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HL-LHC Crab Cavity types

» For HL-LHC, superconducting compact RF crab cavities will be used to
compensate the geometric angle (500 urad) at ATLAS and CMS.

« Two types of cavities required (vertical, horizontal)
- Baseline : adopt both cavity types and exploit their natural RF topology

* Note: Both cavities could have been used in the other plane

Double Quarter Wave (DQW) cavity — RF Dipole cavity — Horizontal — to be used in
Vertical — to be used in Point 5 (CMS) Point 1 (ATLAS)

Hitumi ’
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Cryomodule with 2 identical cavities

Upper Cryogenic line
LHCACFQC

Cryogenic Jumper

Lower cryogenic line
LHCACFQC

ALIGNMENT SYSTEM LHCACFAH
SUPPORT & ALIGNMENT OF CAVITIES

FSI system LHCACFAM
For CAVITY POSITION MEASUREMENT

. Radio-Frequence wave guide
R L For RF power supply

ST0711598_01

FSI system
For CAVITY POSITION MEASUREMENT

HOM extraction lines (x6)
Coaxial line 50 ohms

Cavity assembly*

*See detailled view

Taylor Hobson sphere

Survey

Valve Support
LHCACF_T0262

Valve Box
See LHCACFVT0024

RF GATE VALVE LHCWVG

Cold/Warm Transition
LHCACFVW

BCAM system LHCACFAM
For CAVITY POSITION MEASU

Thermal screen 50K LHC!

Copper screen with cooling p

Vacuum Vessel LHCACFVT
See EDMS 1710424

Warm maghnetic shield
LHCACFWM (not represente:

Alignment jacks (x3) LHCI
PSI design




General plans

2 cryomodules for SPS tests

» 1 cryomodule with 2 identical cavities (type «vertical» - DQW)
+ Testsin SPSin 2018 and 2021

» 1 cryomodule with 2 identical cavities (type «horizontal» - RFD)
+ Testsin SPS in 2022

« 8 cryomodules (4 of each type) for installation in LHC during LS3
+ 2 spares (1 of each type)

2015 2016}2017 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026

SPS-DQW CM ~ SPS-DQW
¢ < & ¢ — ¢
preparation Tests SPS_RFD CM Tests .
¢ preparation ¢ SM18 ¢ SPS "
DQW pre-series R DQW series (1+4 CMs) .
(Industrial) Fabrication & tests Installation + spares
RFD proto/pre-series RFD series (5 CMs)
¢ * *~— — =
(Industrial) Fabrication & tests Installation + spares
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CERN locations

SM18 Area
Cavity cold testing, clean room facilities
& cryomodule qualification

SPS BA6
Test Prototype Modules with proton
beam

LHC - B CERN
- aPoints == ATLAS ALICE

1 DQW proto CM + 1 RFD proto CM i e Point =5 Point 2
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LHC Point 5 (vertical)
2 cavities / IP side/ beam to be installed
during LS3

LHC Point 1 (horizontal)
2 cavities / IP side/ beam to be installed
during LS3

4 DQW CM to be installed + 1 CM spare 4 RFD CM to be installed + 1 CM spare

i i , CERN
HL-!F% PH[}JECTl \
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CERN locations

SM18 Area
Cavity cold testing, clean room facilities
& cryomodule qualification

N

SPS BAG6 -
Test Prototype Modules with proton = ““

beam
Y
1 DQW proto CM + 1 RFD proto CM IR

CMsS -
Point 5 4,

LHC Point 1 (horizontal)
2 cavities / IP side/ beam to be installed
during LS3

LHC Point 5 (vertical)
2 cavities / IP side/ beam to be installed
during LS3

4 RFD CM to be installed + 1 CM spare

4 DQW CM to be installed + 1 CM spare

: |L i , CERN
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SM18 - vertical cold test of cavities

See presentation of Katarzyna Turaj
“‘SM18 Assembly and Testing Infrastructure”
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SM18 — CM assembly zone

See presentation of Katarzyna Turaj “SM18 Assembly %
and Testing Infrastructure” <% :
» See presentation of Eric Montesinos “CERN FPC &
Other couplers for HL-LHC CC”

String assembly in
clean room

Assembly outside
cleanroom



SM18 - bunker for CM cold test

1™ " [ , \

’ See presentation of Katarzyna Turaj
“‘SM18 Assembly and Testing Infrastructure”

