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LHC / HL-LHC Plan

LHC

Run 2

LS1 LS2

13 TeV 13 -14 TeV

Diodes Consolidation
LIU Installation

P7 11 T dip. coll.
Civil Eng. P1-P5

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

splice consolidation
button collimators
R2E project

cryolimit

interaction
regions

7 TeV .&

2022 | 2023

ATLAS - CMS radiation
experiment upgrade phase 1 damage
beam pipes 2 X hom. luminosit: i inosi

nominal luminosity _________{y ALICE - LHCb 2 x nominal luminosty
upgrade

Iuhmi
_—"Higgs found!

(S50

Technical limitation on the
istantaneous lumi:

1. Collider (cryolimit in the
triplet region) at 2x1034 cm2s1
twice the nominal design
luminosity)

2. Experiments (pile up in the
detectors). Designed for PU
40 they are actually dealing
with 60 (average)!

LHC is at 93% of the design energy (now planned for 2021-23)
LHC is 20% above planned luminosity (number of collisions)

Technical limitation on
integrated lumi:

1. Collider (radiation damage
to the IT magnets — correctors
and quadrupoles)

2. Experiments (radiation
damage in the Inner Tracker)

From HL-LHC Project Leader
L. Rossi - CERN

— Us ,
HL-LHC
i AUP
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Goal of HL-LHC

From EC-FP7 HiLumi LHC Design Study application of 2010

The main objective of HiLumi LHC Design Study is to determine a hardware configuration and a set
of beam parameters that will allow the LHC to reach the following targets:

A peak luminosity of L ., = 5x10°** cm™?s* with levelling, allowing:
An integrated luminosity of 250 fb-! per year, enabling the goal of
L. .. = 3000 fb'! twelve years after the upgrade.

This luminosity is more than ten times the luminosity reach of the
first 10 years of the LHC lifetime.

e performance established 2015-2016: with same ha
d same beam parameters: use of engineering maigin

=7.510** cm?s? and Ultimate Integratec! L;
C should not be the limit, would Physics reqUM

From HL-LHC Project Leader
L. Rossi - CERN

Us
=y HL-LHC ’
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Luminosity Parameters to Increase

f'rev nb Nb

L_

Beam size
L H!_hLHC HC nom
wit -|9C
LHC Run 2
-

N HL-LHC without CC
2 | . . 0 : : L .
Insertion magnets aperture Crab caV|ty 0 0.2 04 0.6 0.8

B [m]

increase Head on Collision

From HL-LHC Project Leader
L. Rossi - CERN

HL-LHC
Lﬂ/f’j

APS-DPF 2019 Northeastern University



CIVIL ENGINEERING
2 new caverns and two new 300-metre
service galleries, two new large shafts;

10 new technical buildings on surface in P1 and

(ATLAS and CMS)

CRYOGENICS

2 new large 1.9 K helium refrigerators
for HL-LHC near ATLAS and CMS

From HL-LHC Project Leader
L. Rossi - CERN

HL-LHC
AUP -

P5

“CRAB” CAVITIES
8 superconducting “crab”
cavities for each of the ATLAS
and CMS experiments to tilt the
beams before coliisions.

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for each of the ATLAS and CMS
experiments, designed to increase the
concentration of the beams before

collisions.

SUPERCONDUCTING LINKS
Electrical transmission lines based on a
high-temperature superconductor to carry
current to the magnets from the new service

galleries to the LHC tunnel,

=
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o

-l

=

o

<

b

o

“=,
CERN May 2016

Technology landmarks

BENDING MAGNETS

2 pairs of shorter and more
powerful dipole bending magnets
to free up space for the new

collimators.

