer could conduct
such an effort for the order of $500K.

Laser performance

~ The current approach to the operational system is the HYLTE nozzle. This approach was
developed in the early 1980s. There are other, better, nozzle concepts that have been developed.
The program should conduct an investigation which looks at the past technologies proposed in
MICOM nozzle programs, and develop a program plan for nozzle development as an "advanced
technology”. This effort would require 2 people working at 25% time for 1 year ($150K).

System Engineering Handbook

Schafer calls attention to the system engineering handbook proposed, which received high
marks from the evaluation team. Since no rights to usage of the proposed approach vested in the
government, and since such an approach would produce a technical product which would be
uniquely valuable to the community, Schafer suggests separate tasking to prepare such a
handbook. This would not be a support task, but would rather produce a handbook of the general
quality of the IR&EOS handbook published by SPIE (to which Bob Tyson and Gary Golnik
contributed chapters). Such a handbook would provide a lasting legacy for future SBL and DE
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programs for the next generation. We would follow an approach similar to that taken by ERIM in
the above mentioned handbook. Authors are not directly compensated for their time, but receive
a small honorarium for their contributions. The task costs support the editorial and production
process. * Schafer does not have a detailed cost estimate, but suspects that it would be on the
order of $500K, depending on whether one of the professional societies (probably SPIE) could be
persuaded to be involved.

121




SO (] ¢
CIUHDYUIPIAL 1O 1]
SWASAS podurApy
AOIUD)) SWAISAS JISSI pue ddedg




i

1

't

duyag DIV
I-1°¢ xipuaddy




[ 0d "M\




Arewuing .
ue[J we.arsorJ . |

90UR[[19AING 29 SOUBSSIBUUOIY —

v_omH;\ ﬁcso.mmv u% .:x\. -
| AL —
SBALY SUOISSIJAl DDV 10J [enudlod IdS -

2INJ0AIYIIY —

uuopeld 1ds d[3uig —
coﬁosﬁobcﬁ —

MIIAIIAQ)

BpUI3y




S-1-1't

MIIAAQ

joyuo) ul uewiny
dAEH 13X ‘pAjewoiny A[YsiH g A 1S -

Arsnoaue)nug suolssify] dldnnA syroddng JgsS o
SUOISSIJA] A1g[[PUY —
SUOISSIJA] ddeds.uno) —
asudJo(q AISSIA dustjied -

;104 Anjiqede)) IpIMPHOM SIpIAOId TdS

uo1oNpoONU|




9-1-1't

weaj uo sk

yudwdag
punox)

(a3wduy) /)

135w ’
paseg-axdsg ‘

juwdag
Jdedg

‘..-..ml..w,t;l‘

1at-ae

H-ATA3 3uis) ydune| 3[3uls

PMIyIy wy 00€1- 00L
JIMO0J SSB]D - NBMBII -

danprady w g ~ —
UIdIBIN %07 /M Q1 0S -

sw10j)8]d 28dS S€ - 0T

T

i - SRR 75

S -
~
may) -m = 77 ﬁ
FE 41
paseg-awmdy 1V S9NO0)

ﬁ

-~

(£q pumg)
125w]
passg-2xdg

WJJSAQ J3seT paseyq ddedg

)




aw)ajl] wajshAs Jedl gL -0} -
sjoys 001 ~ yim abues wy +000¢ - o O

sse|) yemebay ~ Jamod weag .
(zwo/m s0001L - SO0L) Sung s,0001~ AJisuaju| weag .

(‘a1 000'0S) 6% 000°'cZ ~ :SSe -
w G| ~ :19)3we|q Japuedx3y weag .

WozZXWgy :9zIS -

joJ3u0)

L1t 4 aoueuajuew pue Bujjanjal §GI0-uQ D) AMIIAIDAQ
7
i
h
7

weag
abesoyg ﬁ
uejoeay = /
/,..\ yriTL 2ot 10SU3G JUOLJIARN
Nl . . BujobynpsoN
) Aiepuodsg

“w

(4amod

we?
‘wwon d

. ) e Bupyoeuj pue
SJv) sng uopisinbdy  ;3oa8Q s35E7

/A o g // Japuedx3
! | .w A "
s100Q

wojie|d 14 [BUONON




8-1-1'¢ (sanoo uanni anv ¥3L1NO) - 101BUOSIY Jeinuu
YOLOVJWOD Wv3g (dVA-X3H) 10 d fejnuuy AMITAAQ

Wv38 ¥3svi
iNndino

141

SHOHHIN NODIIS
WISAHD ITIONIS

a37000NN (YOLVYNOSIY HYINNNY A8 QIANNOHUNS)

30IA30 ¥3SV

/.\‘
,.J\ ’ .
- HIddiNd

HAdVHOS
3INOD dV3H




6-1-1¢ MIIAIAQ

~iendwod ,..omnuo?.m | e
SR B ) A o - |oNu0Y - ' e B

edepeju|
juswuByy

10s5$9204d
dNV




ol-1-1'¢ o MIIALIAQ

(S661) S.IOH UIm S1D e pajesbaju)
191 17V 1o} Apeay - dINV E




[-1-1¢
MIIAIIAQ

urodwy a3 uo
13se] 9y} Sp[oH
pue ‘1316 ], 9} J®E
~19SBT 9y} SiuIog
9818, 3} SPUL.]
WAISAS JLV UL




AIAIRAQ

SUOIPUO) MO % JHdwudiyy
0) 3unsay Ananisuag adopaauy
DUBWI0JIIJ 1358] pAYBIIIU] -

uonviadQ 041\ AjqBUWIIOIIQ

_ (VD yusnupadiy uoojjey 2paiy 4dii)
p3fooduq) paensuowaq ouo) aii4 ¥ Juputod “Juppas | “vopsobiy

jonuo)) weag doo
paso|) puk uadQ pajenysuowdqg -

ERTITITHTYNER |
sondQ pajoodup) pajsasuoundq -

yunAcsduwy Lpjend
weag Juvdjludig pajensuoudq -

uonINPIY NI Ipnjudey
JO 13paQ pArBAsSUOWdIq -
uondnpoad

dIMO0 g [IAY] NEME3IN
Jo Apiquisaday pajensuowaq -

8661 AInf nayi 0661 3upsa) Juawajy uodwapy sgmélécu
KB\ WO §)SIL JImod Yy vl - (111Y) uopwa3au JWvT-wydly
(6861 'dNVT)
NOILVYDILNI sondgQ 3dawq

S1S3 | [04)u0)) wedg

puB J3s8] J1IM0J __M_C

B R 1t ARt A AN ' AP0y 0 A B0 LG T Nt 7Y T s S T8 2B o 2 B

snye)g 1S9 1 1S uan))




el-l-1't

>»®_>.~Q>O
ZH09 'TwooYy - Bunuiod pue uoneziqels
a|qeaoels) adsedsg . _ ABojouawouayd weag |aAa] uodeapp -
punosByoeg pue Labew, JOLIW BUloIES
padwnd 8poiq 8jels plos - uojiBJjsuOWIdQ puUB UoUyaQq 1aBuB) uonniosay YBIH « eI Aejoy Emom.smmw.— .
X ; ) sjuswalinbay ABojouyoal 41V - SOUBULIONS ! =
3117 Je1s 4o} Wun b4 div . dlV showouoiny . L b e
uonnoax3 pue ubisag paqisa)l d1iv paiesbaju| « . .

sjuawuadx3y d1v pajesBaiui
uolpuyaqg 1dsouo) WwalsAsS d1v -

(s6-0661) SYSS : Q (16-9861) IWY

24 | 'GP 06 < UOHBIOS| « ( ., painseap spunosBxyoeg
peJu o > AN painseapy wEBa:Qow

JONIr Weeg aouaJaey . 33 AN SHINId 13%00HPHOS +
pojBiisuowaq
pieogsseq \ (wesaid-z661) 38VH uogesuadwod

|qeylend Wby 4 JeaN « (26-1681) LdvaV ouaydSOWlY 1m0 MOT -

uojje|nwis uopouny _ f . -

Apogpsei{-0i-awnid

pue Bunuiod - Paqisay Bujuiod voispald
B &l paqise | Bueluelay pidey -

uojspaq pajesbay « 5100] uBISaQ
uopales ujodwiy « S|0JIU0D |BASIHUNIN » SoNETIEIS SO -
JaAOpuBH uofje|os| squeqinisiq He s

(ve-1661) LINN

FON3UI43Y TVILYINI (z6-9861) IdANVIAOV

(v6-Z861)
ONLLIOUVLIY GldVY

weidold DA-dLV
@




viritit MIIAIIAQ

6861 ‘9 Jaquaydag ‘1aseT TDVIIN
Aq pakonsa peo-] 1y3i[ parenwis [N Yy 4aisoog uell |

L4

785y uonensuowa(] AJ[ey)d Jase [ed1way))




| st . MIIAIIAQ
| A)snoaugjnwig payosune-] aJe sa||ssi .

— 1as

+SINEL W 0001 N sgl wy 0os
. JO JsquinN b JO JaquInN
w "
.ﬂ § i

R —— .SWEL

M:00€ L.:6F wy 009

: ﬁw 40 JaquIinp

ULo) mE.o_m:_m




MIIAIIAQ

ulw 06~ AaAg abel1ano) jeqo|o :sjabie] punossy

juejsu| Auang abesanon |eqojs) :sjobie] BUIOQIIY = e= == ==

a3eIaA0)) yueq 14dsS




MIIAIIAQ

abesanQn s|qnoq
abesano) wiopeld a1buis




.3@5‘ Example of Instantaneous SBL Coverage

O = NN T WN\D 00 O\

‘.m
: 2
57
s
&

St 5 &
- O -
uEu
> >
o =3 ©°
QOZO

30 SBLs
6x5

1100 km alt.
62 deg. incl.

3.1-1-18

Overview




o6l-1-1'¢

‘[put *39p 79
‘Je ury 0011
$X9

s1dS 0€

|

S
vy du11340)

2 £[s1dS Jo JaqunN
1 1] 31838 33813A0)

AIIAIAQO




, @
0c-1-1't -

AMIIAIIAQ
v\ N L .NJ
w.w N Nk |
_
aﬂ /,“V..L
= et vle(] [ROIWIOUONSY —
) Suuonuo A1eal] 10 elR(] [BIUSWUONIAUY —
; K133ew| pue Suiyoei] 193[qQ soedg —
hv A138ewj [endadsiadAiy -
: : H r—, 5.; uoneudisa 198 -
oo .._A | o 92UaLI219(] YoelNY punoin/my -
BujuIeM YiIM | ,Aw nw ; PIIES 7
wonsiBelul meeu 1o s+ J Aniqede) Are[[iouy .

sjasse JaYlo Yim uoneidauj .
juowadeuey dpneg Jaeay] ‘sa SNNOD o
[041U0)-Ul-UBWINY

sauljawli] e dndg -

_ sanss| uodea gy ddedg jo ;) D SUOISSIIA %.:wEtm °

aoedg 19uno) -
1SSV 11QIQ-uQ Jo uondANold -

SdONODO 14S




1=t

_ ~ N MIIAIIAQ
(86 AeIN G1) SAONOD 189S paroiddy DdS4V |
jaydsouny
1Yy uojssjwsues) sainbeay % :O_ummmz
YIS 102210 - awL YRy
juawabebuz apmpiv ybiH
ﬁ*u:mE>o_QEw ‘u uojsioaid B .ﬁﬁv
uoisioal
19199.d fuouadng w
1V
uo13993j04d.
juonebaN $393[q0
o9)l||9yes punouss jo
i _-L N uopeubisaqg
i /uo[}e207-099
anN \ spno|o
‘SPulm ‘O8N
$393(q0

jelJ}sasia] pue

Auouadng
aosedg

aA|ssed

asedg jo bujbew) m m

uonew.ojuj

pue aApoyY

asueuIWoO( w

SUOISSIIAl €S [BNUa30d




-t

%05

%08

%0

%06

AR, Dot et 2 PP,

{ 1eanuo si Ay

SR 28~ e Bea P R RIAT I Ay 2 L G DAL & hord S LA, FA AN A0 8 Lo

jigejieAy Jassy asedg Jo aosueinssy

MIIALIAQ

$82104 |ejoads
S82104 |eABN
$82104 punoJo

$982104 swoqu|y
suodeap) Uo|s|oaid

(Mvs '8 ‘siiun Ao Uy '8
paljowly ‘sed404 jejdsads) s62104 punoio
$92J044 |BABN

SUBj{||AID
selJoneg j01ed
$89104 punolo

SJOPUBIWOY JoledY |

S804 |BABN
(MVS '8 ‘sOV4 ‘siun uodey
}$02104 |B|208dS) §82104 punoio
slepuewIWoO) J8je8Yy L

SONID

(eoeds e|A pajiddns 9,)

3ON3AN3d30

WHOL1S 143830 sy3asn

S40D ‘'VVON
dSNd
YJHLVIAM

SdD
LISNVYL
NOILVDIAVN

WALSASHNS LIANN SdD
dsSd
ONINIVM ATTIVE

TVIOYIWINOOD
dVLISTIN
LVvSL14/04N
Sosd
SNOILVIOINNIWINOD

SW3LSAS / SNOILONNA

aoedg uo aouspuadag uno1§ Hasag




4 bl 3

Arewiung .
uejJ weasord .
QOUB[[IAING 29 SOUBSSIBUUOIIY —

S[oBNY pUNoID 79 1y —
AL -

SEAIY SUOISSIIAl DDV 10J [ENU0J 'T4S * @
MIIAIIAQ o

BpUddY
@




ba-1-1't (1AL - S€3.1VY UOISSI[A]

PPNV TdH -

uoneudisaq Jase ] —
Joenyy punoln) pue Iy I21unoy) e

nyreaopn -
olgdyy -
§}o8ie | punoln) —

spdre| ny -
(S293) AJUB[[IDAING 29 SOUBSSIBUUOIIY

(‘912 ‘QVVHL ‘18V) SWasAs 19410 Yim A310ukg -

sdo yoeny -
ISINOOPIN -

asey 1soog] -

ASUQJI(] JISSIA 191, '
SEA1Y UOISSIA DIV 10 [B1U310d TdS




SC-i-1't

(IAL - SBaay UOIsSI]y

Aiqeded QWL 18101 8PIACId U WaysAS 8UQ ON
Ing ‘siexesn] Bujanpey 03 seInquiuon) wayshg yoes .

AMEH SAvN

€ovd , MLIN
OdN3

dvvHl

Isuosia ] anboy .

Jepp uey) Jayj0 suonesadQ
\ asuaudleq

. OdW / 8jneg uiof
Aju3g padio4

Jep jo Aeq isdi4 .

uonenyig jeuonesado

OX3

18v

184S

sJayea buiysiuiwiqg

idg

S)}OSSY # SNSIOA

sio)ea] #

yidag-ur-asuaja 3IsSIA dusi[[ed
o

sdO
Yoeny

&




07-1-1'€ N I\ L - SEIIV UOISSI
UOISSIA HMWM\\(V
Alewilid 3y St Sy ‘SUON —
SNOLLVOIIIQOW &
adLdINOdy - ,

wopag %2011 auy4
a3eloA0) snonunuo) — N
$s300Y QA [290|D — R
ALITLLN TVILNALOA TN

woag 13H




Lel-l'e

3IEM]JOS [RUOHIPPY
MOT —
$19]00D
0IKD) / SI0SUSS YIMT [euonIppy
s3uinjeo)) 101\ puegpeolgqd . Q
sayouagsuiel ], [eondQ jeuonippy
SIOMIA ul-dif] o

(Aynoyyi o 32132() Y3iH -

. SNOILVOIJdIAOW TVILNd.LOd

sdew 193(qo 1331e) eIdUdD -

speaydem JAg L yoesn puewapg -

SuOO[[eq JO UOHBUILLIISIP dAIONNSIJ —

$103(qo Jo Suid3e) jeway) Jo uoneudisaq -

§103[qo paseds A[3s0[0 9A|0SAI A[dAlsSsed —
uiSew uonnjosa1 y3iy

pue (s/w] ‘w| >>) duryoes) (qg asddd -

ALI'TLLA TTVLEN:LLOd

201 196

(1I\LL - SB31V UOISSIA

s1osuas Bupoys ainpado Jomod moj wig
Bujsn Aq A)o0dod pup aBubs pudjx3,

19j/ys
uojnIadQ |D34§20}

24 S ﬁﬁ

dvVvHL

UOKDIS QYO

\ o____o.ow/\/\\

«PNOID,, {031yl

N

JAISSVJ/IAILDY AR

STeSI T JATSUOUSIY 107
UOIBRUTWLIOSI(] SANIJRIDIU] 3SINOIPIA




8C1-1°€ (1NL - SEIV UOISSILy]
21BMJOS [RUOHIPPY
MO —
sjusuodwo)) |
sng pue SI0SudS [BUOLIPPY e .,,f,.x..w
2181 ] Jou parordwy]
. WnIpajN — ST SR =
s3u1eoy) I0INJA pUBqpPROIg o uc_owmw_ﬁuo# : wzwu
sayouag/sute1], [eondQO [BUOIPPY N HOPUDIS

slounj ul-dif o
(Aynoyrq yo 92132Qq) Y3iH -
SNOILVOIAIAOW TVILNA.LOd -

SYORNY UIA0) —
SNSIAQY ulW 06~ —
$$300V [BQO|D —
uoneudisag 14L - /

ALITILO TVILNALOd \a.

uoneu3IS9(] 193818 ]




6C-1-1't o (1IN L - SBI.0Y UO0ISSI]y

29s/Wwy ‘DS 0} < SALYVY HOYVYIS LYOddNS NVYD SNOILVYDIIJIQOW NOIS3a -
wi ~ OL NOILYNDISIA ANV NOILVYDO0T 13IDYVL ‘AHIOVINI JWLL TVIH AIANOYd SHOSN3S 189S
H3HLVIM HVY3TO NI ONILYVHIdO HNLld3dvw g -

sunpade Lewud ybnosyy bunesado
Jojeuiwnyj; pasnaoj Jo} 8zys yodg

DI TR — <«———— WGz - > <——\— WG ——>

- il

(¥V10S) (4V10S) NOILVYNIWNTTI
HIMS JAISSVd 3718ISIA JAISSVd 0014 318ISIA IAILOY

NMOHS 3NV1d TvI04 40 NOI93Y TVHLIN3O ATNO - 13A37 TVNOIS 3WVH4 3TONIS

suoneladQ Yoeny 1oj uoneudisa( pue (]




[
!
! SNOLLINNW
a3aino ¥3svi

[}
[
[
!
[
!