OC, International review of the HL-LHC Crab Cavity system, 19/06/2019



CERN locations

SM18 Area
Cavity cold testing, clean room facilities
& cryomodule qualification

SPS BA6
Test Prototype Modules with proton
beam

LHC - B CERN
-l ogboints o ALICE

1 DQW proto CM + 1 RFD proto CM R L e Point 2
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LHC Point 5 (vertical)
2 cavities / IP side/ beam to be installed
during LS3

LHC Point 1 (horizontal)
2 cavities / IP side/ beam to be installed
during LS3

4 DQW CM to be installed + 1 CM spare 4 RFD CM to be installed + 1 CM spare

i i , CERN
HL-!F% PH[}J_ECTl \
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See presentation of Giovanna Vandoni
“‘WP4 Strategy for Integration & Services
(SPS-BA6 & Interfaces)”

See presentation of Eric Montesinos
“‘WP4 Strategy for RF System”

See presentation of Krzysztof Brodzinski
“Cryogenics Experience from SPS”

See presentation of Chiara Pasquino
“Yacuum layout & experience from SPS”
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CERN locations

SM18 Area
Cavity cold testing, clean room facilities
& cryomodule qualification

SPS BA6
Test Prototype Modules with proton

A+ %
beam

e
= & POIN -

1 DQW proto CM + 1 RFD proto CM - .ﬁ'&ws ALICE

! i = Point 2
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LHC Point 5 (vertical)
2 cavities / IP side/ beam to be installed
during LS3

LHC Point 1 (horizontal)
2 cavities / IP side/ beam to be installed
during LS3

4 DQW CM to be installed + 1 CM spare 4 RFD CM to be installed + 1 CM spare

i i , CERN
HL-!F% PH[}J_ECTl \
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Courtesy ofP}dA

See presentation of Paolo Fessia “LHC Environment Constraints & Integration”

See presentation of Krzysztof Brodzinski “Cryogenics for HL-LHC CC including sectorization”

See presentation of Germana Riddone “Vacuum for HL-LHC CC”
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CERN locations

SM18 Area
Cavity cold testing, clean room facilities
& cryomodule qualification

SPS BA6
Test Prototype Modules with proton
beam

LHC - B CERN
- aPoints == ATLAS ALICE

1 DQW proto CM + 1 RFD proto CM i e Point =5 Point 2
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LHC Point 5 (vertical)
2 cavities / IP side/ beam to be installed
during LS3

LHC Point 1 (horizontal)
2 cavities / IP side/ beam to be installed
during LS3

4 DQW CM to be installed + 1 CM spare 4 RFD CM to be installed + 1 CM spare

i i , CERN
HL-!F% PH[}JECTl \
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“Akira’s table”

SPS HL-LHC

Type DQW RFD DQW RFD
Cavities R ZANON
CERN CERN (CERN (US-AUP
from
contract) contract)

1 x CERN (first)

%ﬁm"d”'e CERN (un dngUKl) 4 x UK 5 x TRIUME
(under UK2)
HilL U

| CERN
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SPS cryomodules

Courtesy of Marta Alcaide

EYETS YETS LS2 YETS YETS
2017 2018 2019 2020 2021 2022 2023
Q4 Q1 Q2 Q304 Q1 02 @3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 04 Q1'G2/' Q3 Q4 Q1 Q2 @3/ Q4 Q1 Q2 Q3 Q4

Bare C2 Dressed C1validation
Bare c1<> 0 Q Test DOW Cavities
DQW CM Fabrication & Assembly
Test DQW CM in SM18
B nstallation DQW CM in SPS
Test DOW CM in SPS | Test DQW CM in SPS Il I Dismantling DQW in SPS

e MMMMMENRE) RFD CM Fabrication & Assembly

B installation RFD CM in SM18
Test RFD CM in SM18
B RrD cM installation in SPS
Test RFD CM in SPS

- 1 DQW cryomodule for SPS (done) - 1 RFD cryomodule for SPS (ongoing)
Design CERN + UK + USLARP coherent Design as LHC prototype CERN + UK +
with LHC but without some components USLARP/AUP
(second beam pipe, ...) » Cauvities + helium vessel + processing +