COLLIMATORS

15 to 20 new collimators and 60 replacement
collimators to reinforce machine protection, )
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HL-LHC Accelerator Upgrade Project Scope in HL-LHC

HL-LHC AUP | it |
G. Apollinari Project Leader

CIVIL ENG RING
2 new caverns and two new 300-metre
service galleries, two new large shafts;

10 new technical buildings on surface in P1 and PS5

(ATLAS and CMS)

CRYOGENICS

2 new large 1.9 K helium refrigerators
for HL-LHC near ATLAS and CMS

COLLIMATORS

15 to 20 new collimators and 60 replacement
collimators to reinforce machine protection.

supsncouncnneunxs From HL-LHC PrOjeCt Leader

Electrical transmission lines based on a -
irtent 10 he magnets romhe how senite L. Rossi - CERN
galleries to the LHC tunnel,

= LARP (LHC Accelerator Research Program), funded by DOE
since ~2003, has established the necessary technology for the
HL-LHC Focusing Magnets and Crab Cavities.

HL-LHC
Lﬂ/f’j
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[ control Account

Management and Organization

US HL-LHC Accelerator Upgrade Project

Project Manager: G. Apollinari
Deputy Project Manager: R. Carcagno

(—
302.1

Project Managment
L2: G. Apolinari (R. Carcagno)
CAM: R. Carcagno

302.2

MQXFA Magnets Fabrication

L2: G. Ambrosio
(M. Baldini)

302.4

Q1/Q3 Cryo-assemblies Fabrication

L2: 5. Feher
(T. Strauss)

RFD Dressed Crab Cavities Fabrication

3023

L2: L. Ristori

(P. Berrutti)

302101
H project office Management
13:R. Carcagno

302201
Magnets Integration and
Coordination
L3/CAM: G. Ambrosio
(M. Baidini)

Integration and Coordination

302405
Q1/03 Cryc-assembly

L3/CAMS. Feher (H. Glass)

302102
H BNL Management
L3:K. Amm

302202
Strand Procurement
13: L Cooley (V. Lombardo)
CAM: V. Lombardo

302401
Magnets Vertical Test
13:1. Muratore (P. Joshi)
CAM: R. Prwivo.

302103

Ll 8NLManagement
13:5. Prestemon

302203
Cable Fabrication
L3/CAM: 1. Pong (C. Sanabria)

302402
Cold Mass Assemblies
Fabrication

L3/CAM: S. Feher [A. Vouris}

302.204
Coil Parts, Materials and
Tooling Procurement
L3/CAM: M. Yu {A. Nobrega)

302403
Cryo-Assemblies Fabrication
and Shipment
L3/CAM: 5. Feher (A. Vouris}

302301
RFD Cavities Integration and

L3/CAM: L Ristori (P. Berrutti)

302302
RFD Cavities Fabrication and
Test

L3/CAM: L. Ristori (P. Berrutti)

302.205
Coil Fabrication at FNAL
L3/CAM: A. Nobrega (M. Yu)

302206
Coil Fabrication at BNL
L3/CAM: J. Schmalzle
(M. Anerefia)

302408
Cryo-Assemblies Horizontal Test
L3/CAM: G. Chiachidze
(5. Stoynev)

302207
Structure Fabrication and
Magnets Assembly
L3/CAM: S, Prestemon
(0. Cheng)

30240499
13 Management Cryo-
assembiies Horizontal Test
13: . Chlachidze (5. Stoynev)

302.4.06.01
Cryo-Mechanical Horizontal
Test Stand Upgrade
L4: R. Rabehl

Instrumentation and
[— Mechanical Horizontal Test
nd Upgrade

[L: 6. chiachidze (5. Stoynew)