! ebeian0d 189
apISINO JO SIaNEBdT)

- -

suonesadQ Joeny .
UOJRUIWILIDSI(] ISINOIPIA »
1d20191u] aseyd 1soog .

SUOISSIAI AL
1VSY S.ANW3N3

()

\_4

&
Cal /) -
WWOJLVS

JFONVYTIUIANNS NOLWLVYOIAVYN

19189y | ul Ayjiqeradolau 1gsS




le-1-1'¢ SV - SBALY UOISSITY

Foenv 1dH -

uoneugisa( Jase| -
Jjoeny punolr) pue I 19JUNO) o

nyieop -
olg/wayy -
s}98Ie | punoin —
s)adie iy —

(S293) 20UR[[ISAING 29 SOUBSSIBUUOIIY f

(‘319 ‘QVVHL ‘19V) SwaasAs 15§10 Yim A310ukg -
., , . sdo yoeny -
ISINOIPIN  —

asey 1s00g] —

ISUJ(] JISSIN 1918 o

Sealy UOISSIA DOV 10} [enudod T1dS
@




[4 3 bl IR

Aigede)
a|qeAalyoy

i
v

Ainqede)
juaiayuj

) me.

SNY - SEIAY UOISSI]Y

J01yaA uo suadim piBiyspum auluLBIag
SIV'S Play-puey Ajpuap)

Jelodie Jaquiod uo saull 39Au Ajpuap)
sol} peodjies [enplapul Ajpuap)
SUBA SOIUOJ}D3] UO SJUaA ‘sudppe] ‘spod Ajnuap)
yesoue sayBy uo sbuuiey ' sbumy Ajnuap)

Aijend
aKqISIA

Aiend yi

3IqISIA

3IqISIA

sued peodjies [enpiatpu) Ajguap)
swayshs WSS leonde) pafoidap Aypuap)
pajunow Ja|ies} JO 8|d1YaA se Jepel Ajpuap|

wo g’y

Aijenp ui

dIMS

Moq auLrewqgns e Jo adeys ayj auluusiaQq
S3[0IYaA payoen Anuap)
yesoue soyyby abue| Anuap)

w ¢

Aienp ¥

JIMIA

(eBuey uny 000z ® aunpady w g)
Aiqede) uonnjosay abew)

(quo)
uonniosay

aunb4pystiod

%m...% 14S reuonesad( 1oj Ayjiqede)) Josuag [NUOJ ©




teile S - SBIIY UOISSII
dIBMYOS [BUOLIPPY
sjuauodwo))
sng pue SI0SUdg [RUOLIIPPY

2131, JoA] paAoidw] .

WNIpIN  —
s3uijeo)) JOUIA pueqpeosy e
sayouag/suiel . W)} 000€ © UOHI3}3Q APILS m:»_._o_u_.z_:i wg
_mo_uQO [eUONNIPPY (Aiouoydung jinduia 3A)

JSSIW 3SINY¥D 3ANILTV MO1
SIOUIA ul-dij] o

(Aynoyyi Jo 22133Q) Y3iH -
SNOILVOLAIAON TVILNdLOd -
(90ud,] Sururejurejp u#! '

sa1inbay]) yoreag JISSI asiu) —

Jwil | [edYy-JeIN -

SSA20V [eqOo|DH —
w 000€ ® SIA 2AHOY Wg WD) 000€ © YIMW W
Yoel] % 1 103[QO 1Y - (Ajyjouoyoung §inopyQa Ajaipiaow)

ALUILLN TVLINLOd e 14v¥D¥IV 3ANULTV HOIH

A1a3ew[/3unyorl ] S[OIYaA 1Y
o




e o SNV - SBIAY UOISSIA|
2IEM]JOS [RUOINPPY = I—
MO —

. . DRSS s

syuauodwo))
Sngj pue SI0SU3S [BUOLIPPY -«

aIng1,{ JoujA paroidwi| .
winipow -
sguneo) IouI\ pueqpeolgqg .

sayouag/suiei] [eondQ feuonippy .
SIOUNA ul-dij]

(Knoygiq Jo 92185) ySiy -
SNOILLVIOIdIAON TVILNIdLOd -

Juawssassy afewe apeg -

o
“¥ .~

w> 0051 © SIqISIA dAIssDd W

ele(] 20uddiou| -

USIAY ulw 06 ~  —

$S220V |eqO|D -
ALITILO TVLLNALOd o

wj 0051 © ¥l 9A|sSD4 Wig

A1a3ewi]/3uryorl] 19818 punoun




se-l-l'¢

2IEMYOS [RUOLIPPY
MO —

syusuodwo))
Sng pue SI0SUdS [BUOINIPPY

aingi JoN paaoidwy .

wnipsy -
s3uneo)) IO pueqpeolq e
sayouag/sutel ], [eondQ [euonippy e
SIOMIA ul-dif o

(Aynayzi Jo 92132Q) YsiH —
SNOILVIIAIAON TVILNA.LOd

JUDWSSISSY adewe(] ey -—
elR(] 0UBI[[AU] —
$9210,] punoln) 10j (J] utedj -
HUSIAY W g6 ~ —
SSAJ0V [BeqO|D -—

ALITLLO TVLLNALOd

S®Y - SEALY UOISSIIA

llos Apueg
uonejabsp juswanaed uasyoig
Sa|oIyaA AelIN  JuawaAed M8sa(

w» 0051 10 ainpady w G| o} paIDOS
W ~aso 19V 4 00sT
spunous bujaoid ewni

JoAQ abew jesyoadsiadAy

ke N
3% QOUR[[I9AING PUB OUBSSIBUUOIIY [BUOIZIY N



9¢-1-1't

9IRM}JOS [BUOIIPPY o o S} - SEAIY UOISSIA]
MO —
syuauodwo)) QI - L B
SNE] pUB SIOSUSS [EUOHIPPY N, A : pnojD juaby
281 Jou paaosdwy . N L e
wnipajN —
s3uneo) IO pueqpeolg
sayouag/sutel ],
[eondQ [euonippy .
s1ouA ut-dif] .
Tepry . 8uads jo oc_ooE_M i..a |
(K&ynoyiq Jo 9133Q) YsiH - ok

: SNOILLVOIJIAON TVILNdLOd -

. Juowssassy adewe ey -

1]
v

BIR(] 20UdBI|[AU] —
UONBIIJUIA Aledl] —
USIAY Ul 06 ~ —
$S900V [BQO|D -
ALTTILOTVILINALOd e

UOI1BO0/U01103)3(] 1UdBY olg/way)




e 21eMOS [BUOINIPPY S¥Y - SUAY UOISSIN
MO —
sjusuodwo ) sng pue SI0SUIS [RUONIPPY e
aIng1{ JouA paaoidw] .
| wnIpIN  —
s3uneo) JIOUIA puegpeolgqg e
mosocum\mcwmh L [eondQ [euonippy .
sIoUA ul-dij
Tepry
(Anoyyi Jo 92133q) Y3iH ~

SNOILVOIJIAOW TVILNGLOd -

sayINS JADJ paaoadwy -
Kauaro1yyd [an. D/v pasosdw] -

G Jo 10jo8,] ® AQ paroiduwi] s)sedai0 -

USIASY UlW 06 ~ -

swonogsdo pnojD [eqo|D -

3uLIONUOIN PUIA [BOID —
ALITILN TVILNGLOd -

mmww« Juisuag pnoj) pue puip, dudydsodol], ¢
|

o




ge-I-l't

J1Y 19JUN0)) - SBALY UOISSIA]

Aoeny TdH -

uoneudisy(g Jase 7 -

YorNY PUNOID) pue I1y IAUNOD) o f

Yoy -
olg/uwyy -
' §198se ] punoin —
sydme] iy -

(S297) 2OUB[[I9AING 29 JOUBSSIBUUOIIY o

('919 ‘QVVHL “19V) Swaisks 13410 Yum A310ukg -

sdo yoeny -
ISINOPIN -

aseyq 1so0og —

ASUIJI(J OfISSIA 191E3Y ],

sealy UOISSIAl DOV J10] [eljualod TS




6¢-1-1'¢ , ALY 19)UNn0)) - SBAAY UOISSIA

an)) UoleZI[ed07] 1931e ] SaWNssy -
. UOISSIA
uieA se Ljjiqede) aweg QUON —
SNOILVOIAIAON TVILNdLOd -

" CuIW O~ SHSIADY -

~ sS200V [BQO|D) -

Y 000°0€~ < 3pmn|y 198l -
ALITILA TVILNGLOd -

Yoeny A1y 9pnin|y Ysiy
®




or-1-l't A1y 12JUN0Y) - SEALY UOISSIA
SIEMIJOS [EUOHIPPY
, Mol -
sjusuodwo)) sng pue SI0SUSS [EUOHIPPY e
| wnipay  —

s3uneo) JOUIN pueqpeolq e
sayouag,surel] [eonndQ reuonippy
sioA ul-diff o

YsiH -
uonenaudd
ousydsoun)yy 10j aui[3seg J19SB] MAN

(Aynoyyiq Jo 22133Q) Y3iH A9 —
SNOILVDIJIAOW TVILNALOd -

USIAQY Ul 06~ -
$S300Y [BQO[D) SOPIAOL{ —
SUOIIPUO)) JOYIBIM 109J104-TRIN Saiinbay -

ALI'TILN TTVLLNGLOd e

Yoeny punoln pue
Yoeny A1y 9pnii[y MO




HF Overtone'

sajig pueT 19410

Jayybi4

SAUTRITD B LIRS

S|ISSIN
8siniy

=X

}sa1aA3 N

feaii ]

(Wg1) InO wng x

A e h e el E

|eas8iu] 14bi 4 088 G

—

[ e

e

000°€€

000'99

000°00}




(4720 il I

ALY 131UN0)) - SBAAY UOISSIA]

~*9)3 ‘SIoULIO)SuURI [ 011)99]q ‘sealy adelol§ [on, 1oda( Ajddng —

sisJeuy J10J S}dSIe ], Y} o

Sl 0l S 0
yugjadoag pinbin
[ jugjadoag pos IssiA d13eNS
m| usLpPnd PSS 1383y ],
n {io1juo)/duspin JSSIN
N Jspey J1y- 3d8jang
14995 AISSIJY J1Y-d1
I }O..EQU\»Q_EE:U. ISSIIN JIy-4lY
. L ULARELE ! a[issiy IsINI)
<4 (WY1 09-0¢) Jepey
F PENS 151509 JyBIdAY
K pue] png -
| ] M)
swauodwo) owos [ snouBA MPIES
(zmd/) BuAUD
" 33eme( duanyy juauedwo) plus]

SANI[IqR.IdU[NA UOISSIJA] Joun(py




£v-1-1'¢ o ugjj weagoad

Arewung e

ue[J WeIsorJ e <=

JoeNy punolp) % Iy —
~ Q0UR[[IOAING 29 SOUBSSIBUUOIY —

dN.L —
~ SBaay

SUOISSIIAl DDV 10§ [ENU2)04 TS
MIIAIIAQ o

aﬁ:ow< @
® ®




21(J1Issod woysAg jeuonjesadQ o3 yijed pidey aiop ue|j weagoay
aAneladul) [euoljeN ON S3}03|J9y 9|NpPayds

99992l | £10 As sdo
| . SYO | . < prng /_\ ALS
.,:rf. e jdayg "“ w w w w
! m STHON N T IR I ! m S®0
. 0000\ \ M poid ® AW
" " i I : " i
“ " FRAO T HON N T 0 gy agy “
r N " " " "
(0€) D04 8¢€02 m P\ i ad£)030.4q
(Z1) DOl 5£02 “ e m !
nun st 1go0z m : N ey
_ SANOLSIUW 0_|K..__,< .< XAl
M M w M m.:..._._.:_... Yua w.:,
M M w w (Vv o
. 0¥02 0£0Z 0202 0102 0002
3[NPAYDS WeI30l] [810 ] [BUONION




svoltte | - uejJ weadoay

Anjioej 159
WdISAs Jase| pajesdajul ue jo uoneniu] —
dVSV uonensuowdq -—
aseyd 1sooq Suunp |1y 198rR] -
1ase] paseg adedg -

suolje}dadxy [euUOISSAITUOD) SIS

$9A1193(qO0 yoI1easas pasinbai sassaippy  —

1€S reuonesado
ue Spremo) Uy 3y JO dJelS SDUBAPY  —

[y3ulueap
NOd 4V 10
OQg utl pauoddns £jjnj Jou Apuaun) -
" . | €78 Pa20x3
0} pa1dadxa $1S05 uonenSUOWIp [BI10] -

9|qepiojjv

suonjejoadx3y
[euoissaibuo)

o|yold
Buipung
d|qepioyjy

uoljesjsuowaq
njbujuesy

X 1 10} sa8us|[ey) 1dS
®

J
o




a-1-1'¢

¢.4243Ul0d uoisidag

(a/0awg pue DY/4VS Aq pamajAay)

ug|J weagotg

S134)0 2 YSYN PIm Judawrdojaaap 3anesadood jo sease aannj jeiyudjod pue judlin),

Sl vL €L T L Ob 60

mmcm T e et ettt e et w ]
s . !
L
dsnxin
OE,LQ Sl
atberoidaq $nx3k QSI§V
Sl 4 q Q%%
s v T _
(x4} Ew::mamw m g8 18V fhmis J
Wbj14 pe m_mmuw_ ¥a2 IRINH HIRTBIL,
VV Mo Vo A\ Y
a9y - POt : -
148 1L01SAS peojhey b;.um 3 IO Luy pul00L U Latligouyy
o r._m,u« I _;mm.._ mﬁwum :Cﬁ: m j y_‘r.— gy Lt uf
M vV VvV WV
:u.—,w: O:_LL—I.4I< T 1. m».xI b v
—;.C: €y Pt iboluy M M ‘
t i _
) N H
] . | .
| ,_0950 %250 L UQM ,_350 203
Emi E.:m ] cmmoo M 8:63_52

80 L0 90 SO 0 no 0 10 oc 66

wajsAg
jeuonesado

SHOH3
18410 ®
JU3UNSAAL

18S 149S

(x41)
Juownaddx 3y
b4
puieabojug

sjujod
uojs|o9aq
JoyJewd| I

wesdold X I 19S Jo suipnQ




Ly-1-1'¢
Apn}S |ean}29}|yaly J0joRIU0)

ue]J weagold

Apn3S yasy Joj (awes uo ,snsuasuo),, pue) Jndu| wWIo)32810

-l 2 qald N7 _
lsued w:rmﬁﬂ/ Apms uojydafoud >Eocw_ |eqojo o3 yyed ,sBunseH 1qg
J921}J0O |elausD _ - h 4 . 4 )
\ ~coEno_o>on__ ABojouydss) 1gs BujoB-uQ
~ 7 _ _
s LS (sqe [euoneN 8 YSYN ‘OYN “1d4V) Aunwwo) 1'8S eBebul
saubuo) K3 [ A 1 1
Y8 g0 3 Jvoas 2
/1 ‘4vS0 joug "

] (¥AQ) suodey

»m.wuu.mmm ' 3 Jo|uss UOHIBP|IRA SUljesSRY
o w_m_,..,., . e 1l eaudsosoy
MmajAeY »\ dwmuco..o»:oo

4v/OQN8 ._o_:wn, c ﬁ/co_.s ededs >zc:E_Eoo Jes o) sepes Buyeug

pIERMY 66 JBW AP UIM tolra | _
\ o/ T

juawaunNdo.d JO JeS jeljuajod _ e.\aooﬂvl Anysnpuj yym yoeoiddy ...o_zn_:co< pesjaey dojersq

—_— ‘ ‘ . ]
| unAnug sun g selAqueo i jeug |
oo U e : T | AON : 70

MIIAISAQ) UB[{ WL [ -TBAN




8V-1-1't  gg wuonesadg -

uejJ weasou g
anny [gnudjoyg

il

i

“
¥

=Y
-
:'u

)

R

.....‘C- -
LT

\

- i

((AgVH) wawpadxg uoojjeg pnuijy y3itH)
{onuo)) ainy » dunuiod ‘uiydes] ‘vonisinboy

(6861 *dIN V1)
sondQ 3ae

:u,,r —...:.o..U pajeadajuj

3unsa] w3 uodea g\ puj-o)-puy
(1"1v) vonwadajug giNvir-sydiy

NOILVEDALNI

ININAOTIAIA TIATT-INILSAS

ed wawdopA3qg 1S




6v-1-1'¢

Arewiung « <4
ug[ wersorJ .

JyoeNY punoll) x Iy —
~ QOUR[[ISAING 29 SOUBSSIBUUOINY —

AL —
SBAIY

SUOISSIIA| DDV 10§ [Enud)od TGS -
MIIAIIAQ) o

BpudIdy @




0S-1-1'€
A1gwuing

SIBI A (T IX9N 9y} ul judwkojda( 10j Apedy 3q ued s13se| paseq dedg .
yudwiddxg 1ySif pajrelddaju] ue s| wIIsAS jeuonesddQ ayy 0y dayS IxaN
suonjensuowa(J paresdauf 1amod Y31 ut ssaidold weoyugdig —
dIeMPpIRL] 9]qBI0RI] ‘9]qea[edS Ul PIjeIISuUoWd( SwalsAsqng [V —
Surinyeq A|prdey s1 £3ojouyda ], J3se] paseq deds .
aSUJA(] S[ISSI 3sInI)/yelolly ‘A1adew] aoedg/yueq ‘(onuo) ddedg —
SUOISSIA] A1B[[IoUY SNOJIWNN IPIA0LJ SI3se] paseq ddedg pakojdaq -
SPUdI] 18Iy | SNSIDA 9A13Y T AIYSIH —
WIISAS U Yiim asudja( ozmm_,_z [BUOLIEN puR I19)RdYy ] -

1dasudyug
aseyq jsoog ‘|BqO[) ‘snonuijuo)) 13jjQ X[anbrup) siase| paseq deds .