» Cauvities + helium vessel + processing + ancillaries + cold test by CERN
ancillaries + cold test by CERN * Cold magnetic shield by UK
* Cold magnetic shield by UK * CM by UK with some components by CERN
* CM by CERN (thermal shield, RF internal lines, beam screen,
+ CM cold test in SM18 prior install in SPS part of alignment and instrumentation, ...)
+ Tested in SPSin 2018 and 2021 « CM cold testin SM18 in 2021
« Testin SPS starting in 2022

HHI_-I!FEELﬁJHO_J_ECTI \




DQW Cryomodule for SPS

~N)

/ *DQW CAVITY ASSEMBLY
Upper Cryogenic lin \ n e
= = pasrCiyomt o / ALIGNMENT SYSTEM LHCACFAH Tuner Actuation [\
LHCACFQC s
Ll | SUPPORT & ALIGNMENT OF CAVITIES LHCACFTU ‘
HL-LHC PROJECT Reypiyala: knepas [} HOM fiter LHCACRHC [
: / FSI system (2x 8 heads) LHCACFAM SeaEDaT e Siant <
/ For CAVITY POSITION MEASUREMENT

/| FPC LHcacFme

Cold magnetic shield | Fundamental Power Coupler

o Cryophy ® - LHCACFCM
Radio-Frequence wave guide | DQW Cavity LHCACFCA

For RF power supply Double Quarter Wave

/| Helium Tank

Cryogenic Service Box LHCACFHT—Titanium

SPSQUXDA0002

7 | Cavity assembly*
/ *Soo dotalllod view

FSl Targets | |
(FSI MEASUREMENT) Pick Up Antenna

See EDMS 1704942
Tuner Frame
LHCACFTU

Taylor Hobson sphere

Survey

Pick Up Coaxial line
Coaxlal line 50 ohms LHCACFRL

| HOM extraction lines

Valve Support \ Coaxlal line 50 ohms LHCACFRL
LHCACF_T0262 A /

Valve Box
See LHCACFVT0024

RF GATE VALVE LHCWG

Cold/Warm Transition
LHCACFVW

BCAM system LHCACFAM
For CAVITY POSITION MEASUREMENT

i Thermal screen 50K LHCACFTS )
Coppar screen with cooling pipe Information about DQW cryomodule
Vacuum Vosea) LICACEVY: - Overall dimensions (L/I/h): 2800/950/1900mm
See EDMS 1710424
| - Mass : ~3800kg
STo711508 01 Warm magnetic shield - Cavity : 2x DQW
N LHCACFWM (not represented here) - fil F i
\ FSl system (2x 8 heads) LHCACFAM N it HOM Tilters G ipcas (S paricaviy)
Lower cryogenic line \\ For CAVITY POSITION N - Pick Up Antenna : 2 pces (1 per cavity)
gl N ::,g;::a:t . O fae - Tuner : 2 unit (1 per cavity)
> HOM extraction lines (x6) = - RF Gate valves : 2 pces
[ e o BISE| _rsiHeads : 16 ports (8 per cavity)
@ 6] -BCAM : 2 lines / 4 position fingers per cavity
3
b X HL-LHC-WP04—CRAB CAVITIES DQW CRYOMODULE FOR SPS R @ trsvcing Ogarment |
10-2016 3 5
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RFD Cryomodule for SPS (LHC prototype)

=

*RFD CAVITY ASSEMBLY
S 1 Cryogenic safety vaive and pressure measurment FPC
74 In helium guard - LHCACEMC
: Tuner Actuation| — ——_
RFD Cavity assembly* \ LHCACFTU
A *See detailed view \ /' Radio-Frequence wave guide
/| FSl system (2x 8 heads) \ / For RF power supply y
/ For CAVITY POSITION MEASUREMENT \ L J/ V-HOM filter
e e o LHCACFHC —
/ | H-HOM fiter
/ b | Lreacrre
ALIGNMENT SYSTEM 5 R | Beam screen ’\ |
SUPPORT & ALIGNMENT OF CAVITIES LHCACFVS \ j e
= LHCACFHT
Upper Cryogenic line —\\ \\\ RFD Cavity
LHCACFQC0149 (EDMS 1833681) N LHCACFCA Tuner Frame
\ % LHCACFTU
Cold magnetic shield o
Cryophy & - LHCACFCM Z'{%: gf';:me""a