3024.00.03
Horizontal Test Stand
Operations
La: G. Chlachidze (S. Stoynev)

3023.02.01
|—{ Procurement of Services
L4: L. Ristori

30230202
Materials and 8are Cavity
Procurement
14: €. Narduzzi

30230203
I Bere Cavity Quaification
L4: P, Berrutti

30230204
|——{ oressed Cavity Procurement
L4: E. Narduzzi

30230205
L] Dressed Cavity Qualification
14: P. Berrutti

= L2 Managers & Deputies

= Project Management:
= G. Apollinari
= R. Carcagno

= MQXFA Magnets:
= G. Ambrosio
= M. Baldini

= Q1/Q3 CryoAssemblies:
= S. Feher
= T, Strauss

» RFD Dressed Cauvities:
» L. Ristori
= P. Berrutti
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Interaction Region Magnets

Connection to LHC (UL)

\
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DEM

SC Links

Service gallery (UR)
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http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Spain-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Spain-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Italy-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Japan-icon.html

Target
* Gon=132.6 T/m, 11.4 T B ook nom

= Corresponds to 14 Tev in LHC
= G,~=143.2T/m,12.3TB

peak_ult

Q1/Q3 (by AUP)
= 2 magnets MQXFA with 4.2 m
= Series: 20 magnets

Q2a/Q2b (by CERN)
= 1 magnet MQXFB with 7.15 m
= Series: 10 magnets

Different lengths, same design
= |dentical short models

| Ferracin, Ambrosio et al |
- US
HL-LHC
AUP_ -

HiLumi low-B quadrupole MQXF

2a

Q1326 T/m
MCBXFA/B: 2.1 T 2.54.5Tm
DI:S6T  35Tm

Q2b

Ql Q
(]
;

Q3 CP D1
10 (O] [OmjcC—_

I il R et R e o R R e R R R R R i i

50
distance to IP (m)
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= 0.85 mm strand, 1.2
Cu/SC

= Specifications
= RRP

= 632 A (2450 A/mm?) at 12
= 331 A (1280 A/mm?) at 15

= PIT
= 590 A (2290 A/mm?) at 12
= 331 A (1280 A/mm?) at 15

= Filament & <55 pum

| Ferracin, Ambrosio et al |
HL-LHC
AUP_

Strand current (A)

Superconducting Strand
(Nb;Sn)

| -@-Spec. RRP, 4.2 K

——Spec.PIT, 4.2 K
-4&-RRP, 1.9K

1 —@—PIT,1.9K

12.0 12.5 13.0 135 14.0 14.5 15.0 15.5
Total field (T)
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Superconducting cable

» 40-strand cable

- Bare width X thickness: 18.150 X 1.525 mm

« SS core 12 mm wide and 25 ym thick
+ Keystone angle: 0.4 degree

» Braided insulation: 0.145 mm (S2-Glass)

|\

— /S | Ferracin, Ambrosio et al |
HL-LHC
AUP_
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Coil design

Wind and react technology being used
Heat treatment ~ 650 C
Coil is epoxy impregnated

Two-layer, four-blocks design
22+28 = 50 turns

Pole impregnated with the coill

Splice extension 140 mm long

2 end spacers for peak field reduction (1%) and
field quality

| Ferracin, Ambrosio et al |
UsS
=y HL-LHC
a AUP

-



LHC low-B quadrupole support structures

Cold mass OD from 490/420 to 630 mm

More than double the aperture: from 70 to 150 mm
~4 times the e.m. forces in straight section

~6 times the e.m. forces in the ends

MQXA MOXB MQXF

Y TR,

S

O

SE=E

In scale

| Ferracin, Ambrosio et al |
HL-LHC
AUP_
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Q1/3 Cold Mass Assembly

= The LMQXFA Cold Mass (Q1/3) is the He pressure vessel assembly containing 2 MQXFA
magnets

=  MAWRP 20 bar differential @1.9K & pneumatically tested @ 25 bar (rm. temp.)

