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CERN-LHC: Large Hadron Collider
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CERN-LHC: Large Hadron Collider
 Ff&%:26.7 km
o ASTIRILF—(SPS): 450 GeV
* p +p Collision Energy:

e 7+ 7 TeV (design)

A L RREE#T (2008)
e 4+4TeV (2012)

BAMES. Z2X % in LS1 (2013-2014)
* 6.5+6.5TeV (2016)
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Timelines of LHC, SSC & Tevatron
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Timelines of LHC, SSC & Tevatron
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Timelines of LHC, SSC & Tevatron
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Timelines of LHC, SSC & Tevatron
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Timelines of LHC, SSC & Tevatron
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Timelines of LHC, SSC & Tevatron
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Timelines of LHC, SSC & Tevatron
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@ The Nobel Prize in Physics 2013
Francois Englert, Peter Higgs

The Nobel Prize in
Physics 2013

. e -

- e e s e r e ae e

ATLAS

201112 {s=7-8 TeV

Photo: Pnicolet via Photo: G-M Greuel via

Wikimedia Commons Wikimedia Commons

Francois Englert Peter W. Higgs

The Nobel Prize in Physics 2013 was awarded jointly to Frangois Englert and
Peter W. Higgs "for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at
CERN's Large Hadron Collider”
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LHC and Injectors

CERN Proton Accelerator Chain CERN focelerators

e LHC: 2 x (0.45 — 7) TeV

* SPS: 26 - 450 GeV . 0.999999c¢ by here

PS:1.4-26 GeV

o
-
Y2
o
©
=
Qn
-
-
Q)
®
<

0.87c by here

o
.
S
o
(@]
N
@
U1
o
<
®
<

|

AD: Antiproton Decelerator
ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy lon Ring

CNGS: Cern Neutrinos to Gran Sasso

Start the protons out here
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LHC: 7—V 8B EERF AL (FHRR)

e 8 Arcs

— 23 * asingle cell: a FODO lattice (90° phase advance)
— Assingle cell includes: 6 dipoles + 2 quads.

— Two beams separated by 194 mm.

e Concept of “2in 1” dipole and quadrupole magnets CMS

106.90 m

g § &

-

B
2
.

msce [l
MCDO
MCDO
MCS

MSCB

0
g
=
[}
=
o
=

* Dispersion Suppressor
e 8LSS(~530m)
— 4 experimental insertions
— 1 for beam accelerations (RF)
— 2 for beam collimation
— 1 for beam dump

TI2 TI8
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LHC: 7—VE EERFEAR (HRA)

* 8 Arcs
— 23 * asingle cell: a FODO lattice (90° phase advance)

— Assingle cell includes: 6 dipoles + 2 quads.
— Two beams separated by 194 mm.
e Concept of “2in 1” dipole and quadrupole magnets

106.90 m

b ::-:-::O-:II:I:-::--J =)

* Dispersion Suppressor
e 8LSS(~¥530m)
— 4 experimental insertions

MCDO

MCDO
MQS
MSCB

MSCB

MO, MQT,

— 1 for beam accelerations (RF)
— 2 for beam collimation
— 1 for beam dump

ATLAS
i " , P — T o
ot 2 Q3[| 01 o] 05 06 [[“ 07 |
N TAS  NOXA  MOXB VUK{E.‘" X MBXW TAN MBRC  MQY QUL MONL :" ‘ DFpA ”‘:‘V. 1’ ME
Sl I 1 BB
ﬂ Ly = g = TI2 TI8

A‘j‘;: 10 ) o o XQJ£ LL’:’:. ‘ ‘ J J JE]K“ T%‘Ljﬁb
= 0 26! AR 22 B - 245 L2834 nal ()1 22 ()1 2424 1162
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LHC: A2 R LIS DR AR

= .'r l‘. “ . 4 .hf'
L > Ly

s

Main 400MHz RF
Accelerating System
(Four-Cavity Cryomodule)

TI2 IR1T T8
2017/8/1 TUOLPO2, F14E B AIRFBESES (FLiBEKXE)
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LHC: A2 R LIS DR AR

Main 400MHz RF
Accelerating System
(Four-Cavity Cryomodule)

Offset
(@)

Collimation: betatron (IR7),
off-momentum (IR3)

TI2 IR1T T8
2017/8/1 TUOLPO2, F14E B AIRFBESES (FLiBEKXE) 20



LHC: A2 R LIS DR AR

Septum magnet
deflecting the iy,
extracted beam  H.v kicker

for painting Beam Dump
the beam Block

'ﬁ\ about 700 m
T

I R5 Fast kicker

magnet

Main 400MHz RF
Accelerating System
(Four-Cavity Cryomodule)

Offset
(@)

Secondary halo
[
v beam & halo
L 3
IR8 | R
- [ "

IR7 LHC arcs >

Collimation: betatron (IR7),

TI2 IR1T T8
off-momentum (IR3)
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LHC{R R B E DB G

50K 20bar

HeH R/ (T
High Luminosity
Value Unit

Injection field (0.45 TeV beam energy) 0.54 T
Current at injection field 763 A
Nominal field (7 TeV beam cncrgy) 8.33 T

_| Current at nominal field 11850 A
Inductance at nominal field 98.7 mH
Stored energy (both apertures) at nominal field 6.93 MJ
Ultimate field 5.00 T
Current at ultimate field 12840 A
Stored energy (both apertures) at ultimate field g.11 M)
Maximum quench limit of the cold mass (from short samples) 9.7 T
Operating temperature 1.9 K
Magnetic length at 1.9 K and at nominal field 14312 mm
Distance between aperture axes at 1.9 K 194.00 | mm
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LH Cﬁ rﬁl J% ﬁﬁ‘fﬁﬁﬂ*ﬂimﬁ b ei= P . - TIAUAUME b