Vacuum Vessel
LHCACFVT

HOM extraction lines (x4)
Coaxial line 25/50 ohms

Beam vaccum gate valves (x4)
with RF insert

Cold/Warm Transition LHCACFVW
See EDMS 1759896 & 1756971

Lower cryogenic line
LHCACFQC

Alignment jacks (x3) LHCHACF
PSl design~ SPS version only

EDMS n *x000000¢
Information about RFD cryomodule SEUEa0t

A = Overall dimensions (L/I/h): 3350/950/1900mm
" . - Mass : ~3900kg (estimation 05-2019)

Thermal screen 50 - Cavities : RFD (2x)

G - HOM filters : 4 pces (2 per cavity)

: - Pick Up Antenna : 2 pces (1 per cavity)

MLI “warm’* (50K) - Tuner : 2 unit (1 per cavity)

!
Warm magnetic shield |
LHCACFWM |

FSI system (2x 8 hea

|5 HL-LHC-WP04—CRAB CAVITIES RFD CRYOMODULE FOR SPS TESTS P

ee presentation of Teddy Capelli “HL-LHC CC Cryomodule Design’l

CERN
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Series cryomodules

LS2 YETS YETS

2019 2020 2021 2022
Q1 Q2 Q3 04 Q1 Q2 3 04 Q1 Q2 Q3' 04 01 Q2 2304 Q1 2/ Q3 Q4 Q1 Q2 3 04 Q1 Q2'Q3' Q4 Q1 Q2 Q3 Q4

S6 S8 s9

Q 0 0 Q 0 0 “ DQW Bare Cavity process and test

s3 5S4 S5 56 57 S8 S9

58 59 510511512

Courtesy of Marta Alcaide

LS3
2024 2025 2026

0 ’ “ 000 0 ‘ DQW Dressed Cavity process and test

S5 56
’ 0 0 ’ 0 0 00 00 RFD Bare Cavity Process and Test

0 ’ ' ’ ’ .. ’: 0’ 512 Dressed cavity process and test

ps2 sS4 S

P cvit at CeRN

CM2 STO CM3 ST()CMq- STO CM5 STO DQW String assembly
CMS DQW Cryomodule assembly + Delivery

(IR

CcM1 CcMm2 CM3 cm4a

P Mo Ptin CA with UK AUP Pt

I oQw Installation

5 sT TCM3ST TCMA4ST

TCMlSTO O cmsst RFD string assembly
TCM5 (rework of TCMO)
RFD Cryomodule assembly + Delivery

DQW cryomodules (4 + 1 spare) for LHC

Cavities + processing + helium vessels by
Research Instruments (DE) under CERN
contract

Cold magnetic shields by UK

HOM couplers + antennas + FPC by CERN

1 CM by CERN

4 CM by UK (STFC) with some components
by CERN (beam screens, RF internal line, part
of instrumentation and alignment...)

CM cold validation tests in UK (to what extend
TBC)

All cavities & CM cold validation tests at CERN

TCM1 TcMm2 Tcm3 Tcm4  Tcms Cold test

I RFD Installation

RFD cryomodules (4 + 1 spare) for LHC

Bare cavities by Zanon (IT) under US-AUP
contract

Processing + cold magnetic shield + helium
vessel + HOM couplers + antennas + cold
tests by US-AUP

FPC by CERN

5 CM by Canada (Triumf) with some
components by CERN (TBC beam screens,
RF internal lines...)

CM cold validation tests in Canada (to what
extend TBC)

CM cold validation tests at CERN



Series cryomodules
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See presentation of Kurt Artoos and Thomas Jones “Transport Aspects”
See presentation of Luca Dassa “Technical Specifications and Guidelines for Compliance with CERN
Safety Rules”

See presentation of Eric Montesinos “CERN FPC & Other couplers for HL-LHC CC”
See presentation of Germana Riddone “Vacuum for HL-LHC CC”
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What has been achieved so far

= Inthe US
= DQW & RFD Cavities & HOMs prototyping & extensive testing
demonstrated achievability of required operating parameters

= See presentation of Alessandro Ratti “US contribution to SPS Crab Cavity Prototypes
and Lessons Learned”

= At CERN (with UK & US contribution)

