Systems Engineering the World’s Most Energetic Laser

Robert Plummer
March 2023 Chair, Systems Engineering Board, LLNL

S

This work rformed under the auspices of the U.S. Department of Energy by L Li B Lawrence Livermore
IS WOrk was performed unaer the auspices O e U.oS. Department of Energy by Lawrence Livermore H
National Laboratory under contract DE-AC52-07NA27344. Lawrence Livermore National Security, LLC National Laboratory




Robert Plummer

= Chair of LLNL Systems Engineering Board

= Chief Engineer for Advanced Photon Technologies within
NIF&PS and Project Engineer for the MEC Rep-Rated
Petawatt Laser Upgrade for SLAC LCLS

= Formerly Head of Engineering & Maintenance for NIF Optics

= Technical expertise in structural mechanics, machine design
and integration, systems engineering, and optomechanics

= Education
— Systems Design and Management (SDM) Program,
Massachusetts Institute of Technology
— Masters of Science, Structural Engineering, Stanford
University
— Bachelors of Science, Civil and Environmental
Engineering, Rice University

Lawrence Livermore National Laboratory NVSE

LLNL-PRES-797760 Natlonal Nuclear Security Administration




What we are going to talk about

= NIF, the world’s largest and most energetic laser
= NIF’s evolving history with SE

= SE in practice at NIF/case study
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LLNL is a DOE national security laboratory located in SF Bay Area

Established in 1952
1 square mile, >500 facilities
~8,300 employees

Annual budget ~$2.98
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National Ignition Facility (NIF) is the world’s largest and most
energetic laser, delivering >1.8MJ and 500TW to targets
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>200 building, utility, beampath, diagnostic,
and laser systems
>75,000 control points
>250 offsite systems for optics and target fab —— 4
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SE at NIF: past and present
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Through engineering best practices and process, SE is built into
everything we do at NIF
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e 7 Work Authorization Point Checklist WAP Actvity
B S A M B Al Al
- Phase 1: Ready for Installation Need by RSE (RUSM): RSE
7 Phase Need oy RS:
1 Phase Hewdl by
RP— Phase 4: Ready for Ride-2-4ong Shats (RI
i 2w required during operations, withTAO Support  Need by
" ot provi
Phase 5: Ready for tumover 1o operations Nesd by
L
Phase
Standard Checklist Documentation Provider & Reviewer Approval
Guersight
Wark Autharization Scope Scope Summary | Checkist __ RSE [
Wark Autharization Scope Review Scope Summary | Checkist __|S&PRS Coordinatar 1 S8PRE Aeader
Authorized Safety Bazis S5CC Checkist RSE T |Satety Anslyst (Watsony
Integrated Work Schedue
Facilly Schaduls Planned (SubFLIP & TAO Dally | RSE i Facilty Coordinator (Cox)
lan) !
Oraf Work Permit Scopa of work and procsdurss | RSE T
Shot Schedule RSE [ 4 User Office (BurLassia}

Configuration Management
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Design reviews are conducted to solicit independent, peer
review in order to identify and manage risk

GRP Deliverable ¥ ROMTS Rd CDR g PDR | FDR Provider [ Reviewer [
n C h e C kI I St_ d r I Ve n p ro Ce S S Project m_llestune scope, deliverables, and design review x x x x
goals defined
ensu res ConSiStency and Cost, incl. basis of estimate, budget, % spent, projection, etc. X X X X
-
E Operating costs assessed (operations labor, consumables, x
thoroughness 5 |
E Schedule, incl. link to other program/external milestones X X X X
3 Labor plan, incl. external resource needs x x
. Document feedback for future projects of related or similar X
= (Categories
Turnover scope for Work Authorization Point (WAP) defined x
- PrOJeCt mgmt- Action item plan from previous reviews X X X X
Lessons learned from previous or related projects x x
_ H 141 H Open issues and problem logs (i.e. LoCoS, JIRA, ITS, etc.) X X
RISk m Itlgatlon Failure Modes and Effects Analysis (FMEA, see NIF- D F delta delta
5020855)
—_ R 1 = FMEA reviewed by CM Working Group for impact to [»] F
e q u I re m e nts “; Configured Systems & Configured Items (see NIF-0015684)
£
. . =
- P hys I CS b a S I S : By satisfying the performance requirements, does the D x x F
& system create additional risk for other systems, personnel,
P or the environment?
roc u re m e nt Physical security, electronic security, export control, and [»] F delta