- BEESR(EERE)
T MAIEREBIHe Rt (T

S BEEHS—N (ML)
B s _

g HBEEaMIL
\— E—Ls4F (<1077 Pa)

__——— AYH LR o«
L #3—

T EZER (<1074 Pa)

T BEHEY—ARETUH)

~

/ ~—— AUXILIARY BUS-BARS

S ATULRNT—

o BEAM SCREEN

\ \\— IRON INSERT
50K 20bar Ny
HeH R/IN(T B

~— INSTRUMENTATION WIRES

Low B (pp)
High Luminosity

------------- 5 ) oS =S S FILLERPIECE

R
— T BEEARUERR)

i oA

T BR—RRRE

Value Unit

Injection field (0.45 TeV beam energy) 0.54 T
Current at injection field 763 A
Nominal field (7 TeV beam energy) 8.33 T

_| Current at nominal field 11850 | A
Inductance at nominal field 98.7 mH
Stored energy (both apertures) at nominal field 6.93 MJ
Ultimate field 5.00 T
Current at ultimate field 12840 A
Stored energy (both apertures) at ultimate field 8.11 MJ
Maximum quench limit of the cold mass (from short samples) 9.7 T
Operating temperature 1.9 K
Magnetic length at 1.9 K and at nominal field 14312 mm
Distance between aperture axes at 19K 194.00 | mm
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BiRE — LI AiER A

Q1 & Q3 (MQXA): BZRBF(16E)
Q2a & Q2b (MQXB):KkE 7Lt (165)

BISAEE =215T/m, a(/)LOF=70mm ~9T
MAEE=550r6.37m, B2 E=1.9K
IRERIF <1 unit (107)

E—LHNoD AR : ~10 W/m
EEMARE . K2
BEETr—J)L EAET

REBITLRE: TXE37740T30F27
ERiEE: FREEM
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03 TASB
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A & \// A N O ——
.[ [ % J-f v
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LHC / HL-LHC

EVETS RS LS2 14 TeV 14 TeV
13 TeV 13.5-14 TeV energy
injector upgrade Sto7x
splice consolidation Cryo RF P4 cryolimit _ nominal
7 TeV 8 TeV e T - S—— DS collimation P2 inrtyeraction i HL LH(.: luminosity
R2E project P7 11 T dip. coll. regions installation
Civil Eng. P1-P5 T\
2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 202 |||]|] 2087
ATLAS - CMS upgrade radiation
experiment phase 1 damage ATLAS - CMS upgrade
beam pipes 2 x nominal luminosity . phase 2
Eﬁin al nominal luminosity ] ALICE-LHCb upgrade p—"" b
luminosity

K EXd j 150 b | 300 b1 i

20122FEDJ/HA I/ T4

- L B L
o 30~ ATLAS Online Luminosity ~\s=8TeV —
E " [ LHC Delivered ]
8 250 []ATLAS Recorded ]
£ 20 - Total Delivered: 23.3 fb” B
%’ - Total Recorded: 21.7 b’ 3
o n .
15 -
<) - ]
2 C ]
= 10 -
3 L ]
o — —
A - _
SE ]

0 - T b e b by .

26/03 31/05 06/08 11/10 17/12

Day in 2012
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RTSGARRTBR AU LRBER (2008FE9 8 )

— BEHGIONAFHRIARAR., vk () N ES
— DIVFHRHBIZAE
- BXGEBEIRILF—
. XK
— 2012F TlEaTeV(EREHEKDA/7) IZFIFTEER
— "consolidation” in LS1(2013-2014)
— HCETOHARBEHRENTER /U5, v MEMN
— ZOMOBUE (AR, ZREHF) +QA
> 2015MBIRILF—IEN : 4TeV > 6.5~7 TeV

Defect B:

Soldered splice with
outside void and/or
lack of bonding

NSBC (Non-Stabilised Bus Cable)
Defect C:

Badly soldered splice
(R>0.3 nQ) with inside
void and/or lack of bonding

Defect D:

Splice with void and/or
lack of bonding and
small amount of SnAg
in vertical gap

-
-

-

Wl -
7w

-

AT B OO . 2
2017/8/1 TuoLPo2, % IR DIRF Fo(tis a1




The main 2013-14 LHC consolidations

1695 Openings and Complete Consolidation of the Installation of 5000 300 000 electrical 10170 orbital welding
final reclosures of reconstruction of 3000 10170 13kA splices, consolidated electrical resistance of stainless steel lines
the interconnections of these splices installing 27 000 shunts insulation systems measurements

-

PN
L4

Fan B 7

18 000 electrical 10170 leak tightness tests 3 quadrupole magnets 15 dipole magnetstobe  Installation of 612 Consolidation of the
Quality Assurance tests to be replaced replaced pressure relief devices 13 kA circuits in the 16
to bring the total to main electrical feed-

1344 boxes
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LHC 2016: Production year

Peak luminosity > 1.4 x 1034 cm2s!
~40 fb! in both ATLAS and CMS
Higher Integrated Luminosity:
“Peak Lumi.” & “Efficiency of Stable Beams”

LHC integrated luminosity by year

40

w
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N
(92

—_
()

Integrated luminosity [fb™]
—_ N
o o

5

0

20-Apr 14-May
F. Bordry

2017/8/1

2012 8 TeV

2011 7 TeV
015 13 TeV

2

7-Jun

1-Jul

25-Jul 18-Aug 11-Sep 5-Oct TZQ-OCt 22-Nov

Commissioning
TUOLPO02, 148 B ANRF/FESR

LHC 2016 RUN (6.5 TeV/beam)
. IATI—ASI T 1 T T A 1
160} a cms
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Peak luminosity (10 cm2s™!)
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o
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N
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[ 2
(o]
>
(3
[ 4
00

