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An overview of system engineering of large physics experiments
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V-model of system engineering for large physics experiments
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Gravitational wave detectors
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Concepts
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I Concepts I
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5 SAND DETECTOR I&I REQUIREMENTS AND IN

This section describes SAND Detector requirements and interface
integration activities at the DUNE Near Detector facility.
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Table 2 SAND Detector 1& Requirements List (continued)
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5.1 SAND Detector I&1 Requirements
Following table summarizes all SAND detector requirements applic
Table 2. SAND Detector 1&1 Requirements
REQ- | ltem Requirement
#

PRM- | Rail Dimensions for | SAND wheelbase shall conform to PRISM rail 1&I- | Detector Detector components shall be shipped sut
SND | SAND Detector spacing as provided in EDMS 2450637 ALL | transportation that they comply with weight and outsize
1-01 | Inferface 1-03 | requirements dimension limitations according to US DO

transportation and logistics requirements 4
ensure they can be received at FERMILA|

1&1- | List of Detector Each detector team shall provide 1&1 with

ALL [ Components of all detector components and sub-

1-04 assemblies, including weights, any hazard
associated with them, and any storage or
pr ion requirements: d with
each compenent.

1&]- | SAND Available The SAND team shall verify that the clearances

SND | Space Within available to the detector in the alcove are
1-02 vern adequate (per EDMS 2450637).

SND- | Storage & Storage and assembly space shall be proy

1& | Assembly to SAND to assemble the cryostat and innf

1-05 tracker components and storage of equipry
in a climate controlled assembly hall. -
Temperature: 20 +- 3 deg C - Dry

1&]- | Detector Individual components for the detector (or|

SND | Component assemblies not installed while on the PRI

1-06 | Maximum Weights | rails) shall be limited so they remain, with
rigging and lifting fixtures, within the plann|
crane capacities: - Cavem crane capacity]
US ton - Surface Building crane capacity:
US ton - Annex freestanding bridge crane:
tons - Temporary surface crane capacity
ton [shaft lift capacity]

1&l- | Detector Sub- ANY exceptions to the weight limitation

SND | Assembly Weight described in I&-SND-1-06 shall be discus|

1-07 | Exceptions with 1&1 for additional lifting/move plan

Dimensions
Locations

Weight
Transportation

DU-1002-3902 Rev. A.21

Doc. Status: Working

Table2 SAND Detector 1&1 Reguirements List (continued)

Safety

DU-1002-3902 Rev. A.21

Table 2

Doc. Status: Working

SAND Detector I&1 Requirements List (continued)

Page 110f 58

development. Exceptions fo the weight limits _ | case 181- | SAND Detector SAND detector shall comply with safety Magnet- Protection for magnst
cannot be allowed without detailed costbenefit | 08. SND | Safef regulations for the FERMILAB site - FESHM quenching comply the safety
analysis and approval. 1-16 | Requirements regulation,
SND- | SAND Gryostatand | I&] shall make provisions to lift the SAND electric hazard: the power line will
181 Inner Detector Cryostat and inner detector, which are comply the safety regulations,
108 | Oversized Lift estimated to have a lift weight of ~180 US tons. ODH hazard to be evaluated
SAND shall provide a skidding system for the considering the amount of 150 | of
cavem fo move the detector onto the yoke LHe,
insertion fixture. all mezzanine are comply with all
1&1- | Shaft Size Individual components for the detectors (or any | Mag) :‘: regulations (rails, floor, safety
SND | Limitations assemblies completed on the surface) shallbe | maxi ECAL-1 ) high 1 saf
1-09 sized such that they fit within the shaft whicl v no high impact safety
clearance area_ The shaft clearance is provided | calor) -
InEDMS 2443706 P mou TPC: - High-Voltage (50 KV) -
with Gas mixture (Ar, CO2, Isobutane)
(preg) / ODH
(pred] LAr: LAr 1500 It
are LN2 for cooling/argon purification
sho 10 Itthr
mx
- SND- | ODH Safety DUNE ND Cavern shall provide sufficient ODH
1&I- | Detector Assembly - | Defector teams shall supply 1&I with the Mag 1&1 | Requirement ventilation for 1501 of LHe volume in the SAND
SND | Tooling anficipated tooling requirements of their 117 cryostat.
1-10 | Requirements detector:In particular, if there are any BUILJ
specialized tooling requirements that are mout 1&1- | SAND Magnetic The SAND Detector shall not exceed a Magnet- SAND magnetic field: 1-
unique to their defactor. E.G. - Forms, Jigs, calory SND | Fringe Field magnetic field of 2 Gauss measured at aradial | 2 Gauss at radial distance of 2m
“?v"”g attachments, resins, adhesives, solvents, 'I?[JS 1-18 | Requirement distange of 2 m from the outside surface of the | from the yoke
ete. me2 yoke. Field should be verified by simulation, MPD magnetic field: in the SAND
ND S including adjacent detectors. yoke 0.3T, to be completed with
with the magnetic field in the iron by
SAND
%\o‘f ECAL: maximum magnetic field
presq for pmt: up to 0.2 T for theta<30°
hand| the MPD magnetic field in the pmt
reasq region is smaller than 50 Gauss
SND- | SAND Assembly SAND shall provide ajig for mounting the SND- | SAND Magnetic ND-GAr detector shall not increase the maximum magnetic field for
1& | Fixtures modules of the calerimeter, a cradle for the coil GAR | Fringe Field magnetic field inside the SAND iron yoke by SAND pmt: up to 0.2 T for
-1 ssel 1-19 | Requirement more than 0.3T. theta<30°
SND- | SAND Assembly | &I shall provide lifting capabilities to level the | Currd the ND-Gar magnefic field in the
181 Fixtures SAND components, either with a dual crane lift sc} SAND pmt region shall be smaller
1-12 hook configuration or with appropriate spreader | hook| than 50 Gauss
bar configurations I&l- | Surface Equipment | Detector teams shall define a general list of Magnet- ND DETECTOR
SND- | SAND Assembly 1&1 shall provide two (2) lifting platforms for ECAl SND | & Facilities equipment needs and facility support needs ASSEMBLY HALL: with opening
1&] | Fixtures detector assembly. of nof 1-20 | Requirements required to assemble the detector. roof
113 capal
i I&l- | Delivery Schedule | Detector teams shall define a general delivery | Magnet: we deliver the
1&]- | SAND Detector SAND team shall define maintenance items Mag: SND | to FermiLab schedule components accordingly to the
SND | Maintenance and intervals for detector operation. norm 1-21 proposed timeline
1-14 pmt
1&1- | Surface Delivery Lift | Detector teams shall provide the document All lift plans and documentation
Slilb rggﬁ"""m E:g;‘gfrm%’;‘g"g‘zm? ,:E;Ivgespace ’;“‘I:‘” SND | Plan number of the approved delivery lift plan and after delivery will be in the scope
115 | Requirement for accomodales opening of the SAND Yoke and 4 1-22 supporting analysis document numbers. of 1&] to develop.
SAND ;r\‘r:ﬁ?lgﬁfﬁlémm'?:?g 3;%:;?7‘5@5‘53 "PE ?—' 1&1- | Surface Delivery Detector teams shall provide general uncrating | If known, this may need to be
2450637 pa alex SND | Uncrating & and handling instructions for the components. developed in the future.
1-23 | Handling being delivered.
18- | Surface Assembly Detector teams shall define general surface Magnet: no assembly in the ND
SND | Instructions assembly instructions and shall indicate any Surface Assembly Hall, the
1-24 detector will be assembled in the