classification risks

JR— Docu mentation Hazardous materials risks incl. radiation, waste, sampling, D F delta

and monitoring

Stakeholder expectations gathered (via interviews, etc.) F delta delta

—_— Ve r i fi Ca t i O n te St i n g Concept of Operations, use-case scenarios, and context x D F delta

diagrams defined

Stakeholder analysis and interface management prevalent; reviews tailored to risk
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Single database serves as repository for requirements mgmt.

[ W W AUVANIALE

Properties | Proposed Changes | Relationships | Attachments | Traces | Advanced | Branches | Labels | workfiow | History|

Requirement [ ‘
4 . R .

Title

Color Separation Grating

Requirement Iext

The color separation grating shall have an efficiency of = 95% at 3w and 1% at 1w/2w and should have an efficiency of = 98% at 3w and 0.5% at 1w/2w.
The grating period shall be chosen consistent with the unconverted light management strategy. (diffractive optics plate)

'WBS Number ML.3.2.1.8 'WBS Title 3w Diffractive Optics Plate {3wDOP) LRU's

Rigor Level Validation Method
State ¢ Approved Approved Date Nov 19, 2015 9:45:48 AM
Project | NIF (Proposed) Revision

Product

[dreimer, Aug 3, 2015 3:26:40 PM POT]
Mo longer & C5G

Breakdown
Structure (PBS) subscribe

Subscribe To Changes Subscribed Users List
‘ Reguirement Name 5502527-0A
1 SDR/SSDR Basis 0000435-0C
b4 I Date of Last State Change ,

Requirement Verification
Keywords Optical
Project/Program NIF - NIF Requirement
USH

Requirements are an OUTCOME of the SE process, not the beginning of the project
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Configuration management platform for all system documents