0 IO iy & 48 s AL L LS ; (&
Apr May Jun Jul Aug Sep Oct Nov
Month in 2016

Pre-Cycle
2%
Fault / Downtime
26%
Stable Beams
49%

Operations
23%

=153 days physics =3738.7 hours

Duration [h]

|
Stable Beams | 1839.5
Fault / Downtime | 980.0
Operations | 857.9
Pre-Cycle | 61.3

TS1 - TS2 : stable beams 58 %
TS2 - TS3 : stable beams 54 %
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LHC / HL-LHC

LHC o HL-LHC

LS1 2L3AE) 13.5-14 TeV — 14 TeV 14 TeV

13 TeV energy
injector upgrade Sto7x
splice consolidation Cryo RF P4 crvolimit i nominal
7 TeV 8 TeV button collimators DS collimation P2 inrt):araction . HL LH(.: luminosity

R2E project P7 11 T dip. coll. regions installation

Civil Eng. P1-P5 _\
2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 202 |||]|] 2087
ATLA MS upgrade radiation
experiment phing 1 damage ATLAS - CMS upgrade
beam pipes 2 x nominal luminosity . phase 2
75% nominal luminosity ALICE - LHCb upgrdeg  p—— !

nominal

luminosity /
s (30 b | We are g 300 fb" e

here!

Run 2 Performance (2016 Chamonix)

Peak lumi Days proton Approx. int
E34 cms! physics lumi [fb1]

2015 ~0.5 65 3

Z0ME Achieved 1.4 153 ~40

2017 (Plan) 1.5 160 35
2018 (Plan) 1.5 160 35
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LHC Limitation

SPS beam-dump
» # of bunches per injection limited to 96
» Total number of bunches: 2200

E—

° TIDVG#4 installation (and TIDVG#3

gaa removal) will be installed and bake-
BT out in tunnel foreseen to be finished
Sam by early April 2017 (ready for beam

4 _ o operation).
LHC Injcti kickers
» Outgassing from ceramic
» Bunch population limited to around 1.1 x 101

IT Cryogenics
» Guaranteed cryogenic power is 250 W

> Loqx=1.75€3 cm? s1 for 6.5 TeV
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Electron cloud

> Still significant heat-load within iéiii
cryogenic limits 305

» Dynamics — well handled by cryogenics
feed-forward — no impact on operations

g
=]

Energy [TeV]

in the present conditions ‘f§°
> Conditioning takes place parasitically at &%
flat-top during physics! ~EE

CHENWABUVLON®




2016 Training Campaign in sector 34 and 45 o

S. Le Naour

- Training of magnetsin $34 and $45in 2016 *
179 magnets trained 3% 15% 12200
i * All natural traini hes of MB t listed.
9 ﬂat tOp quenCh @11080A durlng HWC 55% In sonmaeLcliracuirlaer\]':r?t:u;zcrei;gn lnaT:rir;irZiigzg ;‘:ench was recorded.
9 magnets quenched twice; 1 magnet 3 times Training target 2016
2014/15 training quench campaigns 12000 bessssssscsstEEcEEEEEEIEIEEEEEEESI SEESEEEEEES]
. - z : v : 7 TeV
®-512 -2014/15  --S23-2014/15 ®-5S34 2014/15 SABLLP0IA/AE 00 | mmmam e SRR REESH
41500 8556 -2014/15  -e-S67 -2014/15  -e-S78-2014/15  -e-581 - 2014/15 11800
< *-534
11000 £ 11600 20 A/ q s45
5 42 A
- /q o 6.75 TeV
10500 g 11400 re======== i e e
g o =
o4 o e
10000 11200 J.:‘“
7/ Training level March 2016
Operation 2016, 6.5 TeV
S5 11000 o o oo cccccccccccccememmee] peration £0.9, 9.9 1€V __ |
9000 10800
0 5 10 15 20 25 30 35 a0 as 50 ° =0 e 30 .
Quench number
2014/2015: 4 TeV => 6.5 TeV 2016: Towards 7 TeV
179 quenches in 3.5 months 32 quenches in 10 days

« The phenomenon looks more statistical than weak identified magnets.

« Estimates based on the model: 500-600 quenches (include second quench)
are needed to reach 7 TeV. (E. Todesco)

NO change of beam energy (13 TeV) in 2017 and 2018
Goal is to prepare the LHC to run at 14 TeV during Run 3.
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LHC 2017 : Parameters and Plans "™

parameter T peign | ams | 2016 a0
Bunch population N, [10! p] 1.15 ~1.2 ~1.1 ~1.2

No. bunches k 2780 2244 2220 2556
Emittance € [mm mrad] 3.5 ~3.5 ~2.2 ~2.2

B* [cm] 55 80 40 40 (33)

Full crossing angle [urad] 285 290 370 /280 300 (340)

Peak luminosity [103* cm2s] 1.0 0.51 1.4 ~1.7 (1.9)
Integrated luminosity [fb] 4.5 40 ~ 45

Push LHC performance (145 days of physics)

Mitigate e-cloud by scrubbing with longer trains
Increase the number of bunches => 2556

Continue to increase performance

Increase the bunch intensity

Possibly decrease the B* from 40cm to 33 cm and
to maintain availability ~50%

Prepare for HL-LHC
Run with ATS optics (Achromatic Telescopic squeeze)
Test levelling schemes (crossing angle, )
Use full RF detuning