Arewiung




15-1-1¢ (1AL - SE31V uoISsIy

3 93§ 1. uBD NOA JII]

[ 1ue) noX,, WALSAS TOUYLNOD ANVAL pue dLV 40 GONVY

awi], W31 1e8Ie ], Aq paywi st awl] [[dm( d[qelleAy  —

1By 10US 20npay pue surzeSep [eorway)) puadxy sjjom( SuoT I9AIMOH —
Jonag st 103uo,, JIL 1T1IMdA NOdVAM

10dg 19[[eWS SINBIA JONI[ pUB SUOHBLIdQY 3UlOdL0) —

10dg I9[[ewS SaNRIA YI1SUS[DARA J3Se] JOUOYS —

10dg Jaj[ews sayey Ja1owel(] dnuady 1adie] -

t, utod e 03) Jopeg stdEWS,, LFDYV.L NO FZIS LOdS YIASVT -
1oN3g s 210, YIMOd LNdLNO -+
JON2g s 1Yos,, LIDYV.L JO IdAL -

uonRUIWIAND( d3ueY (1
@




4% M B

20UR)SI(] UOIIN|OSIY punoin
J0UIA uUl123]S IS8

Aelly aue|d |80,

JOLIA d[qeuoja(]

21§ 159, ouenyside)

1dassaiug aseyd i1soog

10Ul Sul199)S weaq

uonjeziuedi asudja( d|ISSIA d1sljjedg

lapuedxy weag

[01U0)) weaq

Pa22014 0y Ajioyny osje ‘3unuiod 29 umoel] ‘uonisinboy
a1IS 159, ouenside)) je Jase] sse[D NemeIaN

uoneziwndQ Jase] eyd|y

uonesdau] JINVT eydjy

lase| awoqlly

ado
INSA
vdd
NAd
SLO
Idd
NSH
Odnd
X4d4
od
dLV
VHdTV
o1V
I'v
19V

SINANOYOV 40 LSI']




£S-1-1'¢

101RJISUO WA(] SSauIpeay Jase ] paseq ddedg
19se] paseg doedg

10Suag juoljaae g\ 3utodinQ

apI M 131y | AABN

asudJa(] I[ISSIA |euolieN

wo)SAS Suney uoneldrdiaju] A1odew] [euolieN
o0doosaja ] 9oedg uonesauan 1IXaN
WIISAS asuaja( ealy AAeN

paleljuj dae M\ PIN

juswradxq uonelisuowdq sondQ sdie
wel3o1d JOMI padsueApy d381eT]

- uawadx 13|, pareldau]
uawdq eondQ s1ydeado|op

apuion|. uddolpAH

uawiadxyq uoojjeg sapnmin|v Ysip
soueisi(] [enedg punoin

ad-1ds
1S
SMO
M LN
dNN
SHUIIN
LSON
SAVN
dIMIN
4dO71
dNV’]
Xdl
d0H
dH
d4VH
dsod

(u09) SWANOYDV 4O LSI'T




vs-1-1't

3NPOJA] UOHEIYLISA
ASUJ(] 9JISSIA 191 |,

el Suium,

Asuya(] BRIy Aprny Y3IH Jareay ],
parelju] JABA\ HOYS

JoLA] Arepuosss

dVVHL
dIMS

(13U02) SINANOYDYV 40 LSIT




%0l 3

sdnyoeg




9¢-1-1'¢

66A. ul 3ul1sa) 10] s[npow m:‘dw: p3]00d-jjas Suip[ing  —
yuswdAoldwi dduewoyad o4,0€ 01 OZ~ J0J [eNUANO]
souruioyiad Joyesousd ured g1 1A H Sunsafoid 10j ejep papiaold -

paja1dwos saLIas 1$3) d[npow Pa[o0d Iajem I TAH

S19)001 19818) Pajeos sA sjuawadxa Furyoed) aalssed jo uoneniu] —
pajajdwod 1591 pue uoneidajul peojded Suryoen pue uonisinboy —

JuowiLIadxg uoojed apnmny YSIH e

YIpimpueq |[nj 1e paiesado Jouiw 3ul1dNS 1]

pajesado pue paaraIns (JNJ() JOLIW 3|QBUIIOJIP PIJOOIUN MIN

[OJJUOD WEIq 3[qBaJkI} JO UOHBIISUOWIP Pud-01-pud ‘Jamod y3iyisi .
(0bYTH ‘0€yTH) yoreoadde jonuod wedq ¢S ALN[BAI 01 SIS [TV OM ], —

palelliul J0JBUOSAI PI|OOdUN UB JO U3ISIp pue uoneljoey .

eyd|y jo Suipuejsiapun Suioueyua si eiep jo sisA[eue Sut03-uQ .
(8806TH ‘V806TH ‘L06TH) eyd]V 9z1131081RYD 01 S1S9) OV 931y -

Q1D e $1s91 1omod Y31y 9AL] .

sIS1[YSIH $5213014 [BOIUYI ] 86 A




LS-1-1't

JeaH a1seM
sases) Jayj0

saser) jsneyxy ¢

. weaq Jasej oju|
_AB1aua ,4H SU3AUO)

/ Jojeuosay |eando
»

(ajow/jedy 7€)
H+.dH="H +4

<

AJAAQ

&

~f
;7 apuonyy uabospAy
pa}|9Xa S3}eald
uojjoeal |BdJWaYD

sjuejoeal palols t

AjIsea wouy auony

Jjwoje sayew j

yjbuajenem wird 22
= weag Jase]

10i)snquio))




85-1-1'¢ SNVY - Sty UOISSIIA

e, JoSUueS Yoel) sulj W g
uoijesiyijuap] Joy way| abew| pue seasy abie JaaQ ;om:mmoucm:_ctnmEN

yesony ybiH 3083aq 03 pajdepy ag ue) siosuag 149S pueg UOCIDIN €'V
: ebuey jue|s wy 000¢

, (siexid w Og) (siexid w og)
S woek - - M uudiooq Wy G > ~ uudiooj wy gL >
. <= HBeW] %_Hw_““«
PaRIoysaiyl
ybiH
abew) passadoid aweu4 9)bu|s
JOSuag J9¥del] aui4 JOSudg aosue|||IdAINg

Annqede) uondale( Yeaouy 1gS [eNuR1od @v




o SOIIaNES WS € ATV 103UNO07) - $UOIY OIS
SOVMYV 1 At s EAS
V B e DAL JAT .
SUVISI | = - T
sdiyS WV1L € - e

Ja1ue) Yyeny | -
9010 YSe], [eABN
suoipenbg Ajuiouradng 1y ipneg ¢
suoipenbg Ayuoadng 11y SN €
suolpenbg joeny punoin SN ¢
uoljeneq 191dodijaH Yoenvy |
apedug palouy SN |
apedlig palouly Ipnes |

§32104 P3MIV/SN

sAIES 1OdS T S
sjuaungday INGL € .
sauned 01-vS b
suoipenbg yoeny punoin g \
suoipenbg asuajaq 1y ¢ /(/

UOISIAI(] PIZIUBYIIA |
UoISIAI(] palouy |
$32104 tbea]

uMOpAeT] 9210,]




09-1-1'¢
SIS USI €
- SOVMV |
SUV.LSI 1

sdiyS WV1L € -
Jpuae) yeloay | -

9010, YSe | [eABN
suolpenbg Ajironadng 11y 1pneg ¢
suoipenbg Ajuouadng 1y SN T
suospenbg yoeny punoin SN ¢
uot[eneyq 1a1dodijaH Joeny |
apedug paouly SN 1
apesdiig paijouly 1pneg |

§33.10 PAMV/SN
SadesS LOdS T
. sjudwday WE.L €
SauRNeY 01-VS v
suoipenbg yoeny punoin g
“suoipenbg asudjaq NV ¢
UOISIAL(] PIZIUBYIIA |
UoISIAI(] palowly |

$32.10 1beaj

UMOpPART] 9210




19-1-1'¢ ATV JUNO0)) - SBAAY UOISSIA

D £ Y WA G SN e

awlil] aAnje|ay

%001 %08 0
| _ 0
" » 0S .
_\-L

7 001 2
’ . ®
jojeuBsa@ Inoynm \ﬂ_. Q

10jeuB|saq UUM =~ . 05l

002

P

¥4

vw@ uontmy TA.L ING.L 10J S} Nsay 101eudIso(] J19se] @




N\J T

PaY - uongnuy oLIeudd§ SIS @







o-i-l't

$9N4 UO s1aquinu UOKDYs|Bal 9]2|Y3A Ajuap|
sjuauodwod Uo SHOQG PUD SMIIDS 3j|ssjw Ajuap]
$19U3ySD} D124|D JOIs-jyBIDYS/$S01D 3|DYUIIBY|Q

WO Ol > QyO -- 6 SAUIIN

Moq aupowqns D j0 adpys 3y} Aujwia}aq

$3]2|YyaA paxyopy Ajyuapi

401210 13§yBy 3B1D| Ajuap
WGZ>AQID>7C'L -~ ¢ SHIIN

3|2|Y3A D Uo $13d|M PI3YSPUIM Ajjjuap|
WVS PI3y-puby o Ajjuapj
#DI2J|D 13qUIOQ UO S3UJ| §3A] Ajjuapi

WO 02 > QYO > 0L -- 8 SAlIN

$2D4 PDOJJIDI UO SU|DY §93}3Q
pod yj diys aosopns aBio| b Ajyuapi
yo12)j0 3BID| Ajuap|

WS'y>aIo > 9T -- € SHIIN

3|} PDOJ||DI |DNPA|PU] Ajjuap]
SUDA $D|UO4D3]3 UO SJUIA ‘s19ppD] ‘spod Ajjuapi
4012110 13jyBy uo sBupipy pup sBuy Apuap|

WO O > QYO > 0Z -~ L S¥IIN

sBuip|inq ab10j}2343qg
$D31D Bujuipy AW }2343Q
sipBuoy 3Bipo| §2343q

Wé>QYO > S -- TSYHIIN

suoBDm uoyDys pub sUDpas uaamjaq ysinBuysig
SAWDYID WYS U3amjaq ysinBuys|a
s13jdodjiay abipj/jpws UaIMaq ysinbBuysiq

Wd G2 > aQ¥o > 0p -- 9 SHIIN

(1odip aB10]) sADmuni pup sADmixpy ysinBuysiq
Al1ooj pod winjpaw §9343q
W4 <Q¥oO -- L SAlIN

$1D2 PDOIJJ|DI |DNPAIPU] AJuap|
SWaysAs WSS |0 oD} padojdap Ajjuapi
P3junowW 13||Dy 1O I|D|YIA SD JOPDI Ajjuap|

WZL>QeO >52°0-- G SHUIN

uoynjosai 100d ‘UolDPDIBIP ‘SUOCYDINISQO
A19Bouwj Jo uoynyasdiaju] oON

V/N Q¥9 -- 0 SAIIN

%m.uw@ 3[edS WAISAS Funey uonejaudiduy L1o3ew] [euoneN
gl *




SO-1-1'¢

.
t
k
i
12
P2

mmu

0
Apnop)
Apso

I=Md'14dS
SL°=3Md '14dS
S =3¥Md '14S

14S ON

X} L4 TRV

mmm

000
Apnop)
Apaed

183D

~
e
=4
. M L]
o
=
3
)

Aoewaidng 1y dAJIYOY 0 dWll |,

ugdredwed J1e 3y) 0) %_t_mo_.::wmm S3INQLIJUOD TS




. o
99-1-1'¢ .

sdO Yoe)y - SBaIY UOISSIA

ALITIOVA

UIMOd HO VS ‘SYNNILNV

WIWOD SY HONS S3SN3430 ¥04
S3ILITIOVL TVOILRID MOVLLY -

abewe(q |esaje|j0H wNWIUIN YIAM

sjeaiy ] o|qesiq $199[qO punoio
10 3UIOGUIY JO UOIIBIPELI] 9S1991ds

suoiIUNIN quINg YIIM IS
uois|2did sajqeuy JoaseT] JoM0d MO
YIIM 1198 40 jenjuajod Jojeubisag

»BHewe( [eJ9}€||0) PUE Saljjensed WNWIUIN YIAA
§ soAnoalqo Asejl|i JO JUBWIBABIYOY MO||Y ST1ES




L9-1-1't o (1IN - S8y UOISSI[y

AU/ ST - S i(syuey dnsodwiod) syodie) pleH —
AU/ G -1 :(syue) [_jow) S}a3Ie) Yos —
yue) axmdni 03 paxinbar (awin [[amp X AjIsuajur)
soudnyy wnwiui -- ATOHSTIHL (Wo/f) HONINTI IDAd -
(24 S 7~ Iopun aq Isnuwi Jods I9A0 UONBLIBA A}ISUJUT) 9)9 ‘UOTJRIpEl
-31 “UOT}O9[J2I ‘UOTONPUOD [RISE] SB [ONS SISSO[ SUI0IIIA0
pue 193181 3y} 183y 0} Jods a3ewep Jo 23pa 1B A1essadau Ajsuagul
wnuwiuA -- ATOHSTIHL ((Wwo/m) ALISNILNI GDdd -
yue} aInydna
pue arededouid [[1m jeY) 9ZIS YORID Jo/pue Julyonq asned o3 Y3nous

'581e] 9 1snw Jods pajesH -- SNIAVY ADVINVA WNNININ

ST

VIALIND 111 LADYVL IS
® ®




89-1-1'¢ o (1I\]. - SB31Y UOISSIA|

wedg 43587 334,
uoneIIAQY % uondIBIJJI(

P a—,-o.o.‘.q.‘ D
R

(}
G

\ 13587

wedg 13se| [Bn)IY Japuedxy
weag




69-1-1'¢ | o (JI\ L - SE.1Y UOISSI\

“wnuwixep si jodg pasinbay 19A0 AJisuaju|
‘papaaN uey] Jabieq sijodg palaaldaqg aduls

=1
woQp="9 e
peiu o] =790 -
wngg="\ e
a3uey wy 000 -

YanS Ol o
ainpady w gy .

w | —>|

_ ‘v K
/ (Wyg|'wdZ =1)

" : 10dg weag pannbay
10dg weag paidaldJd

T

s191owel(] 10dg weag
|




oL-1-1't

ALY 19JUN0)) - SEAIY UOISSI[A]

(qusd ) sausipuasg

(pusd/ ) ousipeisy 0008 000t 000} (]
0008 000¢ 000} 0 R B
===t - T »,|:..1.1,., 0 I ,/, ol
9 o0 |
) \ / oz o
ol M ot \mr
13 \m. 'L 4 :m‘
® 09
® 09
vaed axpm WEL WD (1 0 =% N 0§ = BAL SALPUS) WPON oo ot .
ll.::,-.! RS U0 KT 0 @ § N 05K = WAL SARPUE) YRH cne g .j...HNV. .. L..‘xﬂ...uu‘.h.“.deh._.,.-uhilui: lalln - o
ybnosy -jayy eoBuNg [04u0D WBlH ‘g4 1elue ) aJnjie4 souo09|3 ‘o lalue
\\
(; wa/Mm) soueipey)
000y 000¢ 0002 0001 0
e y . . o e I PR G ST S SN WY W S °
- $
- 08 -
! - Si m.
v PO A
1aed s3ys AL IUEPYUOI wrPON VL sz m
naed sapoeyes Auhiy S2uepyuod ubiy - N 9
\ + OF
w3 0f Qe M 0BT by I 1
uonuby yue} jand ‘g JeBie) L oy

SANI[IqRIdUIN A JBAR ],




LLE1-1°€

$861
' lqwaday 1ase O VIIN
Aq pasosisa(] peorj wyBiy g

SpeOT] youne-| ae[nuis
0] PazLInssald pue passans NV.LIL
Isuredy owd( JaseT TOWVIIN —
s[eldieIA Jo satuadoad
[BOIUBYIIA-OULIAY |, JO Bunsay,
A10jR10QR] pUB SISA[ReUY JAISUIIXT -
SO[ISSIIA dunsnay ] Aonsa(
0} S13se] Jo AN[IqQV Sajepi[eA
(s1ea § (7<) A101SIH Suo]

AI\L - SE1V UOISSIY

SSaAN1HD1NE
F'1ONY ZONRGIINI
» 1718 1048
viINILTIAM

¥ ALISNIINT

. e % il G
PR ﬂvmrw.« £, ¥ Ll

AL e

SSINLHOINEG 10yB1y 10 JONVY Jeuoys
juem (ALISNILN! JejesuB) sjabie) Jopaey i1y
Jo (IWLL T13MQA Jeu0ys) Jeise; syebie) (I oL

$100.%) JUSISYIP 10} JUSISYIP I8 BOIE WNWIUIW PUR [9AS] ABISUS WNW{UWN

- . jabiwy ey}
S|y siyy

ewesnbas
Anjeyey

ors

i
5

(1eBaw) oy} uo IWLL 11IMA) X
(peqiosqe ABiaue jo %) x (1oBuwy oy UO ALISNILNI)
120JR WNW|UW B JOAO |9AS| WNWIU|W @ PBEIXE

1snw jeBue) oy uo ABieue pequosqe “1e8ue) || 0L

Ajeyo




wol-le QWY - SBAAY UOISSIA]

sealy paywi UIYIA s1abie) apminjy
MO 2Bl | pue }29j2q 0} paydepy ag ue) s10suag 1gs

pesd | = AOdI 13XId

yabaey < Wbis jo auin Jes|n -
° abuey jue|s wy 000¢€ -
PeIvmea :m___“ww.wn 3|ISSIN asin1) BulA|4 Mo «

[ [ ] [ J
Bujuiquon aweu

Bujoualsayiq sawea4

sowei4 208 |00 025002:“0

UO119313(] 3[ISSIA oSInI))




G102 < 90! 8002 - 04 '900Z - 00|
G002 ~ 1yby4 Jojessuowaq ssauipesy 2002 - J0Y UYim yesdaly aINpayds
uoniuyap ydasuod Ajes u| ¥¥ad uy smels weiboid