" -\ National Laboratory

i
Search History and Saved Searches Advanced Search @
173
« @
= R trol ;
evision contro 2
<< Edit Search Criteria Start a New Search 5ave This Search iy
=
=]
Criteria: Keyword=AAA09-1016%Type=All Types;Context=All Contexts E
o
= Workfl
OrkKriow s
earch Results Default (215 objects )
e o x EL | R o Search in table PE-@
a p p rova S Copy Edit Multiple Objects Delete  Add to Workspace Add to Project
1 MNumber Name Context Location Wersion State Last Modified Created On | |
{U:} AALDS-10168T AAADS-10168T i) LsEo_zo09 /SEC_2009 AR [Design) InWark 2014-03-12 23:33 PDT  2009-02-02 13:32 PST
{n} AAADS-101686 AAAD9-101686 i) LSEO_2009 /LSEQ_2009 AA (Design) In Wark 2014-03-12 23:38 PDT  2009-02-02 13:32 PST
.
| C h k— h k— AALDS-101634 AAAD9-101634 i) LSEO_2008 /LSEQ_2009 AR (Design InWark 2009-02-02 09:00 PST  2009-02-02 07:48 P5T.
ecKk-In/chec @ D 1seo, - pesan
{U:} AALDS-101633 AAAD9-101633 i LsE0_2009 /ISEQ_2009 AR [Design) In'Work 2009-02-02 09:00 PST  2009-02-02 07:43 PST
o ut Syste m {n} AAADS-101644 AAADS-101644 i) LSEO_2009 /LSEQ_2009 AC1 (Design) Release 2013-11-26 12251 PST  2010-11-30 14:45 PST
{'é} AALDS-101654 AAAD9-101654 1) LSEO_2009 /LSEQ_2009 AR (Design) In'Woark 2009-02-03 00:01 PST  2009-02-02 18:29 PST
{U:} AALDS-101698 AAADS-101698 i) LsEo_zo09 /SEC_2009 AR [Design) InWark 2009-02-03 00:01 PST  2009-02-02 18:29 PST
{n} AAADS-101697 AAAD9-101697 i) LSEO_2009 /LSEQ_2009 AA (Design) In Wark 2009-02-03 00:01 PST  2009-02-02 18:29 PST
{'é} AALDS-101695 AAAD9-101692 1) LSEO_2009 /LSEQ_2009 AR (Design) InWark 2009-02-03 00:01 PST  2009-02-02 18:29 PST
. {U:} AALDS-101699 AAADS-101699 i LsE0_2009 /ISEQ_2009 AR [Design) In'Work 2009-02-03 00:01 PST  2009-02-02 18:29 PST
D ra W | n g S’ p ro Ce d u re S’ AAADD-101652 AAAD9-101652 i) LsEO_2009 /LSEO_2009 AAA (Design) In Work 2009-02-03 00:02 PST  2009-02-02 11:14 PST
{'é} AALDS-101655 AAAD9-101655 1) LSEO_2009 /LSEQ_2009 AR (Design) In'Woark 2009-02-03 00:02 PST  2009-02-02 11:14 PST
AALDS-101646 AAADS-101646 i) LSEO_2009 LSEQ_2009 AR (D InWark 2009-02-03 00:02 PST  2009-02-02 11:14 PST
memos, test plans % b o . e
{n} AAADS-101650 AAAD9-101650 i) LSEO_2009 /LSEQ_2009 AA (Design) In Wark 2009-02-03 00:02 PST  2009-02-02 11:14 PST
.
a n d r‘e p O rts rI s k {'é} AALDS-101656 AAAD9-101656 1) LSEO_2009 /LSEQ_2009 AR (Design) InWark 2009-02-03 00:02 PST  2009-02-02 11:14 PST
’ {U:} AALDS-101651 AAADS-101651 i LsE0_2009 /ISEQ_2009 AR [Design) In'Work 2009-02-03 00:02 PST  2009-02-02 11:14 PST
a S S e S S m e n ts d e S i n {é} AAADS-101648 AAAD9-101648 i) LSEO_2009 /LSEQ_2009 AA (Design) InWark 2009-02-03 00:02 PST  2009-02-02 11:14 PST
’ g {g} AALDS-101654 AAAD9-101654 1) LSEO_2009 /LSEQ_2009 AR (Design) In'Woark 2009-02-03 00:02 PST  2009-02-02 11:14 PST
. {é} AALDS-101653 AAAD9-101653 1) LSEO_2009 /SEC_2009 AR [Design) InWark 2009-02-03 00:02 PST  2009-02-02 11:14 PST v
ev I eWS, etc . ik AAADS-101649 AAADD-101649 i)  LSEO 2009 /LSEQ 2009 AA (Desian) In Wark 2009-02-03 00:02 PST  2009-02-02 11:14 PST
< >
(0 objects selected ) =
o
: : NS
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Once design lifecycle completed, authorization to field on NIF
granted through Work Authorization Process (WAP) or Point

Work Authorization Point Checklist WAP Activity:
Al: Al
Phase 1: Ready for Installation Need by RSE {RI/ISM}: RSE
Phase 2: Ready for IQ Need by RS:
Phase 3: Ready for 0Q Need by
Phase 4: Ready for Ride-a-long Shots (RI
required during operations, withTAO support Need by
provided)
Phase 5: Ready for turnover to operations Need by
Last Updated:
. . . . Phase .
Standard Checklist Documentation Deliverables Provider Req'd Reviewer Approval
Management Oversight
Work Authorization Scope Scope Summary / Checklist RSE 1 Al
Work Authorization Scope Review Scope Summary / Checklist S&PRB Coordinator 1 S&PRB Reader
Authorized Safety Basis SBCC Checklist RSE 1 Safety Analyst (Watson)
Integrated Work Schedule
Facility Schedule Planned (SubFLIP & TAQ Daily |RSE 1 Facility Coordinator (Cox)
Plan)
Draft Work Permit Scope of work and procedures |RSE 1 Al
=10 Ofs O O c DdIE O O DIO|€E UId&110 C C
- -
] . \/ e
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Following reorg in 2000, SE was introduced as critical oversight
and support function for overall NIF program

Project
Management
Systems (SE)
Engineering
Small core team with roots in
Hughes Aircraft Co., NASA, efc.
Product Product Product Product Product Product
A B C D E F
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Conscious decisions were made w.r.t. responsibilities based on
numerous models; PM intentionally separated from SE