2017/8/1 TUOLPO2, #14[E H AIMEBFEFEL (LiBEKF) 38



LHC 2017 R

— — <L 60 N
2 F o L ®
> 40 -~ O
F - 2 s Run 1 \ \:\-\\ Run 2 ]
35— (@] SHHUIGO
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E — = : \ .......
3 30:— § 40_—
E 25— E -
s E 30—
3 20F g [
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15F 20—
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= 201 : N
0 L 1"/‘Id/|—:0 51 O_AM/II 1 1 1 I 1 1 1 I 1 1 1 I IJI 1 1 1 I 1 1 1
02-Mar 02-May 01-Jul 31-Aug 31-Oct 31-Dec 2011 2012 2013 2014 2015 2016 2017

Peak Luminosity

175

'-": Preliminary .
N 150 || e ATLAS ... of
- Very steep performance ramp up E |achs, ryFo | 5882
r‘;«; 125 a ALICE ? o
- 2556 bunches 2 »
- Peak Luminosity 1.58 1034cm2s! s e
(fill #5882) £ X
- Integrated luminosity : 6.4 fb™ . o ‘
057.0.0_._-_'_'_5?50 5800 5;5;
Fill Number
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LHC / HL-LHC g itum Y A

LHC . HL-LHC

LS1

EYETS LS2 14 TeV 14 TeV
13 TeV = 13.5-14 TeV energy
injector upgrade Sto7x
splice consolidation Cryo RF P4 crvolimit _ nominal
7 TeV 8 TeV button collimators DS collimation P2 inrt):araction ) HL LH(.: luminosity
— R2E project P7 11 T dip. coll. regions installation
Civil Eng. P1-P5
2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2003 | 2024 | 2025 | 202 |||]|] 2087
ATLAS - CMS upgrade radiation
experiment phase 1 damage ATLAS - CMS upgrade
beam pipes 2 x nominal «xghinostty phase 2
;g?nbinal nominal luminosity ] ALICE-LHCb upggfde p—""

luminosity
30 7o | 150 b D

p
(0 Technical limits to

lumi increase
(Machine &
Experiments)

HL-LHC: High Luminosity LHC
Target: 3000 fb1, 5x1034 cm™2 sec™!
(Nominal LHC: 300 fb1, 1x103* cm sec)

2017/8/1 TUOLPO2, H14E B AINMERFEES (ALBEKRE) 43



Upgrading Scenario

Beam current

For Higher Peak Luminosity

L * Increasing beam current X5.5
e LHC Injectors Upgrade (LIU)
Energy Beam Size * while keeping small emittance...
0o 2  Smallp® x 3.7
R=1/ |[1+] == * New IR magnets
20

* Large aperture Quads and
beam separation dipole

* Matching section magnets

Geometric reduction factor

H‘g ZLO[IO34 cms”'] “Levelling Scheme” - Strong correctors
n : - : :
qu Iio leveling w pea } '\ ° NEW OptiCS & LayOUt
2x10%%¢m2s"! . .
o b |\\ :\ | « Achromatic Telescopic Squeeze
S 10 : \ |\ * New crossing angle
> . \ \ ° ° ° 3
= \ " Selbenas \ | \ | * Enhancement of collision efficiency
8 o 1 e ; 7 i—g_ T }! | average no level C b c 't' f IR
= - = : SR * Crab-Cavities tor
£ Pt b If not, x 1/2.8
S |
-

o 5 10 15 20 25 30¢[h] * Suppression of Pile-Up events

Ope. Time (hour) * Leveled by detuning of optics
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Works around the LHC Ring {yenees  cvoers

e, : @i @4.5K 11074
& = ) GENECVL CAVITES « CRABE » ()i Bl AL

2 nouvelles galeries de 300 métres et 32 cavités supraconductrices (3 kW@ 1 '9 K) ( ! !)

2 puits prés d’ATLAS et de CMS. « crabes » pour chacune des
expériences ATLAS et CMS pour

orienter les faisceaux avant les

collisions.

L. Rossi

“High Luminosity”

4

Significant increase of beam stored
energy, heat loads, radiation

* 11 T Nb;Sn Dipole and LEN collimator
* New service tunnel: “Double Decker”
* SCLink (MgB,), R2E,

* New cryogenics plants

AIMANTS DE FOCALISATION
12 aimants quadripéles plus puissants

2 pour chacune des expériences ATLAS
ATLAS \ et CMS pour concentrer plus fortement
les faisceaux avant les collisions.

e Tungsten beam shield
® Etc XX ]
LIGNES SUPRACONDUCTRICES AIMANTS DE COURBURE
Des lignes de transmission électrique a base COLLIMATEURS 4 paires d’aimants de courbure
d’un supraconducteur haute température 15 a 20 nouveaux collimateurs et 60 collima- dipéles plus courts et plus
pour transporter le courant vers les z,nmants teurs remplacés pour renforcer la protection de puissants pour libérer de la place
depuis les nouvelles galeries prés d’ATLAS la machine. pour les nouveaux collimateurs.
et CMS.
11 T NbsSn Dipole and LEN collimator
2017/8/1 TUOLPO2, £14[E H A IERHFFRER (LEEKXRT)
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HL-LHC Organization

MEMBER STATES COLLABORATIONS*

IR Magnets

CEA Saday: P. Védrine, J-M. Rifflet, H. Felice

CIEMAT Madrid: J-M. Perez, F. Toral

INFN: A. Zoccol?, G. Volpini®, P. Fabbricatore®

Uppsala University: T. Ekelf

UK: R. Appleby® (Spokesperson & Collimation),
G. Burt® (Crab Cavities), S. Gibson’ (Beam Instr.),

¥.¥ang® (Cold Powering)