Buissaooid ‘uonenwis B bulgpopy ‘ssdeusiu] QWL
‘swyobly jonuo) ali4/bunuiod g ‘Bunjoes] ‘uonisinboy

salbojouyoa

‘sbuneo?) » sondo 'j04uU0) weag JaseT ‘uone|os| uonesqiA ‘Aleya onsibiauAg
Juswubiy jeondQ snowouoiny uonebedoid ouaydsowny
[eAlse 1gY 0} Joud spuajeg ainl jo
S}ealy) paseq piemio) Joj Jal) puodas - seale J08|8s 0} Jamodall pajenuad’uo)d Apqeuoddng
sjealy)} peseq A|daap jsuieby sjeasy) paseq psemio; ysuieby [emn
uiw gz A1aAa Jajeay) ojul s1gS ysaid sjoys ajqeysiuajdal Ajise3
asuodsal juejsu) Aep | uey} ssa| ui pakojdag
abeianod |eqo|9 sia)eay) m_n:_:E 0} Joddng Aljqejieay
|o5u0)) adedsolay ‘edoeds Joj |enuslod |0J}U0Y) a2edsoiay JOj |enualod
1daoJaju| aseyd-isoog W8OI ? WAL )daosaju| aseyd-isoog WL SUOISSIN
(1gs) 19se paseg-adeds (71gVv) 48se] ausoqly

ONSIZISUAS o ue) 1gS pue 19V
o




I-¢-1°¢

snje)s 11V
Z-1°¢ xipuaddy




cele

jiujog Aueg

(ITv) uoneibaju] dWV1 eyd|y




}S3 ], punoin
pajesdau]

weidoid 10N
pasueApy adie]

p 3y vyl

B
__ m (6861)
h dWVT,
Jjuswadxy
uonensuows(
sondQ adre

(L861)
44071

(Irmv)
uoneaduj dwe’y syd|y




ri-1'e

[0l}u0) weag 1gSs 10} VOS

sSue|d wia| JeapN jualin)

L6 "AON 32ulg SJUaAg [enjoy

deoay uonejuasaid z - 1y|

aulpnQ buyaug




S-T-1't

Z - 131 0} pajuasaid ajnpayas 10j Jopjoy ade|d -




edodeg|e] snsoube)q

Alquassy Jamod YbiH
ojysouBelq

Jow

JOQHR | ¢ uct@oum jse4
s|qeuuojeq

\

"~ Jaddijn weag

Eougm

sield4
Bupwung
pejooouf

Alquessy
uo_unocu-_o
induy
weeg Jomod YOBIH

uoijeinbiyuoo juswiadxy |y

Ailquessy

JOSUeS
juoijeasp BujoBino
3oy Aiepu029S

weeg Jemod ybiH

Jaqueyd
wnnoaep |V ._ﬂ.-ﬂwmw :
VHdV wudiy wo———»




Lt

alempJieH |1V JO 1no|

lamod ybiH ® (Wan) 1ol
a|qewuoja pajoooun ue )sa| @ ajesbajuj 0] sue|d
$S920.d Ul sem sisAjeuy ejeQq m___ juswadxy —

weiaboid
}S9] | 9seyd |V wod} sjinsay Alteuiwijaid

¢ - 1l 01 psjussald ejed




sandQ |o13u0) A Pue NS
Jounp Aepuodsag puiyag sSmo
S3OH UMM dINV

:J0 uonesadp
Jamod ybiH ajesysuowaqg .

s213dQ pajoodufn djesjsuowa(g e

Lo::ou weag Jamod ybiH pue
eyd|y Jo uonjeibaju| ajesysuowaqg e

saA2afqo weiboud (|7v) uonesbaju| JWv1/eydly




wejsAg joJjuo) weag
1TV 8Y3 Agq uo|3284102 8A[}08))8 spusysod JuoljoAeMm U|
mm_o:o:amt _azaam ucm _m._anﬁ MOJ JO 8oueUjWOpald

WML “Z10nuod weeq dooj . 1s8} doo] paso]d puodas

s g

'peso|s 10} pedjnbel; aoao_na:o.:ga; v&:ﬁuo SMO -}INW Joj SSBU|PEA) 8jeSUOWSQ
ﬁr, "o souDEIn WeysAs Aq peinseelr eu(2)1d Buons

\
peonpap

JUOJIjaAEM JO SI[IS|e)orIBYD |ejjeds pue |ejodwa] .
Jan|f weaq pajoedxe pue

Aijlenb weaq uoom A}|40A sjuswainseauwl pjayj jej 'g JBeN o
A)suaju) epow

palll} I|1dm pue s|aAs| 1emod |eujwou ajed|puj sopisoubelq .
ujeJ} weaq u| suojieso] 8|dp|nw e siosuas djsoube|p

Aq painseeus J8)}|[ puB JUOCIjeABM ‘A}|SUBIU| ‘JOMOd -

\

., uojpjpuod pooB u| 3Nd Jamod |eujwou je
pue sapdo Lm\soa yBjy peiesjpu) uopidadsu| 1§83-180d - puUO028s Z/| 40} UjeJ) weaq |V 8y3
yBnoiyy Ajejes weeq 13H eyeBedoid «

Pk eI e 5 ,? 3 :A

eduewiopad weaq
A})JeA pue weeq 13H 8zjJa)oeIRYD *

ﬁa,=_SE.8:<.o§=.ao=8o_>s.=.>3=
‘glosues Aq peljeA uopeBedoid pue-03-pue [njssedn

o L661 Aeniqad 0¢
3sa] doo uadQ puo2as /I :| uawisadxy




Ol-¢l'y

we)sAS |oJjuo) weag
1TV AQ Uoj1284102 8A|}28}}0 spusnod JucsjeA_M U|

sajouanbayj jejjeds pue jesodwa) Moj Jo adueUjWIOpPaLd o (g1 Juewpedx3)

painseaw }s8) dooj peso|d puodas-jjinw
JuoIjeAEM JO SOjiS|IsIoRIBYD [efjEdS puE |eiodwa) puz 1o} ssau|pesJ ajessuows(q o

ujes} weaq uj suojeso] s|dpjnw e siosuas sjysoube)p
Aq painseaw Ja)|f pue ‘JucijeAem ‘A}susiu| ‘Jamod e

g wej)sAs |04jJuod
ou_.. ¢ Jon|l S10 8yy jo eduewopad
m dooj} peso|d 8jqels ejelIsuoweq e

elje AJepuodes YOO YHJTV
u| peAasesqo eBewep Joujw ‘uojijpuod poob u| JNd

pue sajido Jemod yBjy pejedpuj uoposedsu) 3sey-ysod
JSinodoup,, (2)1d pue ‘jBujwou jo p/¢ "xoidde Jemod |eujwou je spuod8s
Jamod ‘A3 suaiuj epow pajji} l1em moys sajysoube|q OM] JO} UjeJ) Wweaq |V oY)
Alquessy Bupesls weeg u| ein|ie} o|2j1ed yBnouy) Ajajes weeq 13H ayebedoid .
0} 8NP S UW|| popasIxe u:z:_on weeq ueym peyoqe 1se

EBujse;Jemod yBiy 10 puodes ¢°0 Aleiswixosddy

}S9] 19M0d YbIH OTV/ITTV IUIoft) L661L AINf 91
}sa] doo paso|) Puo2as Z Vil Jusawnadxy




-1t

sjuswiadxa paseq
-goeds Jo Aj|||q|sea} ajelisuowap
0} Auessadau ejep 329||0D o

\

Jemod yBjy je
weysAs pejesBaju) jo esuewsoped
dooj peso|d a|qe}s sjesysuowaq e

E

Jemod |BujwoOU }e SpU0J8s
@A} JO} UjBJ} Weeq |V 8y}
yBnoay Ajejes weeq 13H eiebedoid .

L66} 490300 ¢¢C
}sa] doo1 paso|) puodas § :gjl Juswadxy




[4 Al I3

|ouo) weag gs 10} YOS

sue|d wJa] Jeap juaiuing

}S9] |oJ3u0) weag -
1s9] Jamod ybiH (wan) 10111y ajqeuniojaqg pajoosun -

M3IA3Y ele(Q | 3seyd |V d8jdwoy -

16 "AON 32UIS SJU3AT |en}oy

deoay uoljejuasaid z - 1 M|

aulynQ buyaug

T’




waysAs |oJu0d

weaq 8y} Aq Uo32a1109 Juosjaaem Bupesysuowep
JLods llews - -jods am:w_.. paAejds|p eiawe) p|djd Jed o

| painseaw
JUOIJOABM }JO SI|IS|da)oeieyd |epeds pue jesodwa) .

ujeJ} weaq uj suofpedo] sjdyjnw e siosuas apysoubielp
Aq painseaw Jay|f pue ‘yuoljeaem ‘A}jsusiuj 'Jemod e

sjuswpedxa paseq
-aoeds jo Aj|||q|ses} ajeljsuowap
0} Aiessodeu ejep 398||0D -

\

uoao_u %..wﬁum.&:ﬂ& ém&w&:@g EAR puvIen|r. .

L AR BT 1 iEi uj m&&wwoo- o

paso)d 10} um;_:um._ mmno_w juoljeaem painyded SMO ¢
R S SR sino-doipime} 1

mag (BIM SMO e 3 perderep’ sl0ds 30H Auiienb poop): -

bttt i it b i AR i AR L. Mt AL S -

abewep YOO ou ‘uop|puod poob uj INd

pue saj3do Jemod yBjy pejeajpuj uojydadsuj }s83-1sod
mo| sJamod YHJ 1V ‘eiqers sem Bupujod weaq
<Im._< ‘leujwiou Jase| YHd TV woij sen|f weaq pue

juosgaAem ‘Ajsuajuj epow paj|l IIem moys sapisoubelg
yoqe o) 1598} pasned

>_nEmmm< Bupears weag oys ul jeuB|s eoues8|0} }0 INO

- cee o —-——

Buise| Jemod YBY jo spuodes 7'} Ajeyswixoiddy

Jamod yBiy e
waeysAs peajeiboju jo esuewsopad
dooj pasojd a|qels ejesysuowaq e

Jemod jeujwou je spuodes
8A}} 10} ujeJ} Weeq |V 8y}
yBnouyy Ajejes weeq 13H ejebedoid o

L661 41390300 ¢¢

}sa9| doo- paso|D puo2as § :gj| Juawiiadx3




sondQ josuo) WA Pue NSH
JouiN Arepuodag puilyag SMO

S30H YIIM dAV

:J0 uopesadQ Jamod
ybiH pajesysuowaqg Ajjnjssaosong .

sondo pajoooun
pajelysuowaq A[jn}ssaddng .

joJjuo) weay
Jamod ybiH pue eyd|y jo uonjeibajul
pajesjsuowd Ajjnjssadong .

pajajdwon Ajnjssaiang
a19\\ saAloalqo weiboud (I7v) uonesbajuj dWv1/eydly

suoiIsn|ouoy | aseyd |I'1v




SI-¢-1°¢

}s9] Jamod YbiH InNan




o1-C-1'¢t

uolonNpay Janir YHJ 1V 2jedjsuowaq -

UipiMmpuegqg |ind v

aouewlouad walsAg |0I3u0) weag ajesjsuowdaqg

{
!

AN JO dduewaouad Jamod YBiH ajesysuowaq .

SaAoa[qQ 3sa 1amod ybiH Wan




LI-¢-1't

BuiseT jo spuodag G'~ 13y paso|d sdoo] .

ejeq doo uadQ spuod3g G'~ pajad||0n
puBWIWOY UO PaJeAIJDY auljdwi] pajewolny waysAg 1sa| jeondo -
AjjeuiwioN uey aujjawi] pajewony -
jeujwioN uonesadQ pue dn-pejs vid -

palinbay se aujjawy] pajewolny jo Je}s o}
dolid Isnf josjuog Juanng App3 0} [043U0) S4D0D WOoi4 PaydIMsg josjuo) Bunuiod dwe] -
Ajawi) sepp Bupje] |INN s,waysAg joJjuo) weag -
suonesadQ auljdwi .

Bunuiod juawbag sajuany dwe Ajuap 0) pasn swesg YVY -
sabejg uonoesjay pue uouasuj ||y j0 uonesadp sjowdy -
ainbi4 pue Bupujod JuawbBag dwe Bujujejujey -

AlaAnoay3 uey S10 10j sainpasold Bunesado HON PoSIAGY -
Alyjoows pajajdwon wnnaep ul syjuawubily .

KlaAanoay3 paysijdwoosoy sainpasosd umog-dung
pajajdwo) Ajjuaioiy3 InoyosayH pue Jusawubi|y 3sajold -

Alyyoows uey suonetadQ }say
® ® ®




8I-¢-1't

Bulunbi4
ould dINVT YIIM swi|qold umoq-dwind }sod «
CRIETETENY
uowwo) v ysliqeis3 ||IM sau1as 104) eleq
ainuadeqng jJO uoije|asion poos papnjdald vads
puy SMO udamjag aoualajay uowwod jo yoey -
(o@s Z/| uey] tayjey
'09S |) suonoungd sisAjeuy JayjQ puy uoije|alion
104 ejeq doo uadQ aiop pasn aAeH pjno) .

paulea suossaT s}nsay 1sa] AN




I Arad i

}S9] |0J}U0D weayg




v ‘AOY 86°§1-Z) jo se

1By 100Z4aN
SYITAWAVYVWNICTAQNOSYIrANYVWNIIraNoOSYlrnNvYnid
203 O
NAQV LH0d3Y 7 /§7y OEESL [04}uc) weeg Uo|s|8Ig -
8l
Waav 1yoday mww 8cE S1 jonuo) weeg pugy o) puz -
8l
Waav 1y0dad Y X €81 uojonpay eNir -
61
Woav 13043y 7 AW z1 €81 Wwewubyy -
€
WaaQv 18043 7 gyl ol SiE 8l uojjeziIeIORIBYD) Weeg -
¢ $)88) JOMOd MO -
oml 8l SOURUUIR I SIBMPIBH -
& div 18] [oQuUO) weeq «
ANan wan
uvy 20y
sy ¥ oo 3iuaey
] WQ petoodun -
gndx3 wvidx3 ) dx3
M N  _J 19%13u0) oyseg -
(Nv) vopeiBeu) WV Budiy »
106 806
F 4 y 4 8138 JomOg YOI -

{01v) vopenwRdQ st eydiy «

SYITWVYWNICTAONOSVYIITAVYVNIITAOQNOSY I r Ny wid
6661 8661 1661

a|npayos weiboid 109 1TV

oweN Qungoy




LIOddd

IsdaL
1SAL IXAN _ N NoISpEa | SEONTIFLAIA 4O
OLagdd0ud | oo | OO-ON/OD NOLLVNV'IdXd
O5-ON SLINSTY
\ 4 /
AJIPON / X1 T ........................... .
. jo0qs ajqnosy, [T | ~LS3L -
.......... ,| VIaaLn Lixa
@ SNOLLOIQe4d
aosuanbag }sa] 1909



JouW

IgRHE-| ¢ Bupes)s ised
e|qeuuojaq pajooaun

. Josussg
uuewpeH

Jaddjp weasg

Alquessy Jamod yBiH
anysoubeiq

wajsAs

sjeld
Bujuwing
pajoosun

/ Alquessy | Alquessy
ad#deeja) onsoubeiqg Josues sajisoube|q
juoJsjeasp BujoBing indu)
| Joujy Ksepuodes
weeg Jamod YOiH
Jequieyn Juewasueyu
S90JNOG| WNNOBA Y nnae s . s it
wnnoeA - ABojonjeiN
Jejs VHdV eyd|y woj
weeg Jemod YOBiH

uonelnbijuo) }S9] |0JJu0) Weagq




lquaHg- | "¢ Buuealg iseq
ajqeuuojag pajoosufn

Jaddj|o weag

Alquassy
onsoubeiq

\

adgoeg|a] opysoubeq

$92In0g
lejg

Alquiassy

Jaquiey)
wnnaea |V

Jamod yBiHy

juosjaaep BujoBinp

| J01)§ Kuepuo2eg
weeag Jamod yBiH

Jaquiey)n
wnnoep

VHdV

J04nN

A
U
/\\

eydyy wouy
weeg Jomod yb4

losuag
uuewpey

sie|4
Bujuanyg
pajooaun

gopysoube;qg
induj

sjuawasueyuy
ABojosyo




vi-c-1't

(8L¢ S1) sonsoubeig wan Py -
(21€ S1) Z4LNI Puy L41NI 3O ApqisiA anosdwy
(21€ S1) speoljO AlAess puy si0jen}doy YSMO PUY YINS aAosdwy .

sjuawubi|y }sa]-aid anosdwi o] Jase vyl O Ajigers bBuyuiod Amm,wm%&“ .
(21€ Sl)uoneiqiie) 3sa)-a1d parosdui] apiaoid
01 YVO YJ}IM JOSUdS JUOIJdABA pue Ble( BidWeE) pP|dl4 Jeq4 YadS s
(8€€ S1)uoneiqied JuolyaAep 404 yoeosddy 1gS ajepijeA puy uies] weasgq
JO Juawubly ainuadeqng Moj|y 01 YdS U] S224N0S JejS paje|nwis ppy
. (6€€ £ 8€€S1) Juawubyly puy uonesqied ysnqoy
9IO|\ 3pPIAOId O] YYD O] SI0SUaS UBWMEH palesju] puy a|qQISIA PPY -
(8¢ S1) siuawubijy 1sejaid Buiroidw * s5amod weag yyy Buiseasou)
. Buipnjou; SMO uQ sjods vvy aaocudw) o) oBely 0 jods sziwuiyy .
(21€ s1) Bunsa] BuunQg aduaiajay Ja)Ir UOWWOY Y BPIACId puy
sjuawubi|y }se]-a1d uj IsisSy 01 vAS O] GHdd JO Aend weeg arosdwy .

(81€ S1) 8dueuuopad
wajsAg |ojuo) weag aroidwi o] Juswubly jeusaju] SMO dUldY .

(8€€ S1) siods 30H
Buissiiy 104 Buiyjoows apnjouj o] wyioB|y J0ssad01d plosjua) epesbdn .

