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An overview of system engineering of large physics experiments

Gravitational wave detectors

Neutrino experiments



V-model of system engineering for large physics experiments

Science communities
Funding agencies

Science goals
Requirements

Concepts
Architecture

Complex systems:
Schedule (~decades)
Instrumentation stakeholders (~hundreds)
Science stakeholder (~thousand)
Detector costs (~$100M)
Overall (~$B)

Validation
Prototyping

Procurement, Installation 
Commissioning

Interfaces
Integration

Operations
Maintenance

Design
Development



Neutrino experiments

Long baseline to study neutrino oscillations 

Near Detector



Long baseline to imprint the strain from gravitational waves

𝟏𝟎−𝟏𝟖𝒎 /√𝑯𝒛

Left image source: Matichard, Classical and Quantum Gravity 32.18 (2015): 185003
Right image credit: image assembly by Beverly Berger, using NASA pictures 

Gravitational wave detectors



Science communities,
Funding agencies

Science goals,
Specifications

Requirements

Design

𝟏𝟎−𝟏𝟖𝒎 /√𝑯𝒛

Top left: image assembly by Beverly Berger, using NASA pictures
Others: Matichard, Classical and Quantum Gravity 32.18 (2015): 185003 

Architecture



Matichard, ASPE tutorials and active vibration isolation (2013, 2014, 2015)

Concepts

Requirements

𝑋1
𝑋0

=
2 𝛼 𝜔 𝑠 + 𝜔2

𝑠2 + 2 𝛼 𝜔 𝑠 + 𝜔2

Inertial Decoupling
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Transmissibility

𝑋1
𝑋0

=
2 𝛼 𝜔 𝑠 + 𝜔2

𝑠2 + 2 𝛼 𝜔 𝑠 + 𝜔2
- Static deflection
- Internal disturbance
- Temperature Changes
- Mechanical Shortcuts
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Compliance

𝑋1
𝐹
=

1

𝑚𝑠2 + 𝑐 𝑠 + 𝑘

Matichard, ASPE tutorials and active vibration isolation (2013, 2014, 2015)

Trade offs

Concepts



Damping trade offs

lim
s→∞

(
X1
X0

) =
2 𝛼 𝜔

s
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Passive/Active trade offs

Complexity, cost

Matichard, ASPE tutorials and active vibration isolation (2013, 2014, 2015)

Trade offs

Concepts



Instrumentation cost

Two-stage Vibration Isolation And Alignment System, F. Matichard, ASPE 2014

Trade offs

Concepts



11

Capacitive

http://www.microsense.net/

Inductive

http://www.kamansensors.com/

LIGO OSEM

Optical Shadow  Sensors

Laser Doppler Vibrometer

http://www.polytec.com

Interferometric Sensors

http://www.attocube.com/attosensorics/

Matichard, ASPE tutorials and active vibration isolation (2013, 2014, 2015)

Trade offs

Concepts

Cost Performance
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Seismometer
Geophone
Acceletometer

Matichard, Fabrice, and Matthew Evans. "Tilt‐free low‐noise seismometry." 
Bulletin of the seismological society of America 105.2A (2015): 497-510

Instrument

Performance

Sensitivity Bandwidth

Size/weight



Vibration Isolation and Control of Sensitive Systems, F. Matichard, ASPE 2015
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Error Budgeting 

Trade offs

Concepts

Error Budgeting 
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With Dampers

System Modeling and  Identification
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Low Pass
High Pass

Filtering and Control

Vibration Isolation and Control of Sensitive Systems, F. Matichard, ASPE 2015

𝑁𝑟

Noise Sources
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Seismometer
Geophone
Acceletometer

Noise Sources
Characterization
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Optimization
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Ground 

Active

Passive

Requirements

Slide source: Overview Of Advanced LIGO Combination of Passive And Active Vibration Isolation, F. Matichard, ASPE 2015

Requirements

Architecture

Concepts Trade offs

Stiff - Active Inertial - Low Noise platform
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Multi-stage passive – Top stage relative active damping  