HL-LHC PROJECT MANAGEMENT

Project Leader: Ludio Rossi, CERN
Deputy Project Leader: Oliver Briining, CERN
Project Office Manager: Laurent Tavian, CERN
Configuration, QA, Resource Manager: Isabel Bejar Alonso, CERN
Integration: Paolo Fessia, CERN
Collaborations (in-kind): Beniamino Di Girolamo, CERN
Budget Officer: Benoit Delille, CERN
Safety Officer: Thomas Otto, CERN
Communication: Isabel Bejar Alonso, CERN
Secretariat: Cécile Noels, CERN

L. Rossi

NON MEMBER STATES COLLABORATIONS'

US HL-LHC AUP® - USA
Project Manager: G. Apollinari, FNAL
Deputy Project Manager: R. Carcagno, FNAL
Magnet Systems
G. Ambrosio, FNAL
Crab Cavities System
A. Ratti, LBNL, L. Ristori, FNAL

KEK - Japan
LHC Upgrade Coordinator: K. Tokushuku
SC D1 Magnet: T. Nakamoto

Gianluigi Arduini
Rogelio Tomas Garda

WP3 IR Magnets
Ezio Todesco
Paolo Ferracin

WP4 Crab Cavities & RF

Rama Calaga
\ Ofelia Capatina

[ \
( WP2 Accelerator Physics

J

WP5 Collimation
Stefano Redaelli
Roderik Bruce

WP6&A Cold Powering
Amalia Ballarino
Vittorio Parma

WPEB Warm Powering
Jean-Paul Bumet
Michele Martino

WP7 Machine Protection
Daniel Wollman
Reiner Denz

WPFS Collider-Experiment Interface
Helmut Burkhardt —F. Sanchez Galan

Sébastien Evrard

WP9 Cryogenics
Serge Claudet
Rob Van Weelderen

WF10 Energy Deposition & R2E
Markus Brugger — Francesco Cerutti

WP11 11T Dipole
Frédéric Savary
Hervé Prin

WP12 Vacuum
Vincent Baglin
Roberto Kersevan

WP13 Beam Instrumentation
Rhodri Jones
Adriana Ressi

WP15 Integration
& (De-)Installation
Paolo Fessia
Héléne Mainaud Durand (Survey)

WFP16 IT String & Commissioning
Marta Bajko — Mirko Pojer

WP17 Infrastructure & Logistics
Laurent Tavian
Beniamino Di Girolamo

% In kind contributions
* INFN Directorate

|
WP14 Beam Transfer

Chiara Bracco
Brennan Goddard

o 2011FFHL-LHCHI & 5% 5T, Phasha
Study” (CERN)

« CERNZHZEL T, ERIM.

— KEKDSN:

HSTEE . E—

e HL-LHCEHMfTLT, AFRT7YI I L—F7a /LU EES ' ]
— KEK (J-PARC)DZ0: wideband cavity using “FINEMET-FT3L” alloy, ¢ ’-'-"

solid state amp.
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Inner Triplet System at IP for HL-LHC

Connection to LHC (UL)
Service gallery (UR)

SC Links

b=

e i
’ BEX D1

2 Matching sectio”

* Insertion regions for IP1 & 5 will be totally replaced for upgrade.
* New magnet system (IT Quad., D1, Correctors) 70mm —> 150mm
* New Technology: Nb,Sn Quad., SC Crab-cavities

2017/8/1 TUOLPO2, H14E B AINMERFEES (ALBEKRE)

L. Rossi




IR Matching Section at IP for HL-LHC i Calaga

—

UA gallery

Service cavern

Cral "cavit jes
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IR Matching Section at IP for HL-LHC i Calaga

—

UA gallery

Cral cavities

Crab cavities

Double Quarter RF-Dipole (RFD) .
Wave (DQW) cavity  cavity at CMS (H) .
at ATLAS (V)

Service cavern

E— ¢

S—— = ~
Collimators '

Voltage = 3.4 MV /cavity (2 cavities /beam /IP side) — 16 total
Frequency = 400.79 MHz

Qexe = 5%10°, Qo ~ 10™°

RF power source = 80 KW (SPS < 40 kW)

Cavity tuning = +100 kHz (LFD ~ 0.5 kHz)

Operating temperature = 2.0 K

2017/8/1 TUOLPO2, H14E B AINMERFEES (ALBEKRE)
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Superconducting RF Crab Cavity First Prototypes

| + Q0 @ 1.98K < Radiation
21010 : : — . — 0.06
0 - 10%[L " DQW_SPS_001: March 2017 X Calibrationl :
M‘MA 6 x l()‘;’ 5 b
‘! "! 4x 1077 - —
- o =
2x10% =
AM‘ ()]
9
e e £
K ] o 6x10% <
O ax10t® %
. . _ 0
Operating point 2x10 g
E S I 8._
4 Sx]19'j i %
6x10"" ok i
4x 1077 p Ly
US-LARP DQW amll "
| H 2x10'7
B 10’
‘?’P' f Transverse Voltage [MV]
K 0 10 20 30 20 50 60
. Peak E-field [MV/m]
JO - BRI R FORIGETE <t SBROROKIIBI R B echint T o 20 20 %0 20 100 120

0 1 2 3 4 5 € Peak B-field [mT]
Deflecting Voltage [MV] T

February 2017 three (naked) Crab Cavities were tested: all

went well beyond the operating voltage of 3.4 MV
- One US-LARP DQW (tested at JLab) went up to 5.4 MV

- One US-LARP RFD (tested at Jlab) reached 4.03 MV.

- One CERN DQW (test at SM18) went up to 5.04 MV

Good results for the CC testing in the SPS in 2018

2017/8/1 TUOLPO2, £ 14E HAIERFEF S (LBEKRSE) o1



Cross Sections of IR Magnets

e 11 cross sections, 92 magnets (+spare)
e L : 0.I1mto8m

mech.*

Cross-sections in scale

 Development programs for all model magnets are underway.