Navy Model

— Operations

— Life Cycle Logistics

— Design Management
Aerospace NIF Model ‘
Model . . — Sys. Performance

- Design Integration — Risk Analysis
— Risk Mitigation

— Budget

— Schedule A&E Model

—QA -
— Requirements & ICDs Critical
— System Architechture Cross-Cutting
— System (Area) integration Technical Areas:
— Configuration Mgt. — Commissioning — Alignment &
— Safety — Contamination
— RAM Control

_

Much like today, early SE at NIF was part discipline, part creativity
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SE provided expert groups and IPT functions to solve cross-cutting challenges
within infrastructure, optics, materials, controls, laser, and targets

Working Assurances — NIF || Project
Groups Project Controls
Site Mgr. |—{  Office
| Systems Mission 1 1
Bocsimertig ) Support ™MS) SE IPTs maintained
Expert G
oupe ~, Engineering Procurement ® Re u i re m e nts
T Commi0p ] Support (ES) (PX) g
AT T | [ | | | | flow-down and
r BIS LRUs LMOT Iccs AIR TES

§ Area | AMP (FI) (LU) (om) (Ic) (AR) (TS) int f

c e Engineering - Prec Opt Sys LenaWindows  [-Software Eng Trans & Hand Target Diag I n e r a Ces

E ::'3!; -Construction -Inj Laser Sys —Mirrors & ind Controls LRAU Assyffturb Systems

2 Production  [-Large OM Dev | Polarizers ~Cont Hardware  _Optics Proe Hydrogen Cap 1
15 [Aree! [Fom oomine [rusaroeys [ Cypg [oacss L Loverers e Technically

-E TGB " [ Diag System _m::'“ - Contral Maint b I

- - Target System B g L mMgm't . o

EXS L —Metrolegy

> Opticsl Design "M responsipilit

2 lcaimm [con T [ P Y

Z [oAB | o0AB Mg o

Utilities | PPU
. J

. . ("!I
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Some key elements of NIF’s historical SE culture
Part discipline, part creativity

= Requirements management and change control
— Verification & validation testing
— Discipline for documentation o
(S
= Daily integration and planning coupled with Work Authorization Process (_C_j-
= Reward people for broaching project risk and failure modes s
— Maintained 300-item risk register with mitigation strategies
— ~S200M scope associated with risk mitigations -
= Dynamic, organizational flexibility to manage extraordinary risk (e.g., IPTs, expert =
groups) ©
@)
= |nnovate solution and paradigm shift for grand challenges (e.g., optics refurbishment
loop, optomechanics)
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Real systems engineering at NIF
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NIF optics recycl
- charac




CISR2 optics polisher presented a significant CONOPS challenge to
. ‘integrate all required functions smoothly

—_—
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JI
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|

- Production machine with R&D capabilities: R

* Simultaneously polish two NIF-sized optics



A mature CONOPS drove several innovative design solutions

£
R _‘ £ |
“Pizza peel” to safely Air-bearing loader to Modular add-on assemblies
remove optics under change polishing pressure for ultrasonication and pad

suspended load weights conditioning

CONOPS was developed after 6 dedicated user interviews focusing on legacy system use cases
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Critical decision made early to raise enclosure 3” to account for
unknown design of optic backing plate

v i@ Optic backing plate
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Prior to NIF construction, systems level assessment was
performed of the many sources that affect NIF optical motion

Diurnal temperature

. ] effect
Train traffic Aircraft traffic Auto traffic
2 . N« _~TTieE A -
Gas Broadband acoustic ;
. vibration
environment :
pressure _-.z-ﬂ_ +
fluctuations b e, W *
(building)
! ? | Air handling (local) Qﬁ_wmd
-
=77 =
. 7 R N Broadband
am -- ambient vibration
. / 5 Pump,
T9p of foundation : / generator
vibration spectrum Water flow Local heat source - Air coupling

Ground coupling broadband '
ambient vibration
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Ambient vibration measurements were performed

Laser Bay Foundation

10° T
— Vertical NIF Title Il top-of-foundation vibration spectrum
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Hybrid reinforced concrete and steel optical support structures
were designed to enhance vibrational stability

4 Design for
Steel support f,~ 15 hz
frames
Mechanical
design
. flexibility
Reinforced
concrete pedestals
Stable optic
bench
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