Credits: Gordon Cline, Matthaeus Leitner, LBNL/DUNE
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6 NSCF REQUIREMENTS AND IN

This section describes NSCF requirements a:

Table 1. List of all requir]
REQ- | Item Requirement
NSCF-
ND#

001 Cavem Dimensions

NSCF shall provide a ca)
dimensions of 166 ft (50
indicated in interface dra
cavem height and spring
accommodate an overhe|
in the crane requirementy
the cavem an alcove will

IDAQ, Safety |

Page 10 of 18

Doc. Status: Working

List of all requirements between NSCF and NS 181 (continued)

Page 11 of 18

roof hatch should be able to open within an hour and
close within an hour.

A 63 ftx 72 ft staging area for a 450 ton mobile crane
(Liebherr 1450-8.1) or equivalent shall be reserved.
The staging area shall be able to support crane pads
as indicated in rigging setup nots EDMS 2443712
and shall be located according to EDMS 2443706
Overhead utilities shall be routed to not interfere with
crane boom reach

NSCF shall provide a rollup door to surface building
high-bay with minimum opening shown in interface
drawing EDMS 2443706. Minimum width shall permit
standard truckbed width plus space to walk around
Height should be maximized to next horizontal beam
(approx. 17 to 18 ).

NSCF shall design a surface building with suffcient
high-bay space for installation staging and assembly
as indicated in interface drawing EDMS 2443706

NSCF shall provide a gravel surface for truck access
to building and cryogenic storage tanks as indicated
in interface drawing EDMS 2443706. The gravel
surface shal be suitable for commercial truck
weights. To facilitate cyogen transfer the surface
grade shall not exceed 2%.

The maneuvering area for the trucks
should feature enough space not
block parking lots. The spaces
occupied by two trucks in delivery
mods should not block cars or
emergency services. The cryogenic
trucks pump inlet is negatively
affected by slope from the building to
the pond (Eastward direction).

NSCF shall keep clear areas for scientific utility
routing (data, electrical, cryogenics) as indicated in
interface drawing EDMS 2443706.

NSCF shall provide a surface data ransfer and
acquisition room with space, power (75 kVA), and
cooling for a minimum of 20 data racks and attached
UPS systems. Electrical power interface shall be
located &5 shown in interface drawing EDMS
2443711 Minimum space shall be provided
according to interface drawing EDMS 2443708.
Cooling unit shall be optimized for SSrver room usage
(=.9. Liebert DS data center cooling system) and
located according to interface drawing EDMS
2443706

Current DAQ room space: 22107 x
36-9". DAQ will install racks and
cable trays and route power from
transformer to racks.