HXhole
-

= HX hole

B Single collar
Protection lronyoke g - &
LN
~ heater, 2
5 insulation,

brass shoe

Iron stack /
tube -

Key
Main
Magnets
SS \
collar '5;;
crre 7 55 shel N e o
wedge Coil — = Auminum alloy ring
MBX MBRD
Inner triplet quadrupole (Q1-Q3) Beam separation dipole (D1)  Beam recombination dipole (D2)
@ T -
A = | 9 |
Cooling channel
Outer collar
Iron
MCSX/MCSSX MCDX/MCDSX
Corrector Sextupole Decapole
Magnets

Inner collar

blocks
MCQSX MCOX/MCOSX MCTX/MCTSX
MCBXF Skew quadrupole Octupole Dodecapole
Orbit corrector at Q2 and CP corrector at CP Non-linear correctors at CP
[

e -

2017/8/1 TUOLPO2, F14RIHAIERFEES (ALiEEKE)

MQY
2-in-1 quadrupole (Q4)

MCBRD
Orbit corrector at D2
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Nb,Sn Inner Triplet Quad.: MQXF
Bruker :gl'; strand, OST1I;I;/PlsGt;and,

Paolo Ferracin

* First demonstration of Nb;Sn accelerator magnet
generating a field>10T

» Important milestone toward High Energy
upgrades of LHC in future

» Difficulty: heat treatment at 660 °C, brittleness,
stress sensitivity, flux jump

* Target: 132.6 T/m

— 150 mm coil aperture, 11.4TB
* Q1/Q3 (by US-HiLumi Project)

— 2 magnets MQXFA with 4.2 m
* Q2a/Q2b (by CERN)

— 1 magnet MQXFB with 7.15 m

peak

» Different lengths, same design




MQXF: CERN Prototype Program

2017/8/1 TUOLPO2, F14EIHARAMRERFEES(ALEBEKX
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MQXF: 1.5 m Short Models . s.bi v s

Training quenches of models 01 (01b) & 03

22

21 | Short-sample (S1-53), 1.9K.: 21.50-21.33kA, 169.1-168.8 T/m, 14.6-14.6T |

20 } Short-sample (S1-S3), 4.3 K.: 19.55-19.40kA, 155.2-154.4T/m, 13.4-13.3T

19
— Ult.: 17.89KkA, 143.2T/m, 12.3T O'O
< 18
-
e T S~ I iy g Ol e py
% 16 | Nom.: 16.47 kA, 132 T/m, 11.4T) |
5 0
8 15
-@-VIQXFS1, 1.9 K, 1st thermal cycle
14 -8 MQXFS1, 4.5 K, 1st thermal cycle
-0—-MQXFS1, 1.9 K, 2nd thermal cycle
13 =& MQXFS1b, 1.9 K, 1st thermal cycle
-O-MQXFS1b, 4.5 K, 1st thermal cycle
12 -8 MIQXFS3, 2.1 K, 1st themal cycle
1 O MQXFS3, 4.3 K, 1st thermal cycle

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39
Training quench #

* So far, two short model (1.5 m long) magnets completed.
» MBXFS01b: training behavior looks good.
» MBXFS03: Not reaching to acceptance criteria.
» Good agreement with expected field quality in terms of
saturation, allowed harmonics and persistent currents.
2017/8/1 * In total, 6 short models will be developed until 2018. 55



MOQXF: 1.5 m Short Models

Average harmonics in the straight section at the nominal current

S. Izquierdo Bermudez

MQXFS1a MQXFS3a
Rer=50mm
b n b dn
3 -4.21 3.29 -1.02 -1.31
4 0.32 -6.49 -0.86 3.72
5 2.76 -0.87 -3.23 -1.70
6 0.95 0.52 -1.83 0.87
7 0.18 0.32 0.35 -0.27
8 0.25 -0.65 -0.16 0.33
S 0.22 0.33 -0.17 -0.11
10 -0.51 0.16 -0.30 -0.02

*Values are normalized w.r.t B, with a scale factor of 104,

* Good agreement with expected field quality in terms of saturation, allowed
harmonics and persistent currents.

* Some of the measured geometric field errors are above correction capabilities.

2017/8/1 TUOLPO2, #14[E H AIMEBFEFEL (LiBEKF) o6
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HL-LHC Beam Separation Dipole (DI)O

A series production

2 m model

Coil aperture

Field integral

Nominal field

Peak field

Operating current
Operating temperature
Field quality

Load line ratio
Differential inductance
Conductor

Stored energy
Magnetic length

Heat load

Radiation dose

150 mm
35Tm
557T

6.44 T (SS), 6.56 T (coil end)

12.0 kA
1.9K

<10 w.r.t B; (R,,~=50 mm)
75.4%(SS), 76.6%(coil end) at 1.9 K

4.0 mH/m

Nb-Ti: LHC-MB outer cable

340 kJ/m
6.33 m

135 W (Magnet total)
2 mW/cm?3 (Coil peak)

> 25 MGy

- 3.6

- 3:4 -

- 32

|

-,

I

[ 24

=1 Vet

-, | 4 blocks
= 44 turns

Technical challenges

 Large aperture: Management of coil size and pre-stress.

* Radiation resistance: Radiation resistant material for coil parts. Cooling capability.
* Iron saturation: Good field quality from injection to nominal current.

Plan of Japanese in-kind contribution (the budget is not approved yet. )
* Full scale prototype (magnet in cryostat): 1
* Series production: 6

2017/8/1

TUOLPO2, F14EI B AMERFEER

(dtiEEKE) 58



Development of the 15 D1 2m model at KEK @

Yoking | Shell welding | Copleted magnet

Some minor technical issues found. But they were basically solved, or
improvement will be applied to the 2" model.