Observable-Controllable

Noise/Error Budgeting



Interfaces

Credits: picture on the right, Matthaeus Leitner, LBNL/DUNE

Interface definition
Sub-system boundaries



Interface Control Documentation – Detectors

Dimensions
Locations

Credits: Gordon Cline, Matthaeus Leitner, LBNL/DUNE

Weight
Transportation Assembly, Installation

Safety



Interface Control Drawings - Detectors

Credits: Gordon Cline, Matthaeus Leitner, LBNL/DUNE

Dimensions
Routings

Electrical
Cryogenics

Assembly
Installation



Interface Control Documentation - Facilities

Credits: Gordon Cline, Matthaeus Leitner, LBNL/DUNE

Dimensions

Egress,
Ventilation Power Cryogenics

DAQ, Safety



Detector 
space Crane 

Coverage

Interface Control Drawings with Facilities

Credits: Gordon Cline, Matthaeus Leitner, LBNL/DUNE

Anchor points

Floor layouts

Detector 
interface



N2 matrices 

Credits: Peter Tennessen, Andrew Lambert, LBNL/DUNE

Interface 
Documentation System

Interfaces Sub-System Interfaces



Integration

Credits/Sources - Top left: DUNE I&I – Matthaeus Leitner, Top right: DUNE EE (Shaw and team), NSCF- AECOM (architecture), Bottom: FERMI/CERN/Proto-DUNE

Disconnects, panels Transformers Monitoring Routing Cryogenics

Interface 
Control



Credits/Sources – Austin Turner, LBNL/DUNE 

Installation planning

Installation sequence
Resources: labor, equipment, rental
Needed to baseline the project
Assembly & Installation tooling
Integrated to the sub-system development
Integrated safety considerations
Power needs (outlets, currents…)

2021

2027



Credits/Source: Installation planning, LBNL/DUNE

Installation planning: resources, schedules



Credits/Sources – Andrew Lambert, ND-LAr Detector docuentation, LBNL/DUNE

Installation planning: workflows, procedures 

Installation 
Planning



Science goals,
Specifications

Architecture

Requirements

Design

𝟏𝟎−𝟏𝟖𝒎 /√𝑯𝒛

Top left: image assembly by Beverly Berger, using NASA pictures
Others: Matichard, Classical and Quantum Gravity 32.18 (2015): 185003 

Conceptual design

Technological 
tradeoffs 

Preliminary design

Integration



Example 1: Geophones

Retrofitted, Shielded, Podded

Pod

μ-metal

Feed Through

GS13 geophone

Source-Credit: Brian Lantz, Stanford



Example 2: Adaptive optics

Force 
Path

Pivot 
point

Source-Credit: Matichard, Active Optical Mode Matching for the Quantum Squeezing Cavities and Upcoming LIGO Upgrades, ASPE 2020



Example 3:  Fiber Feedthrough
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G0 Current solution (reference) No No No Yes No No No No na na na

G
en

er
al

G1 Replace fibers by free-space and tip-tilts Yes Yes Yes Yes Yes Yes Yes Yes High High Moderate

G2 Increase OPO cavity finesse na na na na Maybe Maybe na Maybe Moderate Low Low

FF1 Feedthru - D1800102-v2 - long on air side na Yes na Yes na na na Maybe Low Low Moderate

FF2 Feedthru - D1800102  improved curing process na na na Yes Maybe Maybe na Maybe Low Low Moderate

FF3 Feedthru - Vacom (MPF) hardware Maybe Yes No No No Yes No Maybe Moderate High Moderate

FF4 Feedthru -Soft sealing na Yes na na na Yes na Maybe High Moderate High

FF5 Feedthru - Fiber design TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

FF6 Feedthru - Other vendors? LSC/LVC users? TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

FF7  Feedthru - AEI - Diamond optics TBD TBD TBD TBD TBD TBD TBD TBD Moderate Moderate Moderate

FF8 Feedthru - OZ Optics receptacle style TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