= Material for shell, beam pipe & end covers is Low Co (<0.1%) 316LN (supplied by CERN)

MQXFA Magnets

Cold Mass Supports
End Cover

> Heat Exchangers
“Cold Mass Supports J

Beam Tube

CLIQ Leads & Instrumentation Ports

APS-DPF 2019 Northeastern University



Q2 Cold Mass Assembly

Instru mentation/

Bus bars



AUP Magnet Scope

Magnet
(MQXFA)

Magnet

12 Q1/Q3 Cryo-Assemblies
1 prototype (not tunnel bound)
1 pre-series
9 series production
re-building one Cryo-
assembly assumed

~ Cryo-assembly
(LOXFA/B)




Tests and Test Facilities
Vertical test of 27 magnets

et )

e

t Test facilit




Short Model Magnet Tests

= Exceeded ultimate current

= Training was stopped to increase preload
= Demonstrated temperature margin
= Demonstrated excellent memory

Quench history of MQXFS1
tested at FNAL VMTF

o]
=

o]
o

oy
w

Ultimate: 17.76 kA, 12.3 T on Coils

[y
co

=
~

———em e e mm e e e ==

Nom.: 16.47 kA, 11.4 T on Coils

[y
()]

QuEnch current (kA)

[=Y
S

©-1.9 K, 1st thermal cycle
4.2 K, 1st thermal cycle
€-1.9K, 2nd thermal cycle

Jary
w

ey
o8]

123 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
Training quench #
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AUP Prototypes Technical Status (cont.)
; MQXFAPL | [gonedon MQXFAP2

Fractured Shell due to

21 | Short-sample (S1-A1), 1.9K: 21.5-21.6kA | due to IaCkIng 18000 oo oooooooooooooooo- Impl‘OpeI: Mach_lnlng
HiPot Procedure = COIL 102 AS-A7 and lacking critical QC
20 = COIL 102 A7-AS
17000 + COIL 105 A8-AS
19 ® COIL 106 A5-A8 Nominal Current = 16.470 kA
_ u COIL 104+105 HALF 4.5 K
R T e e < 16000 ® COIL 106 B4-83
£ 49 i~ 4 COIL 104 AS-AS
§ """"""""""""""" E15000 A4
516 = . 100A/s 150 Afs
£ =] * A . \ /
g1s z e ® * 4
S 14000 . " e S 4
fro] u oA
14 = R . .
(=} ° s
13 ==—=MOQXFS1, 1.9 K, 1st thermal cycle 13000 / "
50 Afs A b A '\
-4-MQXFAP1, 1.9 K
12 Q m— 45K — 25K — 1
12000 ALL QUENCHTESTS WERE AT 1.9 KAND 20 A/S UNLESS OTHERWISE INDICATED.
11
0 g 10 15 20 25 0 1 2 3 456 7 8 9 10111213141516 17 18 19 20 21 22 23 24 25 26 27 28 29 30
QUENCH #
Training quench # M QXFAP 1 b
18000 . _ o
A Ultimate Current = 17.890 kA
160 A/s 10% roll-off
A 20 A/sin steps w/ waits 10% roll-off 4.5k
17000 L A 160 A/s t0 16470A 5% roll-oft /"
A A A A A A .
""" D RO el S ey O S e S Degraded LARP (P03) Coil
< 16000 (] A A 4 A A
: ] 20 A/510% roll-off 4.5K 20 A/s10% roll-off 4.5k
E [} 20 A/s with 16550A target current A A
(-4 15000 A (included 20% rolloff to ramp)
[
2 160 A/s 10% roll-off 4.5k
=]
§ 14000 zoAlswithm\oﬂAslens
g A A /lﬂk/sm%mllrn"
g 13000
12000 e COIL P06 INNER LAYER POLE TURN TRANSITION SIDE STRAIGHT SECTION A7-A8 20 A/sin tans wl wais
 COIL P0G INNER LAYER POLE TURN NON-TRANSITION SIDE STRAIGHT SECTION A5-A6 A 7/
A COIL PO3 INNER LAYER MULTITURN BLOCKS A2-A4
11000