= Successful test of individual critical components (FPC, RF internal lines,
tuner, helium vessel)

= Manufacturing of a full DQW cryomodule for SPS tests — from October
2015 to November 2017
= Very aggressive planning successfully completed with a deviation of
2 days over a total of 25 months

= 14 months: first bare cavity manufactured (from scratch)

= + 1 month: second bare cavity manufactured

=+ S_Enonths: processing + dressing + cold test 2 bare cavities + cold test 1 dress
cavity

= + 5 months: clean room string assembly + outside clean room assembly of
cryomodule ready for cold test

= See presentation of Marco Garlasche “CERN-Crash Program for SPS-DQW
Cryomodule”

il i, (CERN%%
HL-LHC PROJECT - OC, International review of the HL-LHC Crab Cavity system, 19/06/2019




What has been achieved so far

At CERN (with UK & US contribution)

= Number of cold test were reduced to a strict minimum to cope with the
planning.
= No time for re-processing of cavities or HOMs
= Dynamic load of dressed cavities higher than nominal (only first dressed cavity tested)

DQW_SPS_001 @ 2K /,—'*\N ’ 0.05
2x10"°1 . pQW_SPS_002 @ 2K f + i §
DQW_SPS_001 + He Tank @ 2.5K : -5
100 , e g to.04
8x10*%° - ot % _
6 x 10+0° =
A a
4x10+0? 0.03 é
e 5
o S
2% 10%%° 5
“10.02 §
©
1071 3
8 x 1008 o
Courtesy of Alick &< 0.01
Macpherson
+0.00
2% 1D+08
Transverse Voltage [MV]
0 10 20 30 40 50 60
Hf—’ o Peak E-field [MV/m]
L s S L 0 20 40 60 80 100 120 M. 19/06/2019

7 Peak B-field [mT]



What has been achieved so far

= At CERN (with UK & US contribution)

= The DQW SPS cryomodule has been successfully tested at cold in SM18
and operated during one year in the SPS up to 2/3 of the nominal voltage
in the cavities (see presentation of Rama “SPS-CC experiments and
operation Challenges/Limitations & Outlook for 2021”). These achievements
validated the main cryomodule concepts, in particular:

= Mechanical behaviour during thermal cycles has been monitored and
validated as expected

L RF_Cavity',M7'Synoptic5M18_Cavity_M7_Cryo_Module.pnl
CryoModuIe He Guard

eeeeeeeee

TT971

““-.; 43 Copy (@ Lock B Decrense | &y I‘k ' Zoom au * a5 ad

& Paste ] Full screen mode &l Increase 4 Zoom reset

|

Cursor  Scroll Mnullltm‘

HCM

Courtesy of TE-CRG

" “___ the HL-LHC Crab Cavity system, 19/06/2019
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What has been achieved so far

= Cryomodule thermal behaviour
= Measured static loads in perfect agreement with estimated values.

= Dynamic loads assessment (measurement vs calculations) only preliminary values,
measurements need further RF operation in stable conditions.

See presentation of Krzysztof Brodzinski “Cryogenics Experience from SPS”

Tuning system operated to tune both cavities for the entire SPS frequency range
Presentation of Kurt Artoos “Freq Tuning System & Lessons learned”

Alignment performed very well
See presentation of Mateusz Sosin “Alignment & Monitoring from SPS to HL-LHC”

Static beam vacuum levels, and insulation vacuum level as foreseen
See presentation of Chiara Pasquino “Vacuum layout & experience from SPS”

QA, QC & documentation

See presentation of Hector Garcia Gavela “WP4 QA & QC Status, Risks &
Documentation”

Also, several small issues were identified and addressed for the improvement of
the next cryomodule generation
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What’s next

= Finalise the RFD SPS cryomodule and implement the strategy for the
production of series cryomodules, in the frame of the international
collaborations foreseen

= Collaboration agreements already signed:

= CERN - UK (so-called UK1) for the production of 1 SPS RFD cryomodule at STFC
Daresbury with cavities and other components provided by CERN

= See presentation of Marco Garlasche “CERN RFD-SPS Cavity Manufacturing Status”
= See presentation of Eric Montesinos “CERN FPCs & Other Couplers for HL-LHC CC”
= See presentation of Teddy Capelli “HL-LHC CC Cryomodule Design”