NSCF shall provide space at the surface for data
networking equipment where the FNAL data network
will be supplied. This space should be adequate to
house 3 - 48 U data racks provided by DUNE.

in addition to the DAQ racks provided
by DUNE, they can occupy the same
room as the DAQ racks

NSCF shall provide firs-suppression sprinklers in the
Near Detector cavern of the pre-action type for
protection of the electronics. In the above ground
data processing room the fire suppression system
and media shall bs designed to minimize damage to
electronics

NSCF shall provide fire suppression connection
points to connct the cryogenic squipment
mezzanine sprinkler system.

the mezzanine sprinklers themselves
will be part of the mezzanine
installation scope

DU-1001-7116 Rev. B.3 Doc. Status: Working Page 7 of 18
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wdthxdrT3EM Table 1 List of all requirements between NS

002 | Beamiine Location | NSCF shall positon cabinwidth of 4181 rapje 1 List of all requirements between NSC|  DU-1001-7116 Rev. B.3 Doc. Status: Working
locate the LBNF neu] minimum load capy
interface drawing ED! \ pp——
indicate the “Besm L 012 | Egress Egress corridor pa 025 | Ventilation i:‘:gﬂ‘:::g;ﬁ'::@;
tEn[e)l:nEesnaL!!nze;]?rﬁ compared o cavel encroach into detects Table 1 List of all requirements between NSCF and | py_1001.7116 Rev. B.3

- - - " 037 | underground NSCF shall reserve the unde

003 | Surface crane NSCF shall provide o 013 | Egress Eﬁﬁ;s:i‘ zsg‘s Cryogenic Space corner of the cavem for a cry:

15 US ton capacity P P: 026 | Ventilation Inlst and outlet ventil mezzanine as indicatedin i) Tapje 1
underground hall in prevent smoke or top and bottom of ca 2440425 and EDMS 244370

staging areas and sh entering the egres; drawing thd. Register encroach into the space reser

drawing EDMS 2443 Seenarios removed entirely or mezzanine.

004 | Underground crane NSCF shall provide d| D14 | Egress Egress doors shall per code. 038 | Underground NSCF shall prepare and inst3 - -
ton capacity in the def and closing to ovel 027 | Ventiiation Ventilation air handii Cryogenic Space cryogenic mezzanine installat 047 | Surface building crane
be a minimum of 43 1 difterence comparg always provide 75% intsrface drawing EDMS 244 pad
The bottom surface of necessary. oo summarized in engineering n:
be a minimum of 48 1 rate undsr any equip
See interface drawin 015 | Egress Egress evacuation| 039 | Underground The caver wall and covering|

ides as indicated E
e o oprpeitisiin: 028 | Ventiation Air handler squipme Cryogenic Space e s o
the beginning of the ilc"_""“;ﬂ building ma drip ceiling structure shall be PP P——
bbe able to lft tems ~ 016 | Egress NSCF shall provid will trigger an evac water from dripping over the Surface Building Main
cavemn walls (side ap| on top of the caver] HVAC system are an Rollup Door
ratings, and sizes 040 Surface cryogenic NSCF shall provide a LHe cry

005 | Floor surface NSCF shall Provide EDMS 2440425 028 | Ventilation Locations for air velof egquipment space room as indicated in interface}
+I- Y inch) and FL=2| required instrumental 2443706. The compressor roq
with LOCALIZED FF- 017 | Environmental NSCF shall provid PLC systems shall bs door as indicated in EDMS 24
and FL=15 (approxin] maintain the Near systems according t compressor room floor shall ™ -

between 60 to 50 °| ‘equipment as indicated in ED)| Surface Building
mﬂ:,‘fl;‘]:;: 2—;1 humidity level bet] 030 | Airquality NSCF shall provide tables of compressor oom & Staging Space
required for the foor point of minimum 4 filtration to mest mini the interfaces section of this
2443705).
requirement item. - -
a 018 | Cavem Moisture NSCF shall provid - - 050 | Surface building truck

005 | Floor Surface NSCF snall provide ] prevent standing 041 | Surface cryogenic NSCF shall provide a 57 ft x access

interface draming ED on grade. Visible equipment space cryogenic storage and distrib
of shot indicated in interface drawing
Drip ceiling structul 031 | Electrical Power NSCF shall provide rf pad shall provide concrete f

007 | Floor Surface NSCF shal provide d water from drippin: Distribution interface drawing ED) for storage tanks as indicaled
indicated in interfacs indicates power and Tank sizes
can support each det 019 | Shoterste Wall NSCF shall provid scope divisions. 2443708 Tank mounting dety
wiighs aprox. 1300 rég"uf‘lm‘fb‘g)‘e"m* seq)

008 | Fioor Surface NSCF shall provide 020 | Shoterste Wall NSCF shall not us 032 | Electrical Power NSCF shall locate p - - ] 051 | Surface building utiity
trenches as indicated for rock wall cover| Distribution according fo interfax 042 ;:m:ﬁf;’:’;’;:c"e'“ I’;i;ye:”l‘g”a“lg‘:v"‘gl':fﬁ:’sft;” routing
2440425 metal wall structu Equipment and powe] as indicated in EDMS 244370

- = DUNE detector stay-clear =

009 | Cavem Shaft NSCF shall provide o - — EDMS 2440425, 043 | Surtace cryogenic NSCF shall provide 2 24 i x 052 | DAQspace
a diameter > or = to 3 021 | Shoterete Wall NSCF shall provid: equipment space trailers as indicated in interfa
cross-sectional area with metal interfac 033 | UPSand Standby NSCF shall provide 2443706
EDMS 2443706 (26 which are ancharef Power power equipment whi
opposite shaft wall) | load ratings, and si systems. Standby p: 044 | Cooling Water NSCF shall provide a cooling
lifing equipment. Sh drawing EDMS 24. for 2 hours (cryo cont fine in the vicinity of the cryo-s
scientific utility routing hours (LHe cryoplant the shaft including isolation
as indicated in interfg 022 | Shoterete Wall NSCF shall provid the surface building: Min. pressure at outlet in cav

for standard utility controls and plant). ] (200 ta 250 galimin), max te

010 | Cavem Shat Shaft wall shall allow indicated in interfay power which serves F). Water quality should be in
mounting-firtures as Sleo be conneciad to water.