FF9 Feedthru - Apogee spectrometer style TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

PC1 Fujikara mechnical polyimide removal (LL) Yes na na na na na na Maybe Low Low Low

PC2 3SAE Plasma workstation polyimide removal Yes na na na na na na Maybe Moderate Moderate Low

PC3 Furnace polyimide removal Maybe na na na na na na Maybe Low Low Moderate

PC4 Acrylate coating qualification Yes na na na na na na Maybe Moderate Moderate High

PC5 Photonics Crystaline Fiber (Acrylate) TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

PC6 Vacom Pathcord adapted to 532nm TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

PC7 OZ Optics Pathcord adapted to 532nm TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

PC8 Chemical polyimide removal Yes na na na na na na Maybe High High High

CPL1 U-Bench coupler na na Yes Yes Maybe na Maybe Maybe Low Low Moderate

CPL2 PFP High Power Connectors (145um) Yes na Yes Yes Yes na Maybe Maybe Moderate Moderate Moderate

CPL3 PFP High Power Connectors (125um) na na Yes Yes Yes na Maybe Maybe Moderate Moderate Moderate

CPL4 PFP low concentricy connectors (125um) na na na Yes Maybe na Maybe Maybe Low Low Moderate

CPL5 Mechanical Cleaver (0 or 8 degree) TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

CPL6 Short End cap TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

CPL7 Long end cap (Peter) TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

CPL8 Lincoln lab end cap TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

CPL9 Light path Fiber collimator TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

CPL10 OZ Optics - High power connectors / couplers TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD TBD

Feedthru #3  & Patch-Cord #1 & Coupler #1 Yes Yes Yes Yes Maybe No Maybe Maybe Low Low Moderate

Feedthru #3  &  Patch-Cord #1 & Coupler #2 Yes Yes Yes Yes Yes No Maybe Maybe Moderate Moderate Moderate

Feedthru # 5 Maybe Yes No No No Yes No Maybe Moderate High Moderate

Feedthru #6  &  Patch-Cord #1 & Coupler #2 Yes Yes Yes Yes Maybe Yes Maybe Maybe High Moderate High
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Benefits (problem solving) Cost and Risk

Tradeoffs methodologies
Ranking criteria



Example 4: Cryostat wall

Source-Credit: Joseph Silber, Andrew Lawrence, Peter Tennessen – LBNL/DUNE Near Detector Cryostat  



Validation and verification

Matichard, Fabrice, et al. "Advanced LIGO two-stage twelve-axis vibration isolation and positioning platform. Part 1: Design 
and production overview." Precision Engineering 40 (2015): 273-286

Demonstrators

Prototypes

Final design validated

Operations

Concepts, R&D

Technology readiness



From prototyping to production

 Assembly ~ 4 Months

Matichard, Fabrice, et al. "Advanced LIGO two-stage twelve-axis vibration isolation and positioning platform. Part 2: Experimental 
investigation and tests results." Precision engineering 40 (2015): 287-297

 Assembly ~ 4 weeks
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Ground
ITMX
ITMY
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ETMY
BS
Req.

Operational performance

Matichard, Fabrice, et al. "Seismic isolation of Advanced LIGO: Review of strategy, instrumentation 
and performance." Classical and Quantum Gravity 32.18 (2015): 185003.



Testing the controls system
Fast controls

Slow controls
Supervisory

Source/Credits - Top right LIGO supervisory system (Jamie Rollins)



Fabrication

Statement of work
Request for information

Request for quotation
Purchase orders

QA/QC
Inspections

Records
Inventory

Traceability

Source Credits – Top: LIGO DCC and PDM, Right: LIGO ICS, Bottom: LIGO suspension by Don Griffith 

Procurement – QA/QC



Testing
Test stands

Test Procedures
Tests reports 

Source Credits – LIGO testing procedures. Lhuillier, Matichard



Commissioning

Source/Credits – LIGO PEM and SLiC teams



Operations

Duty-Cycle Maintenance

Maintenance