= See presentation of Thomas Jones “SPS-RFD & Series DQW Cryostating Plans”

= CERN — US AUP for the in-kind contribution of fully dressed series RFD cavities
= See presentation of Leonardo Ristori “US-AUP RFD Dressed Cavities for HL-LHC CC”

= Collaboration agreements under preparation:

= CERN — UK (so-called UK2) for the production of 4 DQW series cryomodules, with
cavities and other components provided by CERN

= See presentation of Nuria Valverde “CERN/RI DQW-Series Cavities for HL-LHC CC”
= See presentation of Thomas Jones “SPS-RFD & Series DQW Cryostating Plans”

= CERN - Triumf for the for the production of 5 RFD series cryomodules
= See presentation of Robert Laxdal “Series RFD Cryostating for HL-LHC CC”

= OC, International review of the HL-LHC Crab Cavity system, 19/06/2019



SPS Summary

= DQW SPS cryomodule

= First crab cryomodule manufactured from scratch and successfully operated during
one year in the SPS - big achievement considering the important number of newly
developed complex components and no time contingency

= Tests in SPS with beam triggered cavities modifications, and some other
components design modifications for next generation

= RFD SPS cryomodule

= Cavities manufacturing at CERN well advanced, on track for delivery to UK by mid-
2020 in the frame of UK1

= Cryomodule design update well advanced, fully compatible with the LHC

= Cauvities and cryomodule series production

= DQW and RFD (US-AUP) cavities production launched (Rl and Zanon) including
cavities modifications.

= Strategy defined for the production of series cryomodules in the frame of the
collaboration with Canada, UK and US

= Canada and UK2 collaboration agreements to be finalized

= Includes manufacturing at CERN of critical components as well as the first series
cryomodule

= CERN has manufactured both types of cavities, and it is able now to ensure a backup
role if needed. The lessons learned from CERN manufacturing are shared with industr
and implemented in the industrial production.

| CERN
HL-LHC PROJECT @ § OC, International review of the HL-LHC Crab Cavity system, 19/06/2019



Crabs are made by very committed people.
Thanks to all colleagues of the world-wide collaboration !




WP4 — Master planning

28/05/2019

EYETS YET YETS YETS LS3
2020 2021 2022 2023 2024 2025 2026
Q304Q102Q3Q4Q102Q3Q4Q1Q2Q3Q4|Q1Q203Q4Q10203Q4Q102q304c11Q2q3 Q4
Acquisition process I
Dismantling DQW in SPS
Cryomodule [| Eatwication & Assembly
(4cc, 2cm) Installation RFD CM in SM18
SPS @ LSS6 Test RFD CM in SM18
I o cM installation in SPS
CMin SPS | Test DQW CM in SPS I | TestRFD CM in SPS
Infrastructure
RF services
(HPRF=10T_SM18x2, II0T_BAGX2;
LLRF=SM18x2,BA6x2)
5% 58 59
paw (RN S EETNSANT) DQw Bare Cavity process and test
(CERN) (N ' . “: DQW Dressed Cavity process and test
RF Cavities (Pre-
serie & Serie) | N X I T (X} RFD Bare Cavity Process and Test
RFD (NI T 512 Dressed cavity process and test
(US-AUP) Y
[ T c1at CRN cyssr
DQW String assembly
Daw cMs DQW Cryomodule assembly + Delivery
Cryomodule CM1 CM2 CM3 CM4 CM5
Serie | N 0c\ Irstaltion
(16+4 CC S TCMO Pt in CA with UK AUP Pt ToMaST TOMAST
s st RFD string assembly
8+2CM ) TCMS rewark of TCMO) X
LHC@ IR1 &5 RFD D Cryomodule assembly + Delivery
TCML TCM2 TEM3 TEMA Tcms Cold test
RFD Installation
HPRF
) (1 55PA) Fabrication, Assembly & Test
Pre-serie LLRF
(New Fabrication, Assembly & Test
Engineering specification L
Acquisition process
RF HPRF Fabrication, Assembly
) (10Tx20)
Services [Test
. [ stalation
Serie Engiﬁeering specification
Acquisition process
LI‘RF Fabrication, Assembly
(20 units) Test
|| |0 _ Installation
CERN
= OC, International review of the HL-LHC Crab Cavity system, 19/06/2019