EDMS 2440425 to 023 | Ventilation NSCF shall provids 051 | Data network
cryogenics) routing. non-circulated fres 034 | Electrical Grounding | NSCF shall provide ‘ata networking

011 | Size and capacity of | Elevator shall be sizg Lot DUNE ND electrical 045 | Cooling Water NSCF shall provide a cooling

elevator requirements assumi emergencylevacd line in the cryoplant compres:
occupancy. Elevator isolation valves and a bypass
024 | Ventiation NSCF shal provid 035 | Lighting NSCF shall provice ] K}“’;‘f;??f;é an)mwn;:r ;EOM?(“ 054 ﬂ,ﬁ;;?é’ﬁ?‘”“
40,000 cim to dispy i”:l"tﬁgf")”eg; “r:g grade, no pond water.
045 | Roof Hatch NSCF shall provide a roof hat
036 | VFDissues NSCF will notify DU equipment into the caver th
the NS complex that hatch opening should extend
controlier area which is utilized for Iifin 085 | Fire Suppression
. . indicated in interface drawing| Underground
Egress,
Ventilation Power | C [ |

Credits: Gordon Cline, Matthaeus Leitner, LBNL/DUNE
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Interface Control Drawings with Facilities

|Floor layouts |
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space Crane

Coverage | JAnchor points
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Credits: Gordon Cline, Matthaeus Leitner, LBNL/DUNE




N2 matrices

LBNF

LAr Cryostat SAND ‘ ™S GAr ‘ NSCF FNAL EE Legend

Near Site I8 DAQ PRISM Coponics LAr TPC
Number Type Fla
LArTPC Cryostat MPD PRISM SAND
Near Site 18] 2450639 0 MNo Connection
LAFTPC Cryostat . . . Number Type Fla
ona .01 Module .02 High .03 Field .04 Charge 05 Light | oL w €
—n Structure Voltage Structures Readout Readout 0 No Connection
I LAFTPC N :
1 Mechanica
.01 Module
l . Structure 2 Mass Flow
LBNF DAQ _
Cryogenics N £ f
. ner ow
.02 High &Y
Voltage .
LA TPC LENF 1 Information Flow

.03 Field
Structures

.04 Charge

Readout

.05 Light n

Readout
Interface

Documentation| | System
Interfaces I Sub-System Interfacesl

Credits: Peter Tennessen, Andrew Lambert, LBNL/DUNE

LAr Cryostat NSI&I

SAND
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Integration LBN

This line drawing only shows DUNE power
requirements and interfaces. NSCF technical
loads are not shawn and are separate.

1.5MVA
Science goals Inte rfa ce Procurement, Installation - AT
Requirements | Commissioning ‘
ntr o)
A4 CO tro \o I Tnscr
Concepts Validation, Verification ’ waE P L
Specifications Prototyping ot L, i
| = |
HORIZONTAL
L\ \ ¥ PORTALS
Detectors Architecture Integration planning ;
Design, etc.. Interfaces ) ) i)
- EF ~—— ELECTRICAL
! 2N . ) PLATFORM
! ELECTRICAL =7l -
; #1 —PLATFORM |
i ] \ = 3
~——CRYO
PLATFORM

LzUMP ROOM
ZRECONFIGURATION

CRYO EQUIPMENT
ELEVATOR LOBBY
FIRE RATED

Disconnects, panels Transformers Monitoring | Routing Cryogenics

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




Installation planning

T

A EEEEEESEEEEEEEENR

Science goals
Requirements

o
]
o
(o]
=
=
o
3
o
>
e
=3
wv
p4 S
2
o
=
o
3
1
\
|

(a]
o)
3
3
a
2
e
2
)
1

A\ 4 \ B
1

Concepts P Validation, Verification §;_ 1 |
Specifications Prototyping s |

Detectors Architecture Integration planning |

Design, etc.. Interfaces 2021 | |

W |
|

Installation sequence 2k
Resources: labor, equipment, rental s
Needed to baseline the project

Assembly & Installation tooling

Integrated to the sub-system development
Integrated safety considerations
Power needs (outlets, currents...)