Sjuswiadueyuy asempleH 19549




SC-C-1'¢

siseg aoualapusiuj-uoN uQ bunsa] Qv uQ syoeg Abbi4 -
uonesadQ (vyd) Jojesauas) wes)s Bung souewlopad 4NV Sazusoeleyd

paiiajaq - (20¢ S1) sysal uonezusjoeleyd dWV
aduewlouad
|oJ}u0) weagq JO ajdweg [ealjsiielS poos) aAsIydy 0] suny }sa] ajdpnpy -
weagqg Jamod Mo
UQ suoljellaqy g JSJI Po|jo4iu0) adonpuj 0 Siojelauss) uonelsaqy saziyn -
AN ® WS4 JO Alligeldansod 4O siwi ssulwisisg -
sjuswaoueyul joiuo) weag syjuswa|dw| -

(86 AON Z) @19jdwo) - (8L€ S1) S¥sa] uonezuaioeieys |043uo) weag

' Juawubiy weag JO ajdwes
_mozw;mww nooO BA3IYdY 0] siaseT uawubyy |7y buisn suny i1sa) sidyny -

saljljiqede) juawubi)y paAaosdw| sajeljsuowa(
sjuswadueyu3 juswubiy sjusws|dw| -

(86 AON ¢€) 819jdwo) - (21€ S1) Sisal Juawubiy

uondiiosaq sallag 1s3] 199




9¢-C-1't

aouewlopad
|0ju0D Wweag JO a|dwes |edNSIIE}S POOS) BASIYOY O] SIS8] | Dg Jolid U
paulw.Is}eQ sejey Mo|4 Juejoo] sondQ puy JINd IV suny isa) sidyiny -
suonipuo) Jamod YbiH pajeinuig Jepun
1aMOd MO}y dduewlopad WalisAg JO uonesyltap pu3-o]-pu sepinocld —
$S920.d
uj - (8¢€ S1) 19MOd M0}y S}Sa)| uone|nwig puz-oj-pug .

$)$9] JaMOd
YbIH pue s)sa) uone|nwIg pu3-01-pul JAMOd MO JO- 8JeY MO|4 }sag aulwiadg

uoyipuod
1) 1S3 1amod YBiH IWAN P3AIBsSqQ saje|nwis Jey| ajey MO|4 BujwId}ag

Sajey Mo|4 Jualaylg IV suny s3] aidpny -~
Sjuswiadueyug uonoNpay JaNIr saylusp| -
S}IN2J1D Juej00) sondp
% (3Nd) Juawdinb3 juswabeueyy Jamod yjog wol4 Jayir sazusjoeleyn —

(86
AON 61) 919|dwoY - (L£€ S1) SISaL UOONPAY JBPIL JAMOd MO -

(‘Juo)) uonduosaq sauag 1sa) 109
|




LCC 't

JOSUag JuoujanBp
BuioBinO puy sonsoubelq wajsAg 104 aoualajey UOWWOY) Sjesjsuows(q -
uonejnwig Jamod mo (X4|) uswuadya jybi4 pajelsbaju| sjessuowsq -
a0uBWlIOHad |0)jU0) weag padsueyul ajessuowsq -
" Juswubiy pu3-o0] -pu3 paroidw| sjessuowsq -
1S9 Jamod YbiH o] Joud sjuswadueyuy walsAg jeulq4 sjuswajdw| -

(66 uer g1) a|npayos - (6£€ S1) IsaL |o1U0) weag uoisioald -

(Juo)) uonduosaq sauas 3s9] 109




8C-7-1°¢€ :
Amn_>><n_w:om:wwu=o.cm>m>> >_nEmmm<o=mocmm_oEBm>w..

(dVv /1 137) 48se aqoud eyd|y ; 1ase] ABiaug mo —
(8444) weag aduaiayay piald Jeq -
suoiljejiui] alempieH _umocm_._mn_xm .

| aouewIopdd Wa)SAg
Buifjinuenp o3 |eo13la) si 92Ual9)ay uowwoy .
aJuewIodd |043U0)
weag uo 30943 Joley sey (weag ynduj uo) sayie .
t90UBWLIOdd |0JjU0) weag jo adojaAaugz aio|dx3
O} suoljellaqy pajjoJjuo) pue weag ues|d pasN .

SS920.4d Ul M3IAJY kleq -

_um:._mm._ SU0SSOT ® s}insay Aleulwijaid 109




6C-C-1't

|o;3uc) weag 1gS 10} YOS

1S9 '@ UONEDIIGE JOJBIAUIE) 3|Iy0ld weayg -

sue|d WJia] JeaN juasing
16 "AON 92UIS SJUdAT [en)oy

deosay uoiejuasaid Z - LI

i

aulynQ buysug
o




0t-C-1'¢

syndu| ajqejeaday pajjos3uos buipinoid Aq
wajsAg |o13uo) weag ay) Jo s}WIT ay) sulwd)d(qg -

slajaweled ubisag
Ajuenp o} waysAg |o13uo) weag aAljejuUaSaIda)Y
B Ul JaMOd MO Je JaseT] 1amod ybiH ay) ajejnwig .

9sodind sue|d wid] JeaN




Jon

JIQUHE-| v Bupea)s ise4
8|qeuLoyag pajooaufn

| Joyesauen
Jaddj|p weag S
Alquassy 1amod YBIH 9|ljoid wedyd

aysoubeiq

sield
Bujuiny
pajoosun

Aiquessy
sapsoubeiq
induy
weeg Jamod YBIH

uonyeanbijuo) 10jelaudn) a|1}0ild weag

Aiquessy
adodegja) ansoube|q 108UBS
juoijeaep BujobinQ

1 Jou Aaepuod9s

weeg Jamod YBI1H

Jequeyd
wnnaep v B.hﬂ_wmw ;
VHdJVY sydiy Eo:/\\




[4 0l Y

ALMIDV4 IOANTT

JOYUOW
fysueyul

ev— N 4 WD 1DANTN

wma J - v >
- INME >
1eddy3 538 [ N \
s.nuedy i raid gy 1eddno
sanssun; . B S - . $108
VWd =, = - - YWd 1T
N v v v 9% o » v
| 4 " oo l
youeg "
ws R >
SJOWS m weeg SR Y P 2l . yaueg-qng
Ym0 . oy yvo
. A —————_—n i e
[) - i y
ang ' |= : ane x ws3
’ '
' ;
[}
/ll vas of /llu vasol

ot IO ejqeulIojaq o
L] #(1e2 g JojejnwiS JoRIr o
~ |dole|npoy weeg jepeds .

.....

J1jeWaydS J0jelauan a|1jold weag




L1t

lojejnwig loye|npoy
SNy Aisuaju| aoepau| Jasn
JoIN lojejnpoy
a|qewlojaqg weag |eneds e od
sisseyd JNA 8AlQ
. pieH
S 2 3 e S|
5 2 ; 3 :
-~ o = (@) -
o o S
o 9 O S O
- ..h 3 row— A X b4 T i » 2 s 4 \
aue|d ¥oeg SNqQ3NWA
19||00U0D WBYSAS 9ALQ
pieH

JnoAe"] 10jelauar) a|1joid weag




ve-C-1°t

Induj 13H paje|nwig Jajeuosay ayj ybnoayy Jose

9qolid eyd|y 1aAQ Ajiqeden pasueyus sapinoid

swalsAs Jybi4 pue s)sa] 1amod YbiH ainin4

uj sagueqinysig/siollg weag pajoipald soje|nwig
dduewIouad weag jo solisijels sdojaaaqg .

synduj |eanuap| YA Sisa] ajqejeaday swioliad

swajsAg |oJjuon

weag jJo aduewiouad pajolpald/siiwi] 3sal o

Induj anepp auig Buisn saipn)s ojaweIRd SWIOAY

Sjuawa|g J0jelaudn

9ALIQ 0] ele( )s9) 1amod YBiH Jo sjnsay sasn

sainjea }S9] 10jeIdauan) 3|ljoid weag




Se-C-1't

}S9] 19d }SO0D JOMOT] Ul S)INS3dY
les A\Naapn/Aeq 184 Sisa| aIo)N —
S)S9] uaamjag punouseuin]| 1d1I0OYS SMO||Y
SUETET = ETRIIVEY,
?oedg usamjag suoijoung Jajsued] ayj buiuiwialag
Aq (swaysAg jeuonjesadQ 2 X4|) swajsAg
paseg aoedg ainin4 jo ssasoud ubisag ayj ui spiy .
saljljiqede) }sa| saoueyuy -
uolnjejuawsaljdw| alemyos Aq papinold —
sadA] iase a|diyn ssjejnwis
saoueqanisiq/siots jnduj
JO uoinjosay pue abuey slweuiq ayj sjos3uon

S9.1n)ea }Sa] JOJeIauadn) 9|ijoid weayg




9L} :jo se
BN 1R8N

Few  idy Jepy qed uer oeQ AON WO 1des Bny Inr unf Aew idy Jey qej uer 2aQ AON
28

(203) oesU0) jo pul

waysAg |ojuo) [ewpdO/M

AV (0S¥ TH) ¥sa] Jemod yBiH
JANEAY)

‘wiS (606 TH) PUOD UNY OV L9E SBMAS I$8)
‘wiS (o¥¥ TH) WAN 09€ SoUaS s8]

159} edueydeddy

w uoneJBeju)

(S19) uopieiBeju| weysAs

AN Y, suojjezieORIBY)) [ SjusweAcudw| auempiBH
AN (DIvSIMY L) WS sAS edueqinisig
f Y, (VIN1) 818MY0S WeisAS [04u0)
1se] 9 ejeiBeu|
e|quessy 'g elgouqe 4

(+seaueQ yW1) weisAS 13H
(10AueQ) uojvibaeju] swesAs

sinoAe 13 VWIS ' slwbay MulL
gieq OV Jo sishjsuy JIvS

(MS/MH) uBiseq wesAs
|4 sjuswenbey Aeuiwield

SuyesuiBul wasAg

div < >
: el Jdy e o4 US[ 200 AON PO 139S Bny inr unr Xepy 1Oy iy Qa3 uer 2eg A0
W v W Qa4 r o} N O S bny n v 4 (0] N swepN >.:>au<
0002 6661 8661

a|npayodS 10)elauan) ajijoid weag




LET-1'E

sjnduj sjqejeaday pajjosjuon Buipinold Aq
waysAg |oJjuo) weag ayj jo spwi ayy auiwialaq [IIM -

siajaweled ubisaqg
Ajipuenp o) waysAg |043U0) weayg aAljejuasalday

B Ul JoMOd MO je JaseT] Jamod YBIH ayj ajenwis [IIM

jdaouos Joje|nwig punog Ajjesiuysa] .

SUOISN|2U0Y) 10}BIdUIN) 3|Ijold weag

S



8L-C-1'¢

lamod YbiH @ asuewliopad walsAg ajepliep —
adojaAug souewiopad aiodxg —
wajsAg |o5uo) weag ay) azusoeley) -
paysijqe}sy suejd wia] JeaN -
|oJjuo) weag uoisidaid
0} sjuswaAoidw] atempie Bugesysuowaq 19g -
yoeouddy suonesadQ 3sa] jualolg ue paA|oAT] .
|B0D 10417 JUOHBABM [TV JO %0Z UIUNM —
|B0D JONI 1TV JO %0Y UIYIAN —
s)|nsay
JU9||93X3 paAlIyIy B uonjeinq [|[n4 uey 3sal INAN -
pajesjsuowdg uoneladQ walsAg josjuo) weag |y -

Aewwing weuboud |1V




[ -¢-1'€

yudwdopaadqg A3ojouydd ] QA4S
¢€-1°¢ xipuaddy




c-t-l't

INAINdOTAAdd
- ADOTONHOAL dY1dS




9210, 1y /AUy /OGINEH | "¢

(3utuue|d uj) 1ase] auoUaAQ

pajoo)) uaday uayj ‘pajoo)) 1arem

9|ZZOoN J1ase] [edtway)) Aduaidiyjq YySiH pasueapy
(8661 153 1s41) AjuQ 3npo

(1u3s31d-7661) (ALTAH) 2ameradwa | mo owwosiadA}

wasAg jeuoijesadQ

punoin
Auny (QO) |eais]

Jeaul

44 SSe[D M >

(uoneosuqeq up) (T3HL) 4ase] A31aug Y31y [eonoe

92104 1V/OANE/01AS/vVddvd
pauwojlad s1sa] duise] €|

uonesadQ aoedg

22104 V/OANH/01AS/VdI VA
[eaupul£)

dH SSEI) MIN

(W3sd1§ 01 686 1) eydV

vEOD.__< -

ANloJ Iy -
[eoupul]dy -~

SSE[D MIN > —
(¥861) ne| - ewdig

[9A9T B -~

AaeN -

Jeaulp -

da sselD MIN -
(1uasa1d-0861) (TOVIIN)
JOSE’] [edWdY ) pasueApy peledju] piA

[9A97]BS  ~—

AaeN -~

leaul -

44 sseID MW > -
(1uasaig

e -5L61) (1OVN)9se] [eanway) ediy KaeN

YASYT TVIINAHD



p-t-1't

dv/AAeN/OAWE/01dS -
wawudijy snowoiny -

© 8unalieoy pidey -

dV/AARN/OANE - seseqwm g -
uonednfuo) aseyd JH M D JO uonensuowd(q - (SMO) [on1u0)) Josuag wogjaaep Sulodin -
wswadxyg sen Suimold SgS - (Jouty €) dodsaja] MalA Jo pIaLg pIM  —
(3uasaig-ze61) wawuadxyg pieogsselg -

(XddV) wswuadxy uonesuadwo)) aseyd pasueApy (quasaig

dV/0dNg - -p861) (SOAV) WIISAS [01U0) Wed[ PIJUBAPY

sjuswadxy jonuo) weag Jamod mo1-3uio8upy - qv/vdidva -
paonpuo)) s1sa] (sse|D) M) amod YdiHpy - [01U0)) JOSUdG 1uojdABp Bul0Bing -
(] pue NS pajooouny - [ouo ) wed] Wd/IWNA/WNS4d -
y3nodyiyeasg sondQ jonuo) weag pajooduy - Jasequw sz -
SHOH YU JoIN JINVTI Ny - Aewugd wd 09 uUQ S, JOH -
A3ojouyda] wowuadxg pieog ssedg -

dAO0TV/dIWVT/VHd TV JO uoniesdau] ojeds [jn - (L861)

(was31d-0661) (1TV) uonesBaw] JWV T VHATV  « (0D Wwawnads: uonensuowa(] sondp 237«

TOYLNOO WVH4




S-¢-1'¢

4V/IOAdnNg -
SIOUIA 1Y31ap 2oedg wi | JO (7) siuawdag 1aysase.j ulyy -

(Z661) (SOT) wawdag eand() adie]

4v/01dS vdiva -
1S 104 J0LIN 2ANOY paIudwdag 19aysasef uiy| wp -

(6861) (dIWVT) wesdold Jouipy pasueapy 2dse7]

Avivdiava -

S.JJOH YA JoUIA pa1udwidas 129ysadef ulyj wo 09 -
($861) JoLN Nd 10T

v -

duneln) el suoy amnpady [N Y JOLIN wd (9 -
(2861) (SDOT) waAAsLS [0nuo ) [eand() (€307

JOUUIN AdVINTId




dV/OdW8 -
uonaa[ag wiodwiy -
alempleH ApoqpieH 0y awnjd -
(L661) wawdo[aaaq wyiliod|y jonuo)) ai
dV/OdNg -
dlTies Jojudissaq -
EoEmo_?oD daosuo) dLvY -
(S661) (LdVAV) 123081 ], J91ulod uonisinboy asueapy
’ _ dV/OONWd -

(zH1 ‘qpPo6
peiu(p>) 1018|0S] pUy JlUN ID0UIIJIY [elUdU] -

(¥661) (NYSdI) 1uN 20ua13)3Y Opnasq [eiuau]

' , AV/IARBN/OQNE -

, SSB|A punoidyoeg AN -
uonesuadwo)) susydsouny 1amod mo| -

(T661) IOV'D
wawadxy uonesuadwo?) sudydsouny 1m0 mo’j

[}

9-¢-1't

dv/01das -
JoLA Aejay asedg

yita uonezijiqers 2 Sunuiod weag Jase| -
(1661) (AWY) wawiiadxy Jouiy Aejay

4v/01dS -

uonejosjqp s -

uoie|oS| UoneIqIA dANDY ddedg -
(0661) (IAVS) uone|os| uoneiqiA 2A1dY 3dedg

v/01as -
J3ysuel | wydisalog] ainuady aresedag uoisidaly -

(6861) (S.LYUV) WaisAS 13jsues| 25u219)3y wwawudiy

dvivddva -
uonejos] % uondafay asuequmisiq -
petu 00l > wdisatog -

(S861) ploD uoje],

dLlV




L-¢-1't

dv/0dnd -
1591 Sunjoel] aAnoy swog uoojjeqg -
3uiBew] punoidyoegadie] uonnjosay ydipy -
pag 1saL d1V pawesdaw -
(ussa1d-1661) (AGVH) wawuadx:] uoojjeg apmi|y yaip
4v/olds -
191sesi(q a[NnyS o an(] 43£] 921 qer el -
(L861) aeNV

dv/olids -
punoidyoegysiadie] JO SUSWAINSEIN —

wswuadxyg d Ly apmnys -
(9861) qe RIS

4v/01dS -
sjuawuadxyg Suinag/mals —

aoedg uf Japuedxy weaq sse[) wy -
(9861 ) (3DV) wawuadxg jonuo) 218y«

siuswadxy uonesdau J 1V

4vV/0dn8 -
Jopuedx] weag wpy -
uone|os| adueqimisiq Sunulog -

(s661) (FD1dS) wawuadx3 jonuo) uonejos] adedg
° 4v/Odng -
ZHO09'lwop -

padwny spoiq 2wl pijog -
. (v661) Jasejioeutwngl] o

(puo)D) dLV




8-€-1'¢t

oias -
5661 JNS/01IaS -
93 pauuel{ - 19 ‘NqIO-uj ‘uonesuqe, ‘udisaq - BNl UlleA/(30edS Ul X39 Wy) IOV -
8861 99 uoniuya(q wask§ - paayyd07]/(adedg ul JLV) qeprers -
L861 aunf udisag [emdasuo)y - a|qnedwo) apnyg asedg -
qQng uswa|g peojAed JaseT-MUL - (9861)

uonensuowd(] A3ojouyad | AJsauzy pardasn( 104 (VQyl)