2017/8/1 TUOLPO2, SE14BI B AIERFEES (ALIBEKRE) 59



Quench Performance: D1 2m Models 01 & 01b

16 o] 1.9 K, SSL

- - - -~ -"-—"—-"="-""-"="="-"="-"="-"-"=-"=-"=-"=-="=-"=-"=- = J2.1 K, SSL
2 14 L 2nd  2nd
é E 1 1.9 K, Ultimate
w 12} 1431 Sginal
c | .
S 10 |
- B 4

L. A -
3 g L4 s MBXFSO01,4.4K ]

- e MBXFS01, 1.9K y
< 5t A MBXFSO01b, 4.4 K k
2 °r e MBXFSO1b, 1.9 K :
Q 4t . MBXFSO01b, 1.9 K, No quench .
=3 [ ©  MBXFS01b, 1.9 K w fast ramping |
e} : ¢ MBXFS01b, 2.1 K )

2 | 5 MBXFSO01b, 2.1 K, No quench -
(¢ SPEFEPEFE EFEFEFEPE EFEFEFIFE EPEPEFEFE EPEFIFEPE ST B sH1BIEHALER?2]
0 5 10 15 20 25 30 395  ig&mE: TUOMOS, LHCEIBETYT Y L—FAiEEE
Quench number WA DBEFEG) - EL-ET VA ORGSR
* Model 01

» Unsatisfactory quench behavior due to insufficient preload at assembly.

. Decision to reassemble the model 01 with

e Model 01b increasing preload on the SC coil.

> Siﬁnificant improvement of quench behavior: reaching to the ultimate at
6" ramp in the 1% test cycle.

» Good training memory after full thermal cycle.
2017/8/1 TUOLPO2, 14 B AMERFEE R (LBEKXE) 60



MFM Results of Model 01 C

Field integral at 10kA
. RE__ |
b, @,
1 1937.51 253 6031.67 -0.46 2030.82 -28.55 10000.00 -26.47

. @& b, @ [eamiaEn

(1965.25)  (0.00) (6080.50) (0.27) (1954.25) (-17.11) (10000.00) (-16.80) romenen S pomT— —
2 0.25 —-2.50 —0.36 -0.23 0.25 -0.93 -0.17 —-3.67 41925 ~- 525 -525 ~+525 +525 ~+1925
0.00) (0000 _ (0.00)  (0.000 _ (0.00)  (0.00) 0.00)  (0.00) - A
s [ 926 | 024 [ 1876 | o020 [ 519 | 674 _ N (& )| ;
<7700 | ©00) | @1.41) | ©13) | (-550) | (5.74) ¥ . s st )
4 021 ~0.26 0.00 0.19 0.07 0.23 0.28 0.17 Magnet center
000)  (0.00) _ (0000 (0.00) _ (000) _ (0.00) _ (0.00)  (0.00)
5 [ -112 | -007 [ -1.14 0.05 142 | -052
(-1.73) | (0.00) | (-066) | (-0.02) | (-0.08) | (-0.52) [Ba(Ddz
6 014  -013  -004 0.03 —004  -0.02 0.06 -0.12 b,(I) = TB.(Ddz >
000)  (000)  (000)  (000)  (000)  (000)  (0.00)  (0.00) | Bi(Ddz
7 -134  -001 0.18 008  -0.62 0.36
(-1.49) (0.00) (0.20) (0.03) (-0.70) (0.39)
g 012  -012 -010 -008  -0.19 0.07 018  -0.12
0.00)  (000)  (000)  (0.00)  (0.00)  (0.000  (0.00)  (0.00)
9 -116 -006 -002  -009  -0.92 0.00
(-1.32) (0000  (009) (-001) (-1.01) (-0.15)
{0 006  -005 -008 -003  —0.08 0.02 -0.10  -006 Measurement

(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (-0.81) (0.00) (ROXIE cal.)

* ROXIE3D calculations generally agree with the measurement.
— Need improvement of ROXIE models for b, and b,

* Skew and un-allowed multipoles are sufficiently small.
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Beyond the LHC: the FCCs Luca Bottura

1ge © 2013 DigitalGlobe

LHC HE-LHC FCC-hh FCC-hh
27 km, 8.33T 27km, 20T 80km,20T 100km, 16 T
14 TeV (c.o.m.) 33 TeV (c.0.m.) 100 TeV (c.0.m.) 100 TeV (c.0.m.)

1300 tons NbTi 3000 tons LTS 9000 tons LTS 6000 tons Nb;Sn
0.2 tons HTS 700 tons HTS #%: 2000 tons HTS 3000 tons Nb-Ti




FCC Studies

FCC-hh new layout

A == L DS
Two high-luminosity L B m—L_sep
experiments (A & G) -""'Exr- — L arc
Inj. + Exp. Inj. + Exp.
Two other experiments T
combined with injection (L & B) '\14 k/
. m

Two collimation insertions

+ Betatroncleaning (J) J || B-col  «— 28km — extractionf}, D
« Momentum cleaning (F)
Extraction insertion (D) 1E
Clean insertion with RF (H) / l \
RF o-coll
Compatible with LHC or SPS S S0
as injector
H G F

—%/ FCC Study Status and Plans
J Michael Benedikt

M. Benedikt e

°_

“.‘

1350 700

3700

1890

,850 oS 1580

¥
)
o
A

New features:

* Overall length 97.75 km
* Economy length 2.25 km

* Injections upstream side
of experiments

* Avoids mixing of
extraction region and
high-radiation
collimation areas

Taking this layout as fixed
(for CDR preparation)