Credits/Sources — Austin Turner, LBNL/DUNE




Installation planning: resources, schedules

Credits/Source: Installation planning, LBNL/DUNE

[wes [TASK NAME [sTarT [Fimist [pas  [ouration || | [ Location [Euipment 181 Personnel [petector Personnel | Loads | Notes/Questions I
‘ ‘ | ‘ ‘Surlace ‘surface Forkiift ‘ ‘ ‘Ra\ls must be lowered into the ‘l
A Rail Installation —
Wes  [TAsk N o [Fivsh  [oars |oURATION [PREDECESSORSUGCESsoR [Area Core Teauipment cote i persomer e | v |
N g and st 1sn [pre nstatad] WES TASK NAME !START !FINISH !DAVS | iy | !anaﬂnn |Equipment !I&I Personnel !De'lec:mr Personnel ! Loads | Notes/Questions ! |
Duration i
Task - . . . Detector Loads (metric .
Task Name start Finish (working Location Equipment 181 Personnel Notes/Questions
& nstall Rails 20.1 Assemble Iron Throne | NU™ days) peScand )
L P 192 |tokebasei M i [TASK NAME [sTaRT _JriNISH | DAYS [PREDECESSOR |Area ] [1&1Personnel [Detector Personnel I Loads I Notes/Questions. rage. Storage may be outside under tarp or tent.
I I I I I I I I I I
91|Assemble PR ND-LAr TPC =
s TS PC1 Cire e R Activity Name START FINISH Area Equipment 181 Personnel Cryo Personnel
L (Grouting under ral 1S . [LoeEE=aEs 5 52| Lower PRISM Install External Cryo Install vessels outside 9-3ul-26 15-1ul-26 outdoor Ext 8
93|Place PRISM F e IND-LAF TPC {| Install External Cryo Install vaporizer and tube trailer interfaces 9-Jul-26 15-Jul-26 outdoor Frk 2 a Iher capacity rental crane in cavern
3 s Energy Chain Row Assem|
Do ey Install DAQ rack & capl]  2%|Assemble Lon install External Cryo
2027 2028 2029
N [ R |1 3 ND-LAF TPC || install Extemal cryo Q2 Q3 Q@ Q@ Q2 Q@ Q@ Q Q2 @ Q Q@ @ Q3 Q4
195 by D
96|Install Long W] Install External Cryo = 131.04.02.03 Near Detector Installation
204 zet ORC, get DAQ runn
H TS Enerey Chainf tove san) + LAr Cryogenics System Installation
o7|assemble 24| s ND-LAr TPC {| install External cryo _ -
Module - Su = LHe Cryogenics System Installation
| TS Control Cabinf 197 Open the enl 20,5 90 TS Layers from St 98|Lower 2x Shor] Install shaft Cryogenics Installation of Helium purifier - SURFACE Mechanical Assembly Technician (100%)
PR | — . Installation of GHe tanks a
33| Install 2x Shor| -LAr nstall Shaft Cryogenics
f oA power/0a] 195 [6asand e PG| entcation Installation of Helium Refrig 2027 2028 2029
Q2 Q3 Q4 @ Q2 Q3 Q4 (o)) Q2 Q3 Q4 (o] Q2 Q3
206 99 TMS Layers Surface Inner| Install Shaft Cryogenics. Installation of warm GHe pi
N NO-LAr Energy Chjios - Caning R Installation of Helium Refrig = 131.04.02.03 Near Detector Installation
B | Trco Integration | Install shaft Cryogenics. . . + LArC ics S Install
L N — surface Installation of warm GHe pi r Cryogenics System Installation
19100 207 install 99 TMS layers . shaft- UNDERGROUND ‘ "
102|Lower Compo Install shaft Cryogenics + LHe Cryogenics System Installation
= [l Installation of Single rigid H| + Prism Installation
1941 |Upstream 103|1nstall compo UNDERGROUND
208 Cable up and check out ND-LAr TPC {| 1nstall shaft cryogenics + SAND Installation R
n oL Cryogers P . It . =1131.04.02-2.03 Near Detector Installation 48,800
Installation of warm GHe pi + LAr Cryostat
191 Testing (no Install shaft ¢ i . ; i i
P — 29 |wstanmsgnercos | e e Installation of Multi-Channe| ~ _ oo +131.04.02-2.03.02 Prism Installation 3,862
supply & return pipes betwg B
e poa— 105|Lower Top As: ND-LAr TPC | stall shaft Cryogenics UNDERGROUND Deliver Assembly & Lifting Equipment - § +131.04.02-2.03.03 LArTPC |ﬂ5ta"atl0n 6,632
s Electrical
i . Setup for Module Row As: bly - Surf:
nio|oekonmaose cover || tt st g Acceptance test of Helium etup for Module Row Assembly - Sural 137 (4,02-2.03.04 LAr Cryostat 6,538
Connect Multi-Channel rigi Module Row Assembly Dry Run - Surfac| 131.04.02-2.03.05 TMS Inst " ti 5093
] + -
e checea supply & return pipes to CB Recaive First ND-LAr Module - Surface U JUa. nstallation .
TPCO pEHbT IR + Prism Installation Module Functional Verification & Acceptd] +131.04.02-2.03.06 Sand |n5ta"ati0n 8,324
and Commig[ install LAr moving platform + SAND Installat
e e Module Row Integration to Cryostat Top | % 131,04,02-2.03.07 DAQ Installation 530
Install LAr moving platform *+ LAr Cryostat Module Row Installation to Cryostat - Cal 131.04.02-2.03.08 S| Controls Installati 590
+ -
+ LAr TPC Final Grounding, Electrical, LAr Detector| il e ow Lontrols Installation
+ TMS Installl Ready for Caal-down and Commissionin +131.04.02-2.03.10 LAr Cryogenics System Installation 6,260
5 - -
UEBER] +131.04.02-2.03.11 LHe Cryogenics System Installation 6,140
+131,04,02-2,03.09 Detector Checkout and Enereization 2.880




Installation planning: workflows, procedures

Science goals
Requirements

AV g

Concepts
Specifications

Installation
Planning

Procurement, Installation
Commissioning

\

Validation, Verification
Prototyping

I

Detectors Architecture
Design, etc..