K do- -
ANS I3[ pro1fed [22HA0-paayyd0T] wowddUNoUUY WawWdoa43(] ¥ Yoieasay wapuadapuj

(DS ® L19S) swud WA - -
. INWNS/0IdS -

(L861) plemy Jmi§ yriuazZ
BHIUEN UILBIA *PIOYYNI0°] [[omyd0Yy ‘Juidogy -

oias -
[lamYo0Yy ‘briauepy uniep ‘pasayyd0°] :s10mddwo)) (6861) ((IA"IS) uohiesisuowa(] uonepijeA [2427] WSS

JAO VAWV UVHA'IV A4 - v -
(‘d'Vv'S) weidoiq ssaddy jedadg £jjenwy -~ was£g "1 JO uoniuyaq aduoy -
(9861) uonnadwo)) srag yuudy (0861) sa1pmig uohituya(g 1dasuo) ¢S

NDISHA LNJNTdddXd dDVdS




6-t-1'¢

OdNnd
patajdwo)) udisaq emidasuo)
youne gA[L 2|3uls

jonuo) weag 300’1
. dV/0dnNg - Jopuedxq wedagq/dINV 1
sioipdwo) MYL ® VINT - Jojeuosay pajoodun vViid1v

Qu7ds Adojouya) pasuepy - 11V UQ ydnoaygiyeasg] sond( pajooou
(8661) satpni§ uoniuya(g 1dasuo)

oandg - 21§ Yiudy (w 77| ) ajeasqns (3SI)
wasg do Jo uonwuyaqg - wawuadxy ssedg Leudwajdwo)) Jo udisag

udisa(q J.L| HeIS paAjoA] -
(9661) satpms ANz PUV AYT14S

wawuadxyg punoin |7V

—

(9661-+661) udisaqq wawuadxy adeds 71| 14e1S

(6861) UONDIIPIY - JB1S YIlud7Z

(P.U0D) NOISTA INTATYAdXT ADVS



NDISAd
qJOVdS

dLV

SOILAO SOILdO
R D DI
adigs ) e @

/ WNVdd

010¢ G00¢ 000¢ $661 0661 ¢861 0861 GL6I

AAVININNS HLVd INdINdOTdAdd 1dS

I




33404 :(AK.Z@.@&.(Q& ) M

pauLnyidg s153] dun
wourad() 2>edy
A0 4 HYAXING OIUS Ydiava
jesupun<)
M) wW
(uasayg o1 pgol) vydiy -

MY MY sy (K]

(Juiuumyg up) 118 | J00BIY)

Pajoo) ualay uayy popw ) Liry

LLON 17T | (2nmay ) £OuId § A pdumpy

(8661 B33 W14} Sjug) dpnpuiy
(unay {onl)

(41TAH) neaaduwa | wo | Jusnaadryg «

Py ey -
Loy
moury
M L) AN
twasand-og61) ( LIVIIN)
IRE | [FUDY) PINR\PY PERIYU] PIRY o

wapsdy umuminl)
punosy
Cauy ((JOW) 20y
L2 B
KIvo) iy
(wneiage § uj)
(LD 8o ) Bou gy wrare) .

P ey
[SVV]
mout |
K] o) W
g y.61)
LN ne | prery) Biry ey o

0102 - $S00C 0002 $661 0661 S80I 0861 L6l

AASVT TVOINGHD
° , ° °




v Gy (g

uonedn(uo) sryd 441 M) Jo vouBIBUOW(]
wawddy § se) Juimo)§ sy

OuRIg-To61)

(X3dVY} wawadyy vouesuaduo ) ey pouRpy .

AV (XINY
SIUIWLNY ] [030) Wedy Pwog wo |- dundug)
PILNPUO) 81321 (3381) M) w0y Y ¢

(I PUR INS § pajoody;)

yBnosygineasg s50d() [01u0) wray pajoodu))
SAOH YN N WY | INY

ASotouyda | JUO VANV UVHA IV JO sonralaiug aedy jn g
(1u35314-066 | [v) vormsdais) INV'] VALY -

AV OENOAWE OIS
wouwmdify snowny
Suinlimiay puley
nEwrt |
(SN e ) anudy uaiigase g Jusivy)
(N L DRI w3y Jo Prar g ape
WOWLR § puyne iy
(uRag ryold iy v
WLy R0 ) WRIY PIURPY .

aydids

iv vdivad
P ) anudy i g Buoding -
Praw ) Wedy g N NS S
oww et 2
ARwig WY g9 W) S ON
Wraands § pang ey
Gesld 0
Wowisals f eumineowiy ) saak) My .

: 010¢ ¢00¢ 000¢ S661 0661 $861 0861 SL6I

"TOYLNOD V44




010¢

- .
-

- -
- -
g

1Y (XINY

LIRS
W 20edy Wi JO) (1) uawiday PHPIW | uy)
(Z661) (50 1) 1wawiday eank) 2w | o

IV OKIS Vvl
TUS W0 WU VDY PIDWAN, 122002 | 1] wy
(636 1) LNV |} wiiduiyg sy pIva sy 28 | o

iv vduvd
S MO W sy PHAIWERN PINIW | Ny | W oy
Gaoi) maniy nd k)| -

iv
BuimE) 2y >ar ) DMty YR | @Y BASIY WD O

¢00¢ 000¢ S661 0661 $861 0861

Gone ity M wdndy pams ) Enply e f o

SL61

HOUYUIN AdVINTYd
o




1 Suiydeig 3s1y awog uoojey -
duiBew) punosdydegnaim] uonnjosay iy
Py 1591 dL v pareiday

(5314166 1) (3HVH) 1wawuadn g uoojieg pningy Yy «

vl-¢-1't

iV OUWY
L my wjuinyg
wawdop ] ware ) 41y

yeol)
UdVUY) B0] 2uiog mujsmbiy 2uepy o

v.Olas -
gy (ray adedy
YL wonEzi ety 3 Junuiog umoy 5T
(1661} { INYY wawuady § sounipy {8jay «

1y OIS
DI UG O H] Y Mgy

sl vy .

[AALTAY
puniisyey sdmyg ) S sme oy
MWL § f 1Y dungy,
vyolh e, .

v vdavd
WIERR| P NI Y Sy ey )

FOm .| yinisy

Gasiiprsreqeg o

661 0661 ¢861 0861

dLV




aygs

010¢

AV (XINY
siduwo) ML ¥ VIN )
QYIS Bojouydd| pasuerpy
(866 () 51PNy BoIuX] WIW )

SI-¢-1't

Ng
waps g d() J) voruyx(j
udina(] 111 s PIsjor

(9661 »2priy (N § PUY (Y 1US -

OUNY
padun) uling| endadun )

Younr | gag) ddury

enwo) weay 30 |

1opundr § umay gV |

0oty PLOU() Viid IV

1TV uQ) yinospyeaig soud() pajuodu,)
(9661-7661) udisa) wawuxdry aoedy {irjmn o

Oy
661 33} PAUNIL] - 83] I YUl NG | uinx]
IR ESIL U FIEE L TIN

LBn1 dunf uina) prplavas )

QY MDWD( | ey say ane | W)

YOS WIWI| | (| sy @ Nak ) POy YY)
(KB N AT R TIV N
LLenlipEay B youwdy .

NS ORES
TUNEpy BuRpy PRI | (Payny iy

$00¢ 000¢ S661 0661 $801

G086 1M ICIA 19) SHMIpmid | Py (D00 | wade g o

0861

GL6I

NOISAA LNANIYAdXT ADVdS
®




I-b-1'¢

A10)SIH 1) Y)uadz
b-1'¢ xipuaddy



it

¢eé  IIBMYO0Y —
¢éé Pa/yxo0T] —
(4aseT Jeaur ye) 1ase| |eolpuljAd
M00S ‘dNV1 Jo Juswbas Jsjuad) XS 19S Ejjouel\ uipepy —
1S0D) JaMoT —
passassy saipn}s jusawadxy aosedg |BI9A3S 9861
Buipun4 jo o€ 0} ang paziiuyaq Jo pajenobaN JON sjoenuo) -
JoBLJUOD | 8seYd QATS UOM BHBMEBW ulel .

Joenuo) | aseyd AAT1S UOM paayy207 .
Joeqjuo) | aseyd QA1S UOM lI8M320Y .
Odvg nwqng jJoN pigbuteog .
sJjojoejjuo) -
waby bunnoaxy oNS -
}09|9S

umoq (QA1S) uonesysuowaq uonepljeA [9Aa] waysAs 1g9S 5861

1ejs yjuaz jo Aioysiy




b1t

uoneinbiyuon A3 0} pabueyn ubisag qeuels -

uoneinbyuon A3 0y pabueyn ubiseq 3oV -
Ja)sesiq 10buajjeyn /861 -
aoedg ul Japuedx3 weag 1a)9|\ # ajensuowdqg —
_ joeljuo0)
(3oVv) Jusawadx3g josyuo) ajiby uopA epaue UllR| -
aoedg ul 41V ajelsuowaqg -
JoBIJUOD qeT14e}S UOAA paayxy20 .
sjoyenuon -
waby bunnoaxy HNS -
(8861 pue /861) uoissiy aunys adedg —
uolnesysuowaqg
ABojouyosa] (¢1gs) ABisug pajoaliq 10} (vayi) yJuawasunouuy
Juawdo|aAa pue |aieasay aAljeAouu] panss| O|ds 9861 -

lejg yyuaz jo AioysiH




rv-1't

Juswa|3 peojhed Jaseq -
Jojoesjuoaqng MHL -
jusws|3 peojhed jeandp -
Jojoesjuoaqng pPaayyo0 .
juswa|3 yeloaoedg —
}sa] g uonesbaju| ; buuassuibug waisAg -
awWld e}auB UIeW -
Paayxo0T / epsue upe Buippap unbloys, peiesisaydlQ OIS -
llamyo0y .
ejjolsey uigel .
poaayyo0 .
' sioadwo) -
lase] eyd|y aplA0id 0} 10}0eNUOIGNS PajdaIIg MYL -
Jejs yljuaz awepN payjissepun -

aoedg ul ajesjsuowag pue 13H pajelbaju) 0} JoeIU0D JIV
0} |ajjeJed ui wesboid payisse| sannadwog pajeniu) 0IaS 2864 -

lejs yjuaz jo Auojsiy




S-v-1'¢

yosuneT Al uey eng

Japuedx3 weag paAudag dWV

Jase] paAuaq eydjy sse|d nNemebay

so3dO wnuapqAjoy pajoo)

686 Launr - pajs|dwo) malney sjuswalinbay walsAg Jejs yjuaz -

WLPES - VIl 8seyd —

G661
08 uons|dwo) pauue|d - aseyd juawuadx3y ybi4 - D|II 9seyd —

¥661 1dy - uoyajdwo) pauueid
- aseyd (LI/AD) ¥se1 pajeibaju| / uonepijeA punois -gj|| 8seyd -
1661 unr uons|dwo) pauueld - aseyd ubisaq - vI|| 8seyd -
31q40 UOo 1gS ajesjsuowaq pue }sa| ‘ajeouqey ‘ubisaq - ||| 9seyd -
8861 0980 pajajdwo) - aseyd uoniuyag waisAs - vii / |l 8seyd -
1861 aunp pajajdwo) - aseyd |enjdasuo) - | aseyd -
weiboid aseyd aaiy] -
enaue
UIlLE O} papJemy Joeju0) Y|l 3seyd Jejs yjuaz 88/Z1

lejs yjuaz jo AiojsiH




9v-1'¢

sonndp wnuapqijow pajoon .
aujjaseg ubisaq juawadx3g paysiqeisy .
0661 10 paje|dwo) - aseyd ubisaq -
pajeniu] weiboid (]7v) uonesbajul dWv eydiy / Sz 68/2L -

Jusawadx3 |njbuiuesy
‘BAI108Y3 1S0D ISON uolesjsuowa( Jase sse|D nemebapy —

3|9IYaA youne Aq uaal(q 1s0) juswuadxy -

pazAjeuy
sjuawadx3y asedg 3S0) MO JO 18S BAlISNBYXT WO UOISN|OUOY)

Jjuswiiadxgy 3so0) sJamo Apuedyubis .
(3SD) wawuadx3 aoedg Aeyuawiidwos ubiseq -
AbBojouyoa |
34071 Pue dAV1 ‘eydly jo Juswuadx3 punois) pajesbaju| jonpuo)y -
:pajoasIpay weiboud Jeyg yluaz 68/04 -

t

]

lejs ypuaz jo Aojsiy




b1t

Jou a|gqewuojaq Jojenyoy Alsuaqg ybiH -
sondo Lo#mcom.mm pajoooun -
Jou Auepuodag pajoooun —
Joui Buuas)g jseq psjoooun —
Aeiy aue|d |B004 1S)d 8bie -
| Jounp Atewd
pajuswbag ‘ebie] uo uoneolddy sjuswa|g jeando diydelsbojoH -
pajeljsuowa(q SjUBWIBDUBAPY |ediuyda] JolelN 9661 - Z661
/661 pajejdwo) sjuswpadx3y Jamod YbiH |njssadong aaiyyl -
G6'v6 ‘€6 Ad Ul pajonpuo suejday uaauq buipung -
2661 ul 1amod ybiH
je pajesisuowaq ybnosypjeaig |eaibojouysa | sondp psjooodun -
pajeniu| aseyd suonesadQ pue uonesuqed |y 06/¢L

leyg yjuaz jo AiojsiH




o
-t

Jamo
18SET |In4 je pajeJjsuowsq 661 Ul paysiiqeis3 sjeos _mo_ccomﬂ =
pajsa] A|Injssa0ong Joull ajqewiojaq pajoosun IV 86/9
¢épasiopuy 1| -
Younes| G00¢ 40 Xoel| uQ -
Pajeulwia] malaay ubisaq |ejuswalou] gy 19S 86/¢¢é
wajsAg jeuonesadQ auyag -
uoljesnbiyuo) 3| |74e)S POAIOAT —
pajeniu] Apnig je1oads 3 pue gy 19S 96/¢¢
youneq Al uey) ajbuig -
wajsAg |05u0) weag paAuag 3gO7 -
Japuedx3 Emmm paAusq dNV1 -
lojeuosay pajoodun paAusq eydly -
saidQ psjoooun -
paubisaq juawuadx3 asedg 3] 4e18 €6/Le

le}s yjuaz jo Auojsiy




[-6-1'¢

ssat80.44 A3ojouyda |,
S-1'¢ xipuaddy




Je3 |edsi4
cstle 68 |96 | 26|96 |96 | v6 |c6 | Z6 |16 |06 |68 |88 | /8|98 |98 |?8 |CO (T8 |18 | 08 | 6L
jenp weag My Jase wayy | PedodAsQ ABojouysay
PaoURARY HI' PN TV UMW /.Ew,z.az;»z
1011U0 D) 3pOW POOD - $3jeId 15T A .msqé‘_o_-v
1@ 1puph J ney -ewhrg . Q83
ONMAH
duUouANQ 4H aposqQng oun( 317AH samod-yBiH
53] JO SPAPUNY - M wawdoarag
N poyy LoHENRIBA eyd Y 1O0MS  ABojowuday
$18Y  oprzoN 311AH
nmﬁu.,uuuz ouRQ r0d
apdwo)n 1591 MO14 1o euyd vy mA0s18v
SUYPAQ
$159]
o]
wog |W$I] Auqedes idmod Yoy
Wawubl v 'V Gsieseay
8u0 ) Jeay L —
N\ S0 sa g
- eydry
' SN T N e oo s
: 83| ' , :
RIUIR RYD) {12023} Apenp weag
SUOIPUOD  pyoy v 03  -IPON. eudiy wel 2 ¢ D suemeboyy  samod
uny uny Apeay 9duURUARUEW s ’
jeuuoN  eydpy eydy (1102) Ayjenp weag - g0
ga Eth @3:. W
$183)1 punoi eudiy |

Sum._m:mw_:mmm
laseT] |esiwayy paseg aosedsg @

-



e-o-lt

v —

Jea) |easi4

66 |96 | 26 |96 |96 | ¥6 [s6 | 28|16 |06 |68 |88 | L8 |98 | 90 |¥8 (S8 |Z8 |18 | 08 | 6L

s)dx3 sqe
4/523 au Joqu Iy
paEd qes oUW

pieog sseig 3007

s ny 30071 01 panddy
sjuauR g |[exdQ ayde 1601014

|KS$a| punain 1amod-y iy ubisaq wWasAs

9po 3 dwo ) BuUN 000'051 -
penQoL 5L/ -
sdxjowaq
sodo ab ey - 3001

sUdWHJ (endO

ydesBooy SNy

1081BG JUal] dARM AOS on>>/
Ns3) odaOsNI)

Bu 2B 213 A0S 2P M

4/ 12)u@D UOs § 3ARM RO YI

N
30H 2100 oMy

sjudwuadx 3
by Juvasb Lty

(ne1g) sxdu3
Bunabiei®d 1#2dO 1pwmdxy weog wy
dWv uo
Ao JOH
gudx3 ypdx3 / (mweuAq) e
v v sdx 3 1R8Ny ©XdO $L /7§ 1UOHRLIAQY WOHIARM
saawan  \ ¥ - 1ebinay
WwaubIS 1AW JWV - sje0
\ X Ayixuseaj 30H
4 s38
M __nqvu
MOSsas

|0JjU0) weag
lose paseg aoedg




v-S-1'¢ : JeaA |eosid

66 |86 | L6 |96 |96 | »8 | €6 | Z6 |16 |06 |68 |88 | L8 |98 | 98 V8 |C8

48

el

uoiuaIsiQ $5371 X014 -
owaq iy lamod-ybiy c8.._m/

woian QNS

sond 10RUOSARY
1eipui D ney-ewhis

uo g aunqshidAod
Yiduwe as-ybiH

w01 ianod yBiHuo NS
uoloIBIg MO AUIA

UOB PAUd YUKIAW

‘o pudg wg'y -
«—{ |evogesadO (W1QOT)
aupoey Buuing
puowe] so8do st

soEmioy @ ‘gL N\
0U N A qeuiIcsa(q 1emod-yBiy /

uarag Burysjod

PORoILOD BINAWO)

poysaqeisy sbujeo) eqesn(y 1o 4 ABojouyddy -
pasa) sbugro)d soue A yBiy

©adg 9:nb PO M I -
3P w0 $M A0 InNU Uy Byd Iy

Sy UCORS
P9 1002UN RS |INJ

ypimpuey ™
PUW - paienpoeay oo a / w208 \n_A
sqewojeq T oo Bupaasisey 01N MadR Py
. petoooun \ -~ 1uBiampy0q § Wy IV
) / : \ / (saje1q oy RIS INY) .
dnagos oy ey
\ JO AW [RIUOD UCONIS
» .o.ﬁu.m& oLy pauin) PUOURI] SIOENINY 001 uD§Z
uoiENIqey PO Aepuag uimpueg H§
1w woas s38 Wi o5 w
Uu0D 1INO ${€0O

W | -SJOLINW JOJRUOSE Y JEN UUY

0L QR ULOJAQ

Amunid 90008 NI|

sondo
Jase"] paseg aoedg

Q




Appendix 3.1-6
SBL Industrial Base Support

Summary of Critical Components for the SBL

by
Louis Morine, Lyn Skolnik, and David Loomis

Schafer Corporation

12 June 1998
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INTRODUCTION

This report responds to a request from IDA to SMC for data relating to key SBL
components and the industrial base developed by DOD to fabricate and to manufacture
those critical components. The items identified all involve critical hardware
manufacturing capabilities that must be available in order to maintain a production base
for the SBL. We discuss the critical items in terms of function, critical issues and
available suppliers. Table 1 lists a rough estimate of the government investment in these
components to date. The WBS shown in Figure 1 is only notional and is intended to
show the relationship of space vehicle payload-elements. Figure 2 shows the location of
the critical components in the space vehicle.