01234567 8910111213141516171819202122232425262728293031323334353637383940
ALL QUENCH TESTS WERE AT 1.9 K AND 20 A/S EXCEPT AS NOTED QUENCH #

=  Next Magnet (MQXFAOQ3) tested in ~October ‘19
= Following (MQXFAO4) in early CY20

APS-DPF 2019 Northeastern University




AUP Crab Cavities

OUT — “Crabbed” Bunch

Non crabbed bunches
Non head-on collisions

Time-dependent
Electric Fields

Crabbed bunches
Head-on collisions

IN - Straight Bunch

| Berrutti, Ristori et al |
- US
HL-LHC
AUP_
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RFD cavity design

Line Graph: Electric fleld, x cemponent (V/m)

— . == . LAR'P prototype design is a fully integrated RFD Electromagnetic Design —
// N ; design Zenghai Li (SLAC)
/ \ ] = Operates in TE , like mode
J,‘.»’f \\\ ]om Crabbing in horizontal plane Frequency 400.79 MHz
; ' \ {1 - Meet the compactness requirement for LHC Aperture 84 mm
s | ¥ Nearest
o3 oz T 0z o3 19 m :, g HOM 633.5 MHz
Ex field on axis E,’ 36 MV/m
Line Graph: imaglemw2.Hy) (A/m) m R
— B, 6.2 mT
/
.- f \ [R/Q], 429.7 Q
% o // N .
N I N — Geometrical
;oo \\ / ] Factor (G) 106.7 @
o N : Second LHC RR, 4.6x104 | Q2
o R B i
beam pipe i AtE”=1.0MV/m
. . VMOMP:H H F|e|d
Hy field on axis o V, 3.4 MV
Vt — J(EX—ZOHy)eikZdZ Ep 33 MV/m
(DN3SCF) Bp 56 mT

Beam Port
(DN100CF)
FPC Port

NbTi
(ONG3CF)  adapter Ring

| Berrutti, Ristori et al |
- US
HL-LHC
AUP_
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Scope and Deliverables

RF Pickup
H-HOM

Bare RFD Cavity Dressed RFD Cavity RF Ancillaries

(front wall removed to show internal components)

= Dressed RFD Crab Cavity
= Project Scope includes 2 Prototypes + 2 Pre-Series + 10 Series
= Bare Cavities: Intermediate Qualification at FNAL at 2K
= Assembly: Bare Cavity + Magnetic Shields + Helium Tank + RF Ancillaries
= Dressed Cavities: Final Qualifications at FNAL at 2K + RF Ancillaries
= Shipped to CERN ready for integration in cryomodule (CERN scope)
= Delivery of (10) qualified dressed cavities (objective KPP)

| Berrutti, Ristori et al |
HL-LHC
AUP_
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RFD-LARP-001 bare performance

= Validation of 400 MHz RF system and capability of testing RFD
cavities at FNAL, outperforming JLAB test results.

Q, and V, exceeded FRS values, bare cavity performance verified at

10" ! , . T T ! ! T 10° Q0:12E10

m  Q,meas.

1['10 L

_ _ 4 Spec. /
I-'Iﬂ-h-.n-—---i—iu__‘ J

& | Requirement "

10°
10° ¢ = < rad TOP
QO-—3.9E9 5 | x mdBoTTOM |
Vi=4.1 MV =
x® M + 2;;: * xx X:é” # ; * ::
® " L 5
10° : é’? &iﬁﬁﬁx‘*" S M B R K vl P 102
0 05 1 15 2 25 3 35 4 45 5
Vv, Mv]
0 10 20 30 40 50 60 70 80
e (1)
0 5 10 15 20 25 30 35 40 45
E_ [MVim]

| Berrutti, Ristori et al |
HL-LHC
AUP_
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Bare Cavities Processing and Testing Plan

= Buffered Chemical Polishing is suitable for RFD cavities: complex
shape and relatively low peak fields make BCP favorable over EP.