Interfaces

I Integration planning I

Credits/Sources — Andrew Lambert, ND-LAr Detector docuentation, LBNL/DUNE
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Science goals,
Specifications

\\ 4

Requirements

AN 4 Conceptual design
I Architecture I Technological
tradeoffs

Preliminary design
VAR

Design I  Integration

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




Example 1: Geophones

Scien_ce commynities ] Operations o
Funding agencies tlaintenance ... :
ANV 4 A\

1 Procurement, Installation
o s s
L Commissioning

Science goals
Requirements

AV

Concepts
Specifications

Validation, Verification

= Prototyping
\ \Z

IDetectors Architecture I Integration planning

Design, etc. Interfaces .- Feed Through

Retrofitted, Shielded, Podded T

GS13 geophone

Source-Credit: Brian Lantz, Stanford




Exa m p I e 2 : Ad a pt ive 0 pt i CS Science communities T Operations Y

Funding agencies % Maintenance

A4 7

Science goals
Requirements

Procurement, Installation
Commissioning

Ay i
Light From
Telescope Concepts % Validation, Verification ~ J
~ Specifications /'- Prototyping 1
[\, A\
Adaptive \ i
Mllf:'OI’ Distorted Detectors Architecture Integration planning
Wavefront Design, etc.. Interfaces

A\,

Corrected ﬂ Limiter
Wavefront i )

Adapterring

v High-resolution
Wavefront Camera PZT

Sensor

|
T

&=z« _ Thrust bearing

Pusher

Retainer

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




Example 3: Fiber Feedthrough

Benefits (problem solving) l Cost and Risk
Science communities Yoverations  *® &
» Operations L 069‘
Fundmg agencies : Maintenance . .\b“"
M T T T T T T TR R & RN
N #
A\ \ oS
R AVAS
Science goals 1 Procurement, Installation @&“‘ &@: S
H R 3 &
Requirements & Commissioning . S0 S
Option # Descripti ¢ i > F
U U ® GO Current solution (reference) No No No Yes No
2 G1 Replace fibers by free-space and tip-tilts Yes Yes Yes Yes Yes Moderate
L \7 -Ia iyl -V- -.f-' i ialinkninin ! ] G2 Increase OPO cavity finesse na na na na Moderate
Concepts s vall atlon, erification » FF1 Feedthru - D1800102-v2 - long on air side na Yes na Yes na Moderate
Spe cifications " Prototyp in g [ FF2 | Feedthru - D1800102 improved curing process| na na na Yes Moderate
555555555550 E FF3 dthru - Vacom (MPF) Yes No No No Moderate Moderate
U £ FF4 Feedthru -Soft sealing na Yes na na na | High [EEEEEY High |
\_) % FF5 Feedthru - Fiber design TBD TBD | TBD | TBD | TBD
n i A 8 FF6 Feedthru - Other vendors? LSC/LVC users? TBD TBD | TBD TBD | TBD
Detectors Architecture Integration planning w FF7 Feedthru - AEI - Diamond optics TBD | TBD | TBD | TBD | TBD Moderate Moderate Moderate
i FF8 Feedthru - OZ Optics le style TBD TBD TBD TBD TBD
Desi gn’ etc.. Interfaces FF9 Feedthru - Apogee spectrometer style TBD TBD | TBD | TBD | TBD
PC1 Fujikara mechnical polyimide removal (LL) Yes na na na na na na
A- Conflat u -] PC2 3SAE Plasma workstation polyimide removal Yes na na na na na na Moderate Moderate Low
77 R ——— s PC3 Furnace polyimide removal na na na na na na Moderate
8- Stainless Ste i = ; Q Pca Acrylate coating ificati Yes na na na na na na Moderate Moderate m
; ﬁ PC5 Photonics Crystaline Fiber (Acrylate) TBD TBD | TBD TBD | TBD | TBD TBD | TBD
v ‘a PC6 Vacom Pathcord adapted to 532nm TBD TBD | TBD | TBD | TBD | TBD | TBD | TBD
o PC7 0Z Optics Pathcord adapted to 532nm TBD TBD TBD TBD TBD TBD TBD TBD
PC8 Chemical imide removal Yes na na na na na na
CPL1 U-Bench coupler na na Yes Yes na
CPL2 PFP High Power C (145um) Yes na Yes Yes Yes na Moderate Moderate Moderate
- CPL3 PFP High Power Connectors (125um) na na Yes Yes Yes na Moderate Moderate Moderate
Q9 CPL4 PFP low concentricy connectors (125um) na na na Yes na Moderate
g‘ CPLS hanical Cleaver (0 or 8 degree) TBD TBD | TBD TBD | TBD | TBD TBD | TBD
o] CPL6 Short End cap TBD TBD TBD TBD TBD TBD TBD TBD
o CPL7 Long end cap (Peter) TBD TBD TBD TBD TBD TBD TBD TBD
CPL8 Lincoln lab end cap TBD TBD TBD TBD TBD TBD TBD TBD
CPL9 Light path Fiber i TBD TBD TBD TBD TBD TBD TBD TBD
CPL10 | OZ Optics - High power / I TBD TBD TBD TBD TBD TBD TBD TBD
[ Feedthru#3 & Patch-Cord #18 Coupler#is | Yes | Ves | Yes | Ves No [ tow [ Low
[CFeedthru#3 & Patch-Cord #1& Coupler#2 | Yes | Ves | Yes | Yes | Yes | No