The uncooled optics comprise several critical individual components of the SBL. These
components are listed separately in the WBS, the SBL diagram, and in the cost table.
Much of the uncooled optics technology was developed under the LMA ALI contract
with (TRW as a subcontractor) and was later transitioned to the TRW ALO contract,
under the uncooled resonator effort.

TABLE 1.

INDUSTRIAL BASE CRITICAL COMPONENTS
(ROUGH ESTIMATED GOVERNMENT INVESTMENT TO DATE)

: INDUSTRIAL COMPONENT - COST
IPSRU 10.5M
ILLUMINATOR : 6.0M
FINE TRACK CAMERA 0.5M
FAST STEERING MIRRORS 2.5M
OWS FOCAL PLANES 2.0M
HOLOGRAPHIC OPTICAL ELEMENTS (HOE’s) 12.0M
LARGE SPACE WEIGHT PRIMARY MIRROR 30.0M
DEFORMABLE MIRROR (DM) 1.5M
HIGH ENERGY HF LASERS/ADVANCED NOZZLES 20.0M
UNCOOLED RESONATOR OPTICS 20.0M
UNCOOLED SECONDARY MIRROR 0.5M
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INERTIAL PSEUDOSTELLAR REFERENCE UNIT (IPSRU)

DESCRIPTION

The IPSRU is an inertially stabilized platform that has very low friction gimbal
suspension and very low jitter. The unit was designed, built, and tested by the Charles
Stark Draper Laboratory (CSDL) for the Phillips Lab. The developmental unit is
currently used by the HABE program and the same design has been baselined in the SBL
concept. In both HABE and SBL, the stabilized element houses a low power alignment
laser that is used to stabilize the fine tracker and the beam control system to an inertial
reference.

The IPSRU unit uses the Kearfott two axis, dry-tuned gryo. This gyro is probably the
quietist inertial reference on the market. This gyro is currently in production for
numerous operational programs. In fact, the [PSRU gyro was taken from the gyro
production line.

CRITICAL ISSUES

e CSDL does not build production equipment so the SBL production units would be
fabricated by other suppliers. The most obvious choice would be Kearfott and
Teledyne since they make the same generic type of gyros.
e CSDL could build another IPSRU for the SBLRD
e Jitter performance is to be < 35 nr rms
e Fine Tracker and beam control stabilization

POTENTIAL SUPPLIERS
e Kecarfott Corp.
e Teledyne
e Allied Signal
e Honeywell
e SSI
e Left Hand Design

ILLUMINATOR LASER

DESCRIPTION

The illuminator laser provides signal-to-noise- improvement of the target signature for
precision pointing. The system incorporates range measurements, range gating and off-
axis steering. Fibertech is currently supplying this type of illuminator for the HABE
program. Development of illuminator for the SBL will require an increase in output
power and reliability.

CRITICAL ISSUES
e Output power and coherence length
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e Beam quality

o Power efficiency

e Reliability

e Thermal management

POTENTIAL SUPPLIERS
e Fibertech

e HRL

e TRW

e Boeing (Rockwell)

e Rocketdyne

FINE TRACK CAMERA
DESCRIPTION

The fine track camera is the primary sensor for directing the HEL to the target. This
tracker camera must take a handover from the intermediate IR camera and provide
sufficient resolution and signal-to-noise ratio to meet the required pointing command to
the beam control system.

CRITICAL ISSUES

e Pixel ficld of view

o Pixel sensitivity

e Low Image distortion

POTENTIAL SUPPLIERS
e ROSI

¢ Boeing (Rockwell)

e Lockheed Martin Imaging Systems
e Ball Aerospace
e TRW

FAST STEERING MIRRORS ACTUATORS
DESCRIPTION

Fast steering mirrors (FSMs) are used to control the line-of-sight and jitter in the beam
control system. Typical diameters of the FSM for HEL and LEL control are 30cm.
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CRITICAL ISSUES
e Jitter control

o
'
e o o. o

Boresight alignment -
" Bandwidth ’
Field-of-regard
VLA Coatings
POTENTIAL SUPPLIERS
e LLMS ’
e Ball Aerospace
e ROSI
e Left Hand Design
e TRW

OUTGOING WAVEFRONT SENSOR (OWS) FOCAL PLANES

DESCRIPTION

The OW'S focal planes are designed to sense the jitter and wavefront error of the sampled
HEL beam from the primary mirror HOE patches. Current focal planes are fabricated
with platinum silicide high yield arrays. The outputs of these arrays are used to control
both HEL beam tilt and wavefront control.

CRITICAL ISSUES

e Rcad out rate

¢ Pixel to pixel uniformity

e  Widc dynamic range

e Large area array

e High charge transfer efficiency

POTENTIAL SUPPLIERS
e Lockheed Martin Imaging Systems
o EG&G

HOLOGRAPHIC OPTICAL ELEMENTS (HOE’s)

DESCRIPTION

Holographic optical elements are produced by etching gratings into the coatings of the
primary mirror. The diffracted laser beam from these HOE's are focused on to the OWS
focal plane assembly mounted behind the secondary mirror. The sampled HEL beam can
then be sensed to determine the jitter and wavefront error, which are corrected by the fast
steering mirror and the deformable mirror.
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CRITICAL ISSUES
e Accuracy of the HOE patch location on the primary mirror

¢ Orientation of each HOE patch
e Optical quality of the patches
¢ Efficiency and uniformity

e Registration

POTENTIAL SUPPLIERS

e ROSI

LARGE SPACE WEIGHT OPTICS

DESCRIPTION

The primary mirror is made of thin ULE or Zerodur face sheets and uses a monolithic or
segmented configuration. The face sheets are attached to actuators to allow corrections
after the system is placed in orbit, and for possible wavefront control.

CRITICAL ISSUES

e Fubncation and polishing

¢ Figure Correction

e Figure maintenance in presence of physical disturbances
e Phase ambiguities

POTENTIAL SUPPLIERS
e ROSI formerly (ITEK, HDOS and Perkin-Elmer)
e Eastman Kodak

DEFORMABLE MIRROR (DM)

DESCRIPTION

The deformable mirror is composed of a single thin face sheet of single crystal silicon.
The face sheet is supported by densely spaced actuators to control the mirror face figure
and to correct errors in the HEL wavefront.

CRITICAL ISSUES

e Actuator location on face sheet

Bonding of actuators to face sheet and backing
Actuator Coupling

Surface polishing

VLA coatings
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POTENTIAL SUPPLIERS

Xinetics
ROSI

HIGH ENERGY HF LASERS/ADVANCED NOZZLES

DESCRIPTION

Combustion of reactants injected into the cavity generates the excited gain medium for
the chemical laser. The efficiency of the injection process has a direct affect on the laser
output power for a given weight system. An advanced nozzle-design (HYLTE) offers this
high efficiency while allowing the nozzle to be regeneratively cooled.

CRITICAL ISSUES

Nozzle Efficiency
Continuous power output
Regenerative cooling

POTENTIAL SUPPLIERS

TRW
Boeing (Rockwell)

UNCOOLED HIGH POWER OPTICS

DESCRIPTION

The fabrication of uncooled high power optics involves several suppliers to produce the
completed optic.  Uncooled optics are required throughout the high power beam train
including resonator turning flats, fast steering mirror, deformable mirrors, resonator
optics and secondary mirror. The optical fabrication steps for an uncooled resonator
requires the following matenals and processes.

Large Diameter Silicon Boules: Large (10 to 20 inches diameter) silicon boules are
the basic material used in the production of SBL high power optics.

Silicon Brazing: The shape of the laser resonator optics is accomplished by the
brazing individual silicon bricks to form the rough optics shape. This process must
not produce voids at the braze joints.

Silicon Precision Machining: The machining process must be very precise. After
the brazing process is performed, precision machining provides surfaces accurate
enough for diamond turning and final polishing of the optical structure.

Large Optics Diamond Turning Machine (LODTM)/Post Polishing: The final
shape and figure control for the laser resonator optics and beam expander secondary
mirror are accomplished with the LODTM diamond turning machine at Lawrence
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Livermore National Laboratory (LLNL).
extremely accurate (microinches).

3.1.6-9

The shape is complex and must be




Low Absorption Coatings: The multi-layer coatings are deposited on all of the high .
power optics to provide very high reflectivity, low absorption and low scatter at HEL

and visible wavelength.

Silicon Carbide Integrating Structures: The high power optics must be supported by
a low coefficient of expansion material in order to minimize distortion of the optical
surfaces. Thermal changes may arise from the HEL beam as well as the local thermal

environment.

CRITICAL ISSUES

Large Boules:

- High purity

- Single crystal fabrication

Brazing:

- Mounting inserts

- No voids or discontinuities at braze joints

Silicon Precision Machining

- Preparation of the optical components for diamond turning

- Secondary mirror center hole tolerances

LODTM/Post Polishing

- Optics figure control

- Diamond tool wear

Low Absorption Coatings

- Multi-layer dielectric coatings for high reflectivity and low absorption
- Deposition uniformity on large mirrors

Silicon Carbide Integrating Structures

- Matching integrating structure CTE with single crystal silicon optic
- Providing a low stress mounting design

OTHER POSSIBLE SUPPLIERS

Boules

- Silicon Castings

Brazing

- Scarrott Metallurgical

Silicon Precision Machining

- McCarter Machining Company
LODTM/Post Polishing

- Lawrence Livermore National Laboratory
Low Absorption Coatings

- Laser Power Optics

- Star Optics

- Lohn Star Optics

Silicon Carbide Integrating Structures
- Xinetics
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Laser Test Facility (LTF) Site Selection
Screening Criteria

Site selection for the Laser Test Facility (LTF) is a structured process that will
provide the government with the data necessary to make an informed decision. Although
the final siting decision will be based on environmental impact, economic factors, and
Executive and Congressional guidance, the siting analysis provides a comprehensive
assessment and quantitative ranking of viable sites. The Space-Based Laser Program
Office initially provided technical and operational guidelines for the site selection. From
these, exclusionary criteria were developed and applied to potential DoD, NASA, and
DOE facilities. At the end of this phase, approximately 100 sites still remained under
consideration. It was not considered feasible, within the schedule and funding constraints,
to visit all sites that passed the exclusionary criteria - nor was it considered necessary.
Site Screening Criteria were developed that allowed an evaluation of the sites based on
information from available data bases. The highest scoring four sites were then visited to
gather data for the final evaluation.

1.0 Program Guidelines

1.1 The SBL Readiness Demonstrator (SBLRD) and Engineering and Manufacturing
Demonstrator (EMD) space vehicles will be integrated and tested at the same site.

Rationale: Preliminary estimates developed during the SBL Readiness Demonstrator
Concept Definition Special Study indicate the cost of the LTF will range from
approximately $165 to $185 M. This includes the laser performance test chamber, the
space vehicle integration and test areas, and administrative and support buildings. The
cost estimate includes the capability to test both the SBLRD and the EMD space vehicles.
Cost estimates developed in 1991 for a facility to test an SBLRD-equivalent space vehicle
ranged from $80 to $100 M. Thus, the total cost to build a facility to test an SBLRD, and
then move the to a new site capable of transporting the EMD space vehicle to the launch
site would range from $245 to $285 M. These cost estimates are highly preliminary in
nature, but the cost delta between the two options would not be expected to change
dramatically.

1.2 Both the SBLRD and EMD space vehicles will be launched from Cape
Canaveral/Kennedy Space Center.

Rationale: The baseline launch vehicle for the Space-Based Laser Readiness
Demonstrator (SBLRD) is the Titan IVB, while the Engineering and Manufacturing
Development (EMD) Space Vehicle will be launched on a new heavy-lift launch vehicle -
designated the Stellaris.

Only two sites in the United States are currently capable of launching the Titan
IVB. Cape Kennedy and Vandenberg AFB. Upgrading other launch sites, such as
Wallops Island, would be a multibillion dollar effort, and the launch sites would not be
available in the time frame needed for the SBLRD launch date. The Stellaris will require
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extensive launch pad modifications, but the infrastructure to support this launch
capability also exists only at Kennedy and Vandenberg.

Due to ground overflight safety restrictions, space vehicles launched from
Vandenberg are constrained to initial trajectories ranging from approximately due north
(polar orbits) to approximately 63-degrees retrograde (south-southwest). Flights launched
from Kennedy can be launched at 28-degees inclination (due east from Kennedy) to
maximize on-orbit payload capability. There is an approximately 10% increase in on-orbit
payload weight capability for flights launched from Kennedy when compared to
Vandenberg - this is due to being able to take advantage of the earth’s rotation to add to
the velocity required to achieve on-orbit conditions.

The current weight estimate for the SBLRD is 40,037 Ibs., of which 1,356 Ibs. is
laser reactants. A 10% reduction is weight capability that would be dictated by a launch
from Vandenberg would require approximately 4,000 Ibs. to be off-loaded. This would
account for the entire laser reactant allocation. None of the experiments could be
performed. An alternate approach would be to substantially decrease the power or
primary mirror diameter of the SBLRD. However, the SBLRD would then be unable to
perform its primary mission.

The current weight estimate for the EMD space vehicle is 70,000 Ibs., of which
approximately 12,000 Ibs. is laser reactants. A 10% reduction is weight capability that
would be dictated by a launch from Vandenberg would require approximately 7,000 Ibs.
to be off-loaded (approximately 60% of the reactant allocation). To perform the currently
defined SBL mission, the on-orbit constellation would have to be increased from 20 to 48
space vehicles. This approach is cost-prohibitive.

Based on the above considerations, the only feasible launch site for the SBLRD or the
EMD space vehicles is Cape Kennedy.

1.3 Both the SBLRD and EMD space vehicles will be transported to the launch site
by barge.

Rationale: Maximum launch vehicle performance; technical feasibility; cost

2.0 Site Screening Evaluative Criteria

Eight quantitative screening criteria were applied to the list of government sites
remaining following the application of the exclusionary criteria. These criteria were
selected based on criticality to site selection, construction, and operation; and to

availability of information from readily accessed data bases. The criteria and their
relative weightings are shown in Table 1.
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Table 1. LTF Site Screening Criteria

Criteria Weisht (%)
1. Similarity of installation mission 23
2. Total population within 80 km 19
3. Total installation size 16
4. Distance to launch site . 15
5. Area cost factor 9
6. Transportation route availability 8
7. Seismic zone 7
8. Distance to commercial airport 3

2.1  Similarity of Installation Mission

In the 1992 Space Test Site Selection Report listed similarity of installation mission with

the mission of the test facility as an exclusionary criteria. Mission similarity strongly

implies an existing trained, or readily re-trainable, work force. Maximizing the mission

compatibility will also help to minimize the possibility of conflicts between the LTF and

other programs at the proposed installation. Support mechanisms and similarities in

rescarch/testing projects at the site could conceivably prove to be beneficial to the .
program through an exchange of technical insights and expertise.

Scoring System:

1. Existing/recent projects involving high-energy 4 pts*
laser testing
2. Existing/recent projects involving rocket engine 3 pts
testing
3. Projects/facilities supporting space vehicle 2 pts
integration and test
4.Existing/recent projects involving general military | 1 Pt
research and development

NOTE:In this category, points are additive.
2.2  Total population within 80 km

Total population within 80 km - roughly one hour transit time - provides an indication of .
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available work force. The larger the population, the greater pool available for
construction and operation of the LTF. Larger populations also infer the existence of a
community infrastructure, an educational system, an general amenities associated with a
higher quality of life. Although an indirect measure of these factors, total population is
quantifiable.

Scoring System:

l. Population greater than 500,00 10 pts
2. Population between 250,000 and 500,000 7 pts
3. Population between 100,000 and 250,000 4 pts
4. Population less than 100,000 I pt

23 Total Installation Size

Although an exclusionary criteria of a minimum size of 1,300 acres was applied to the
initial data base, it would be highly advantageous to site the LTF at a significantly larger
location. This would imply a lower probability of conflict with existing facility
operations and a higher probability of an existing base infrastructure. Also, the LTF
could be sited at a more remote location within the installation, increasing overall
opecrational safety. Finally, a larger site offers greater potential for growth, both for the
SBL program and other new projects that could share LTF assets.