=  Standard SRF Cavity Cleanroom and Heat Treatment Techniques
can be adapted to work on RFD cavity geometry.

v MV 41 Peak field
_ \ . ot

Peak Fields of RFD imitation
Cavity ~50% of state of E MVim  39.3 40
the art B mT 67.9 70

p
* 3.4 MV nominal voltage

Bulk Hydrogen | RF Tuning Light High 1ZOC+bake
Surface Degassing : Surface B e Cleanroom
Chemistry (UHV Heat (ONLY if Chemistry Rinsing Assembly Vertical
Testing

(>100 um) Treatment) needed) (<40 um)

| Berrutti, Ristori et al |
- US
HL-LHC
AUP - APS-DPF 2019 Northeastern University




Validation Activities (LARP+AUP)

=  Upgraded & Validated FNAL Vertical Test Stand for Bare Cavities
= Thanksto FNAL + LARP investments

=  Upgraded rotational-chemistry tool/facility at ANL

=  Successful cold-tests on LARP prototypes
= Exceeded requirements of field and quality factor
= Also with H-HOM damper installed

=  Newly fabricated HOM dampers at Jlab

=  Placed PO for bare cavity prototypes
= Includes options for pre-series and series

Rotational Chemistry tool at ANL
(Response to CD-1/3a
recommendation)

LARP prototype in FNAL VTS facility

| Berrutti, Ristori et al |
HL-LHC
AUP_
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Heat Treatments + Cleanroom Assy Validation

10" ; : : 1102
Rad top [mR/hr] m  Qpmeas |1
% Rad bottom [mR/hr] ¢  Spec
* i 10!
o 3 —
1010 F -ll--.-.-- 3 z
] &
®
o ’ < =
o x 110" §
o
o
109 F ‘ 1 ¥
i 3107
"”"'%"xxzix Z L w % ok "
108 O of S e P L T TR
0 1 2 3 4 5 <]
v, MV
0 10 20 30 40 50 60 70 80 20
L | I Bpeak Il:mT] | I
0 10 20 30 40 50
E oo MV/M]

RFD-LARP-001 exceeded requirements for HL-LHC

120'C Bake (FNAL) VTS preparation (FNAL)

| Berrutti, Ristori et al |
HL-LHC
AUP_
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RFD cavity + HHOM and VHOM validation

= RFD2 cavity has been successfully tested with all RF ancillaries at JLab.

= HHOM RF leakage has been resolved Q, exceeds requirement, guench
Vtis 5.5 MV>4.1 MV.

=  HHOM and VHOM dampers design has been successfully tested.
=  Fundamental mode rejection has been tuned for both HHOM and VHOM.

10” 3 T T T T T 102

*  Radiation m Qg meas.
’ Spec.

?H“‘-l-ﬂ--l'l-"-iiﬂﬁ‘-h xii
r P

- x 2 10°
'h
®

Rad [mR/hr]

Regular gasket on HHOM coupler (left)
and RF gasket (right)

Measured: _,.-

Q,=6.2E9
Requirement f @ s 6
: 60 70 = 80 90
Q,=3.9E9 o [
Vt:4'1 MV 6 1‘0 zb 3|0 4|0 5|0
E__ [MV/m]

peak

| Berrutti, Ristori et al |
HL-LHC
AUP_
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Summary

= HL-LHC AUP scope is to deliver to CERN:

= Fully tested 10 Q1/Q3 Cryo-Assemblies
= 10 qualified dressed crab cavities

= Magnets are being produced and tested
= Successful short model magnet program completed
= Long prototypes still need improvements

= Successful validation tests of RF Crab Cavities

= Successful cold-tests on LARP prototypes;
Exceeded requirements of field and quality factor

= RFDZ2 cavity has been successfully tested with all
RF ancillaries at Jlab

= HHOM and VHOM dampers design has been
successfully tested

HL-LHC
ij
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Back Up
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