[mapie] no_[maybe]
[ Yes [ No [wiaybe]

| Feedthru #5 | l Yes I No l No l No I Yes l No I High
[Viavbe] Yes [Wiaybe]

[CFeedthru#6 & Patch-Cord #1& Coupler#2 | Ves | Ves | Yes | Ves High High

Tradeoffs methodologies
Ranking criteria

MEDSI hﬂe
0




Example 4: Cryostat wall

Science communities
Funding agencies

Science goals
Requirements

Concepts
Specifications

N4

Operations
Maintenance

\

Procurement, Installation
Commissioning

\ g

Validation, Verification
Prototyping

\7

Detectors Architecture Integration planning
Interfaces Frame

Design, etc..

A,

Bond layer .5mm

Foam core Lap Sheets Face Sheet 1-Internal

Bond Layer .5mm 1

Face Sheet 2-External \

AN

i 7 L

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

TPC
Mezzanine




Validation and verification Science communities Operations

Funding agencies Maintenance
AV 4 —/— Project Completion
Science goals ' Procurement, Installation
Requirements , Commissioning
(4 —— Project FDRs
. Concepts P . Validation, Verification
Technology readiness Specifications : = |Prototyping
L AR ENRENE
U, \
E Detectors Architecture E Integration planning ]
1 Design, etc.. 1 1lInterfaces ]
U/

Concepts, R&D

Demonstrators

Final design validated

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




From prototyping to production

10° Controller
g g 3
=] 1 § =" . =1
% 10 ‘,-_--"' \. = — %_
E Ly Open Loop \_“_ E
s 10™ s
2
£ 10° s
5 5
© 10 'g
©
= 40* T 10t U nl
. 10° ‘ Y Plant ,
10 ’ . : . : 0 50 100 150 200 250 300
0 50 10('):requ:f|(‘):y (HZ)ZOO 250 300 Frequency (Hz)
Concepts Validation, Verification
Specifications Prototyping
U u
Detectors Architecture Integration planning
Design, etc.. Interfaces
U/

U

= Assembly ~ 4 Months

= Assembly ~ 4 weeks

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




Operational performance

[ p—
i Ground
10'6 |TMX
3 — ITMY
. —— ETMX
= 10" & \ ETMY
% : \\ = BS
E 10'8 : \\‘\ N m—— Req
2 \
g 10°
(] - b
© A0 1
(0] [ ol
c% N ]
107" g E
107
10'13?FFN- f e ok . QEMI"ILL_L
10 10° 10
Frequency [HZ]

Science communities
Funding agencies

A\

Science goals

Operations
Maintenance

L .
» Commiss

Procurement, Installation

ioning

Requirements
A 4 \/ 4
Concepts Validation, Verification
Specifications Prototyping
\ \
1 Detectors Architecture » | Integration planning
» Design, etc.. 1 | Interfaces

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 co ntrOls Science communities 4 Operations L : Euardland :
. Funding agencies ¥ Mai . ; manager noce '
Supervisory £28 {Maintenance & ! @device node EPICS :
I\ () g _ - :
- 4/ ysssssssassssmmas "o ! :
Science goals # Procurement, Installation ! s -E . :
Requirements f Commissioning ] g9 :
3 .
A\ 4 \ 7] ! '
Concepts Validation, Verification ! . . . . . . .
Specifications Prototyping ; '
i L}
_______________________________________________________ )
\, A\,
% Detectors Architecture § | Integration planning Q_ [ —
s . s g0 g 2
% Design, etc.. 4 | Interfaces == 5 5
-------------- : c BeCkhOﬂ ; ;
o 8 8
A\ 4 g 2
£
— EtherCat | | PCle ‘ |
(2]
L
59- -- 0000 ;-| OO0 -
T A
E -
3z
2o
Q