Scoring System:

l. Site Size greater than 20,000 acres 10 pts
2. Site size between 15,000 and 20,000 acres 8 pts
3. Site size between 10,000 and 15,000 acres 6 pts
4. Site size between 5,000 and 10,000 acres 4 pts
S. Site size between 2,000 and 5,000 acres 2 pts
6. Site size between 1,300 and 2,000 acres I pt

2.4 Distance to Launch Site

Based on the size and weight of the SBLRD and EMD vehicles encapsulated
within shipping containers, barge transport is required. The exception to this is if the
LTF were co-located with the launch site (Cape Canaveral).' Longer transportation
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distances imply greater risk to the flight hardware and increased operational costs to the
program. Transportation distances less than 25 km imply only ground transportation will
be required. Distances ranging from 25 km to 100 km can be routinely traversed in a
single day. The distance to Michoud, site of the NASA Shuttle External Tank
fabrication, is also considered a bench-mark, as NASA routinely barge transports the
external tank from this facility to the Kennedy Space Center.

Scoring System:

1. Transport distance less than 25 km 10 pts
2. Transport distance between 25 and 100 km 7 pts
3. Transport distance between 100 km and 1000 km Spts
4. Transport distance greater than 1000 km 3 pts
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2.5  Area Cost Factor
The area cost factor (ACF) is the index by which the Army Corps of Engineers

relates the cost of typical construction projects in any particular area of the country to a
standard cost. The lower the ACF, the lower the cost.

Scoring System

1. ACEF less than 0.79 10 pts
2. 0.80 < ACF <0.89 9 pts
3. 0.90 < ACF<0.99 8 pts
4. 1.00 < ACF < 1.09 7 pts
5. 1.10< ACF < 1.19 6 pts
6. 1.20< ACF< 1.29 5 pts
7. 1.30 < ACF < 1.39 4 pts
8. 140 < ACF< 149 3 pts
9. ACF greater than 1.50 2 pts
2.6  Transportation Route Availability

This measure accounts for the availability of the route required in transporting the SBL
system by barge from its test and assembly facility to the launch complex at Kennedy
Space Center. Some transit routes may become closed due to inclement weather,
flooding. freezing or man-made obstacles and circumstances.

Scoring System

1. Along Coast 10 pts*
2. Inland Rivers -3 pts
3. Above 42 deg. North Latitude -3 pts
4. Through Panama Canal -8 pts
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2.7 Seismic Zone

Integration and test of the SBLRD and EMD space vehicles will require extensive
alignment and calibration of complex and extremely sensitive optical components and
subsystems. These optical elements are particularly sensitive to dynamic disturbances.
Also. construction of the LTF will include integration buildings with heights of greater
than 75 meters, in which case construction costs could be significantly higher in active
seismic zones.

Scoring System

1. Zone 0 10 pts
2. Zone | 8 pts
3. Zone 2a 5 pts
4. Zone 2b 4 pts
5. Zone 3 3 pts
6. Zone 4 0 pts

2.8  Distance to Commercial Airport
Operations at the LTF will require the continuous support of commercial air

services, both for personnel and materials. Therefore the close proximity of a commercial
arrficld will enhance the effectiveness of any site.

Scoring System

1. Less than 25 miles 10 pts
2. 26 to 50 miles 7 pts
3. 51 to 100 miles 4 pts
4. Greater than 100 miles 0 pts
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Appendix 3.2-2

Summary LTF Data Input for Environmental
Assessment Analysis
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September 8, 1998

Description of Proposed Action and Alternatives

Source

ID# | Phase Data Need
D-1 Where are the manufacturning locations for GSE equipment ( such as the Chamber and PRS)? Are they
COTS or similar?

SBLRD | The GSE manufacturer has not been selected, however since proximity to site will be an important criterion | 1
for selection. The equipment will not be commercial-off-the-shelf, however even though the GSE is custom
built, 1t will employ standard commercial practice and design. It is not expected that this will equipment
will constitute a special product or process. The manufacturing locations for the GSE will likely be in the
Southeast US, as there are several qualified steel plate shops in Texas, Mississippi and Alabama that could
support this requirement.

EMD Same 1

Prod Same 1

D-2 Provide details on the reactant (NF,, D2, H2, F2, He, hvdrazine) holding areas (e.g.. size of tanks, piping
required. fire protection systems, safety distances).

SBLRD | The reactants (Helium, fluorine, deuterium, NF,. and hydrogen)will be stored in tank tratlers parked in

holding areas nearby the performance test chamber building. The parking area for the storage trailers will be
approximately 8000 sq. ft. Separation of the trailers will consist of berms or walls adequate to ensure safety
in the event of reactant leakage. These matenals will be piped from their trailer tanks into the performance
test chamber as required for testing. Manual transfers will be performed by trained personnel with
appropnate personnel protection equipment (PPE). Non-essential personnel will be evacuated to a safe
distance dependent upon the material be handled. typically 200-300 feet.

The size of the reactant storage tanks are estimated to be:

Hebum 300 kg
Fluorine 50 kg
Deutertum 10 kg
NF. 1000 kg
Hydrogen 200 kg

All valving for bringing reactants into the test chamber will be remote and transfer operations will be
accomplished after personnel have been evacuated from the area. The area will be monitored by UV, smoke
and leak detectors. Fire protection in the reactants storage area will consist of NFPA and DoD dictated fire
mains and hydrants. No halon or other overhead systems will be employed in the storage areas.

Fluonine will be stored as a gas in the outdoor storage area in the same manner as the other reactants. At the
ume of laser testing, the gas will be pumped to equipment for its liquification and used in its liquid state in
quantities required for the test.

The parking areas will be made of impervious material, e.g. concrete or blacktop pavement.
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EMD

The size of the reactant storage tanks are estimated to be:

Helium 900 kg
Fluorine 150 kg
Deuterium 30 kg
NF; 3000 kg
Hydrogen 600 kg

Otherwise the information remains the same.

5. 6.

(3]

Prod

Parking area will be increased to 15,000 sq. ft.
The size of the reactant storage tanks are estimated to be:

Hehum 1800 kg
Fluorine 300 kg
Deuterium 60 kg
Hydrogen 1200 kg

Otherwise the information remains the same.

5.6,2

D-3

Provide the size of reactants holding area containment devices in case of a spill.

SBLRD

The only reactant which is stored in liquid state is fluorine. Only a small amount (not more than 50 kg.) of
hquid fluorine will made for each test. It will be contained in an appropriate storage vessel, and located in a
pit capable of containing at least |10 percent of the maximum amount of stored material. In cases where the
stored matenial 1s in a gaseous state, containment berms will not be required.

EMD

Fluorine storage for 150 kg will be provided. other information remains the same.

Prod

Fluonine storage for 300 kg will be provided, other information remains the same.

D-4

How much water will be used during testing? How many test will be conducted annually?

SBLRD

The primary use of water at the LTF will be for steam generation and the condenser and scrubbers in the
pressure recover system (PRS). Most of the water will be recycied and reused. The PRS will be run for 120
to 200 seconds for each laser test. This results in water usage of about 45.000 to 75.000 gallons per test.
There may be up to 8 tests per year for the 2 year period of SBLRD testing at the LTF., for a total of 16 tests.
This gaives a total.of 360 kgal to 600 kgal annually. Assuming as little as 50 percent recycling of the water.,
180 kgal to 300 kgal would have to be replenished on an annual basis.

The water would be stored in tanks near the performance test chamber. Water from the scrubbers and
condensers would be captured and re-conditioned to typical industrial water composition levels for pH
balance and contaminants. Residues will be retained in a sludge tank and disposed of in a manner consistent
with HAZMAT disposal requirements. Relatively small amounts of sludge are expected to be accumulated
(less than 100 kg) which may contain matenal which cannot be safely drained into the common sewage
disposal system, (e.g. heavy metals, corrosives. etc.) but which nonetheless do not pose significant risk to
the environment.

Peak flow rate for the site would be less than 5,000 gallons per day.

The domestic water consumption on the site would add an additional 8 kgal to 12 kgal per year.

EMD

Total water consumption would increase to not more than 1,000 to 1,800 kgal per year, with peak flows less
than 15 kgal per day.

Prod

Total water consumption would increase to not more than 2,000 to 3,600 kgal per year, with peak flows less
than 30 kgal per day.

1,4
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B When are construction activities scheduled to
begin and end for each phase?

SBLRD | Begin construction 2Q FYO0I, complete construction 3Q FY03 7

EMD The construction of LTF modifications and additional facilities is expected to begin one year after the |7
initiation of the EMD phase and will continue for up to two and a half years. There is no certain date for the
beginning of EMD, but for planning purposes it may be assumedto be 3Q FY 11

Prod The construction of LTF modifications and additional facilities is expected to begin one year after the 7
imiation of the production phase and will continue for up to three years. There is no certain date for the
beginning of production, but for planning purposes it may be assumed to be 1Q FY12

D-6 Please provide a general facility layout of the LTF complex including safety areas. What is the expected
total acreage of the LTF complex?

SBLRD | The total acreage for the SBLRD complex is 20 acres, including reactant storage and the remote operations | 3, 6
building.

EMD The acreage for the EMD phase will include the same 20 acres from SBLRD, plus 35 for additional 3,6
buildings. Only a rough layout of the EMD facilities is available.

Prod Acreage for production will increase by an additional 20 acres for an another performance test chamber 3.6
building. making a total of 75 acres.

D-7 What are the total number of acres to be disturbed by construction (e.g., facilities, utility corridors,
roadways, etc.) activities for each vear of construction by each phase?

SBL.RD | The estimated disturbed area for construction in this phase is 2 to 3 times the area of the construction itself, |3
1e: 40 to 60 acres. These estimates are both consistent with construction projects of similar scope and have
undergone preliminary review in the context of the four candidate sites for the LTF.

EMD The estimated disturbed area for construction in this phase is 2 to 3 times the area of the additional 3
construction itself, i.e.: 70 to 105 acres. These estimates are both consistent with construction projects of
wimilar scope and have undergone preliminary review in the context of the four candidate sites for the LTF.

Prod The estimated disturbed area for construction in this phase ts 2 to 3 times the area of the additional 3
construction itself, i.e.: 40 10 60 acres. These esumates are both consistent with construction projects of
similar scope and have undergone preliminary review in the context of the four candidate sites for the LTF.

D-X How many cubic yards of fill material will be required for each phase of construction?

SBLRD ]It was estimated that the fill material would not be more than one foot over the building site area. Thusthe |3
total fill would be some 35,000 cubic yards. This fill material may come in part from excavation material
resulting from the digging of the foundations. The exact amount cannot be determined until a site-specific
foundation and drainage design has been accomplished.

EMD EMD construction is estimated to require 60,000 cubic yards of fill material in addition to that used in the 3
SBLRD phase.
Prod Production facilities construction is estimated to require 35,000 cubic yards of fill matenal in addition to 3

that used for the SBLRD and EMD construction phases.
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D-9 How many cubic vards of earth will be moved during each phase of construction?

SBLRD (Assume this refers to the amount of “cut” on the site) The amount of earth to be moved will be about half {3
of the “fill”, or 18.000 cubic yards.

EMD (Assume this refers to the amount of “cut”™ on the site) The amount of earth to be moved will be about half | 3
of the “fill”, or 30,000 cubic yards.

Prod An additional 18.000 cubic yards will be moved. 3

10 Would a temporary concrete batch plant and truck washdown area be used during construction? If so,
where would this area be located and would the washdown area have an impoundment to contain collected
water?

SBLRD | A temporary concrete batch plant would be erected within % mile of the site for wash-down of concrete 3
mixing, handhing and transport equipment. Water from the plant would be captured and collected in an
retainment or detainment pond (depending upon the requirements at the specific site). Waste water would
be treated and disposed of 1n accordance with existing permit limitations.

EMD Same 3

Prod Same 3
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Would 1opsoil be removed, stored, and re-spread after completion of construction activities?

The construction site areas where landscaping design dictated the use of top soil would be scalped to a depth | 3
of 8 in.. with the resulting topsoil relocated, covered and re-spread.
Same 3
Same 3
Where would construction lavdown, parking, and temporary mobile office areas be located? Size of area
SBLRD | The temporary construction, parking. laydown, and office areas are estimated to be less than 10 acres. This |3
area would be located within a % mile of the site. Considerable flexibility exists in the exact placement of
these arcas and whether they need to be contiguous.
EMD Same 3
Prod Same 3
D-13 How much solid waste (construction debris) will be generated during construction activities? What
percentage and types of construction debris will be recycled?
SBLRD | Vanous types of solid waste and construction debris will be generated in the construction process. The 3
greatest of this material estimated to be 100 - 150 tons per month during peak construction activity. The
total waste 1s estimated 1.000 - 1,500 tons over the course of the construction. No re-cycling of this
matenal 15 anticipated.
EMD In this phase the waste may reach a total of 1,500 to 2,200 tons, with a peak of 150 to 225 tons per month. 3
Prod Same as SBLRD 3
D-14 How much water is anticipated 10 be used during construction (e.g., site washdown, cement mixing,
personnel requirements) by phase?
SBLRD | Construction water consumption for this phase 1s estimated at |10 - 150 kgal/month (for a total of 3300 - 3
4200 hgal). with the peak consumption occurring during the first 6 months, at 250 kgal per month.
EMD Total §.800 to 7,400 kgal. Peak: 440 kgal per month for first 10 months. 3
Prod Same as SBLRD 3
D-18 Provide wastewater generation figures for construction activities.
SBLRD Domestic waste water generation estimated at 60 to 120 kgal for project. 3
EMD Domestic waste water generation estsmated at 90 to 180 kgal for project. 3
Prod Same as SBLRD 3
D-16 How will storm water runoff, collection, and treatment be handled? Are there any special requirements?
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SBLRD NPDS permit will be required. Anticipated that the existing permits will cover construction activities for 3
| LTF. Storm water will necessiate retention pond. Water treatment will be done according to applicable
local regulations. Any demolition on site will require additional consideration to account for possibility of
special treatment requirements for existing materials (e.g. asbestos, lead-based paint)
EMD Same 3
Prod Same 3
Socioeconomics
S-1 What is the estimated number of construction personnel required during each phase, and the expected time
frame for construction activities? What is the phasing of construction personnel? What is the expected cost
of construction?
SBLRD Construction personnel are estimated at 400 people on average over the course of the construction period. 7
The peak number is estimated at 600 during the first 6 months of construction.
Construction Cost:
Year | Labor $28M Material $65M  Total  $93M
Year 2 Labor $14M Material $33M  Total $47M
Toal $42M $98 Total $140M
EMD Construction personnel are estimated at 1000 people on average over the course of the construction period. |7
The peak number is esumated at 1500 during the first 6 months of construction.
Construction Cost:
Year 1 Labor $49M Matenal $114M Total $163M
Year 2 Labor $24M Material $58M Total $82M
Total $73M $I72M Total  $245M
Prod Same as SBLLRD 7
S22 How many full-time operational personnel by pay grade (e.g., manager, engineer, technician, etc.) will be
required to support LTF activities? When is full siaffing expecied to occur? What is the expected annual
pavroll and operating cost for the LTF program by phase?
SBLRD Total number of operation staff: 6 (with
odific
Categ N : me
ategory umber Total Annual Salary ations
Managers 8 1.6 M based
Engineers 46 55M on more
Technicians 71 S0M recent
Support 40 1.4 M discussi
SUBTOTAL 160 $135M ";l':fh
Other Ops Cost $30M LMA
Total Cost $415M f‘r';fw
Full staffing will occur in 1Q05 planner
s)
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Total number of operation staff: 6 (wit’

difi
Category Number Total Annual Salary ::i(;r:slc
Managers 15 3.0M based
Engineers 88 105M on more
Technicians 135 95M recent
Support 67 25M discussi
, . | ons
SUBTOTAL 255M . _ ' with
Other Ops Cost 50 M LMA
and
Total Cost 55M TRW
Full staffing will occur in 1Q12 planner
s)
Total number of operation staff: 6 (with
modific
Category Number Total Annual Salary ations
Managers 35 7.0M based
Engineers 40 50M on more
Technicians 315 220M recent
Support 320 16.0M discussi
SUBTOTAL 50.0 M ons
with
Other Ops Cost 1000 M LMA
and
Total Cost 150 M TRW
Full staffing will occur 1n planner
s)
Transportation
What are the estimated average daily vehicle and truck trips during construction and operations by phase?
SBLRD | Construction: 800 vehicle trips/day (2 x 400 workers). 8 — 10 truck trips/day. peak: 50 truck trips/day 3
Operation: 240 vehicle tnps/day. 1 truck tnp/day
EMD Construction: 1400 vehicle trips/day (2 x 700 workers). 15 - 20 truck trips/day. peak: 80 truck trips/day 3
Operation: 420 vehicle trips/day. 2 truck tnp/day
Prod Same as SBLRD 3
Utilities
U-1 Please provide the projected monthly utility (e.g., water, wastewater, solid waste, electricity, natural gas)
consumption/generation numbers for LTF operations.
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matenals 1s:
Matenal

Deuterium
NF,
Hydrogen

Mass/Test # Tests/Year Total Usage

9 kg 16 144kg
1800 kg 16 9600 kg
36 kg 16 576 kg

SBLRD | Utility Consumption: 1,4
Water 100 - 150 kgal/mo.
Wastewater 72 kgal/mo.
Solid Waste 50T/ mo.
Electricity 250,000 kwh
Natural Gas 1000 Therms / mo.

EMD Utility Consumption: 1,4
Water 180 ~ 270 kgal/mo.
Wastewater 125 kgal/mo. -
Solid Waste 80 T / mo.
Electricity 450,000 kwh
Natural Gas 1800 Therms / mo.

Prod Uulity Consumption: 1.4
Water 360 - 540 kgal/mo.
Wastewater 250 kgal/mo.
Solid Waste 160 T / mo.
Electricity 250.000 kwh
Natural Gas 3600 Therms / mo.
Hazardous Materials and Hazardous Waste Management

HZ-1 Provide the tvpes and annual amounts of all hazardous materials to be used for each major process.
. SBLRD | The hazardous materials used in the laser tests are NF3. hydrogen, and deuterium. The usage of these 5.8

matenials 1s