5/60

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




Procurement — QA/QC

QA/QC

Science communities Operations

Funding agencies / Maintenance | I nSpeCtIOHS
o \ Records

Science goals Procurement, Installation

Requirements Commissioning Inventory
\ o Traceability

Concepts P Validation, Verification
Specifications Prototyping -
N ||g0 Inventory Control System
I BROVVSE SUBSYSTEMS FIND RECORDS CREATE NEW RECORD ADMINISTRATION IMPORT PARTS QUICK LINK ™
Detectors Architecture Integration planning + PRODUCTION 0
Design, etc.. Interfaces
A4 Recent Modifications
Shipment-10028 Created CIT don.griffith@ligo.org 29/3epf20
Created CIT jordanvanosky@ligo.org 28/3ep/20
Created CIT jordanvanosky@ligo.org 28/3ep/20
Bake-10025 Created LHO christophersoike@ligo.org 28/Sep/20
Clean-10024 Created LHO christopher.soike@ligo.org 28/3epl20
= Created LHO rahul kumar@ligo.org 25/3epl20
. . Created LLO matthew heintze@ligo.org 25/3ep/20
a r I C a t I O n Shipment-10i Created LHO betsyweaver@ligo.org 25/3epl20
D200028: us-0008 Created LHO betsyweaver@ligo.org 25/3epl20
D200028 us-0009 Created LHO betsyweaver@ligo.org 25/Sep/20
D200028 us-0005 Created LHO betsyweaver@ligo.org 25/Sep/20
S f k D200028 us-0006 Created LHO betsyweaver@ligo.org 25/Sep/20
ta te I I l e nt O WO r D2000288-V1-Aplus-0007 Created LHO betsyweaver@ligo.org 25/5ep/20
D200028 us-0001 Created LHO betsyweaver@ligo.org 25/Sep/20
R f H f M D200028 us-0002 Created LHO betsyweaver@ligo.org 25/Sep/20
e q u e St O r I n O rl I l at I O n D2000288-V1-Aplus-0003 Created LHO betsyweaver@ligo.org 25/3ep/20
D2000288-V -0004 Created LHO betsyweaver@ligo.org 25/3epf20
R t f t t H D200028 us-0006 Created LHO betsyweaver@ligo.org 25/3epf20
e q u e S O r q u O a I O n D200028 us-0007 Created LHO betsyweaver@ligo.org 25/3epf20
D200028 us-0008 Created LHO betsyweaver@ligo.org 25/3epf20

Purchase orders

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




Science communities Operations

Testing Funding agencies Maiptenance |,
AV 4 A\,

Te St Sta N d S Science goals Procurement, Installation

Requirements Commissioning
Test Procedures
LY, A\ 4
Te stsre pO rts Concepts O\ Validation, Verification
Specifications Prototyping
N\ \

Detectors Architecture Integration planning
Design, etc.. Interfaces

AN 4

LIGO LIGO-E1000310-v6
= Step 14 - Linearity test

Table of contents:

Average Variation
from

I Pre-Asscmbly Testing
= Step 1: Position Sensors. slo
= Step2:GSI3 P | average(%)
- Step 3: Actuat H 21000 | -203.75 1.93

2
3
3 Slope Offset
4
5
TI. Tests to be p during assembl 2 H2 2.0571 -274.49 2.07 -0.62
7
7
g

Step 1: Parts ].nvmlmy (Elnnnno\
Step 2: Check torques on all bolt H3 2.0426 -136.64 -1.32
Vi 1.4892 278.92 0.97

Step 3: Check gaps under Support Posts

Step. 45 Pnchfork/_B oxwork flatness before Optical Table install V2 14757 284.92 147 0.06
Step 5: Blade spring profil 9

Step 6: Gap checks on fter installation on Stage 1 10 V3 1.4597 289.52 -1.03

Step 7: Check level of Stage 0 11 Table - Slopes and offset of the triplet “Actuators - HAM-ISI — Sensors®
Step 8: Check level of Stage 1 Optical Tabl 12
Step 9: Mass budget 13
Step 10: Shim thicknes: 15 Horizental actuators to Horizontal CPS  Vertical actuators to Vertical CPS
Step 11: Lockers ad 15 10° 10!

Tests to be performed after assembly 16 . p— L —

Step 1-El Tnventory 16 18

Step 2 - Set up sensors gap. 16 16 —Hhe 1f—Ve

Step 3 - Measure the Sensor gap 17 —H3 —Vs
Step 4 - Check Sensor gaps after the platfor release. 17 } 08
Step 5 — Perfc of the limiter. 18
Step 5.1 - Test N°1 - Push “in the general di . 18
Step 5.2 - Test N°2 — Push “locally”. 13
Step 6 - Position Sensors unlocked/locked Power 19
Step 7 - GS13 power spectrum -tabled tilted 1
Step 8- GS13 pressure readout

Step 9 - Coil Driver, cabling and resi heck

Step 10 - Actuators Sign and range of motion (Local drive)
Step 11 - Vertical Sensor Calibration

Step 12 - Vertical Spring Constant

Step 13 - Static Testing (Tests in the local basis)
Step 14 - Linearity test
Step 15 - Cartesian Basis Static Testing.

Step 16- Frequency response.

Step 16.1 - Local to local

Step 16.2 - Cartesian to Cartesian

Step 17 - Transfer function comparison with Reference.
Step 17.1 - Local to local - Comparison with Reference......
Step 17.2 - Cattesian to Cartesian - Cq ison with Referen
Step 18 - Lower Zero Moment Plane.

IV. HAM-ISI Unit #1 testing summary.

List of tests that failed and don’t need to be redone:

Tests that failed and need to be done during phase IT.
List of test that were skipped and that we will not do because they are not essential.
List of test that were skipped and need to be done during phaseII: .......

L

= -
o - s

o
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o
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o
o

o oo
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i
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aaa

S
Y

Sensor readout {count)
Sensor readout {count)
=)

5
2
]
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I =aa
L.

b5 b b

-1 0.6 |

AR

LT
I

-5000 0 5000 7 5000 0 5000
Actuator drive (count) Actuator drive (count) g |
Figure - Linearity test on the triplet “actuators - HAM-ISI — sensors’
in both Horizontal and vertical directions.

Source Credits — LIGO testing procedures. Lhuillier, Matichard




Commissioning

1072

Advanced
LIGO (02)

Advanced
LIGO (design)

Strain Noise (1/

PEM injections

Source/Credits — LIGO PEM and SLiC teams

Science communities
Funding agencies

A\ 4

Science goals
Requirements
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