¥ ¢'/'\ 3 FCC Week, Berlin, 29 May 2017

2017/8/1 TUOLPO2, F14E B AMRBZESES (JLBEKXREF)
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FCC Studies

M. Benedikt

FCC-pp collider parameters

parameter

FCC-hh

HE-LHC

HL-LHC

Eur::CirCol

2017/8/1

TUOLPO2, F14E HAMZRZFESE L (JLiEEKE)

collision energy cms [TeV] 100 27 14 14
dipole field [T] 16 16 8.33 8.33
circumference [km] 97.75 26.7 26.7 26.7
beam current [A] 0.5 1:12 112 0.58
bunch intensity [10"] 1 1(0.2) 2.2 (0.44) 2.2 1:15
bunch spacing [ns] 25 25 (5) 25 (5) 25 25
synchr. rad. power / ring [kW] 2400 101 7 ) 3.6
SR power / length [W/m/ap.] 284 4.6 0.33 0.17
long. emit. damping time [h] 0.54 1.8 12.9 12.9
beta* [m] 1.1 ] 0.3 0.25 0.20 0.55
| normalized emittance [pm] 2.2 (0.4) 2.5 (0.5) 2.5 T
peak luminosity [10%* cms] 5 30 25 5 1
‘events/bunch crossing 170 1k (200) |  ~800 (160) 135 27
stored energy/beam [GJ] 8.4 13 0.7 0.36
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Conductor Development: 1500A/mm? @ 16T
Global effort Luca Bottura

1 1 ’ (-.‘X—) BOCHVAR INSTITUTE OF
| | BRU KER @ TVEL J INORGANIC MATERIALS
HL-LHC PROJECT : ( ) d 9 ISC UNIINM

1350 A/mm? @ 15T, 42K~ S

350

: ++-|:|'-F"
: +AEI
- 00
: +
& ; K %f f: **V* A A
@ : i +sz:*' V

. 1750 ﬁ\fmﬂf@o&st 4.2K
1400 A/*mmzi@ ]I:"GT 4.2K

150 : A —

SSb 340 350 3[60@ 1%¥oand%18.(2)2K,3[9A0] 400 410 420 4(‘30 2850 A/mm2 @ 121-, 4.2K
=~ 1250 A/mm? @ 16T, 4.2K

Kgso A/mm2 @ 16T,4.2K

200

R

1274 A/mm?2 @ 15T, 4.2K
=~ 1000 A/mm? @ 16T, 4.2K

FURUKRAWAR
SUASTEL.  O\FURuKaY

Western Superconlucting
“\T Technologies Co., &d KEK, i:":j(‘ E;ﬁj:/
TUOLPO2, B14E H AR IEBRFERFR > )




16 T Dipole Design
il

slocks IS y
|

74ktons  HIE LU 9.2 ktons

neoamoamow o1 0%2) 8fin, CEA

Common
coils

i |
F. Toral, CIEMAT

Canted
cos-theta

9.8 ktons

\\ iy

/]
S ‘)\’ \l 0%,
- W =
i £

iy,
s

A
i

\\x}‘-&\\\

S §\ Y
' N

= Mo o . //ll{l\ N S
\

4] DR :
o \/ ‘l{\_\\ 7R

140 160 180 200
V. Marinozzi, INFN B. Auchmann, PSI
All designs stable and optimized

» (recall initial estimate of 9000 tons)
Model magnet development from 2018
67

TUOLPO2, F14E HAIMRBRZFESEL (JLiEEKE)

2017/8/1



Efforts in US and China Luca Bottura

e e e - * US-MDP (2017-2019)
».Y/) Development Program Plan iy il Y | * HTS Development (Bi2212, REBCO)
s ‘ 15T CosO dipole (Fermilab)
« 10T CCT dipole (LBNL)

S. A. Gourlay, S. O. Prestemon
Lawrence Berkeley National Laboratory
Berkeley, CA 94720

Conceptual design of the SPPC 12-T magnet
with IBS and common coil configuration

 Magnet R&D for SPPC in China
e 12 T Common coil with Iron-
based HTS !!

Significant engagement
2017/8/1 TUOLP02, #14[EE in HFM technology

Q. Xu, IHEP
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F=EH

« 2016FDLHCEEE(L, FEFEICIRER
— 40fbl1@ 13 TeV, 1.4 e34 cm3st
— TRAICKDHHE. UFO. BFE. ITQuadD R REENTE DEERIRE. . .
2017 D BEREHE
— HB4&: 45fb' @ 13 TeV w/ BCMS beam, B* of 40cm, BE5hE50 %LLE.
— HANN——2JCEEAENDT=60. 2018FEFETDRun2lL, BFIRILX—6.5TeVTEES,

— EB—OI2/ T4 BRE—LIWNEBANDE —LABCAHRET 516, 1.7 €34 cm2s138
EIZHIBsh 5 RiAH

« CERNZHIDETHERMRAICKY . LHCEEE L7 YT L—F (HL-LHC) (TR /=B &R ET A3 HESD
BN TE=, 2016 ML (IR R IC[RER IR 1T,
— 5x10** cm2sec?, 250-300 fb1/year, 3000 fb!
— WMEAVATLANEAIEIZLS3(20245F~) , YEEER(X20265F~20374F ?
* HL-LHC[A [T & B IRBI R ORE AR ESTH
— NASAME, Nb,SNSHEIBUEE R (NEIR)) V5T ER (BEFE—L)

- SR, REFHNEXRTL-OORENLE: ARBIER., FoRIVER. BIRE/ RS
1UR%E., GE,

— KEK&EM: E—LYE. A, V57ERF. E—LEW., 774 Y NER (ASTES)
« KORE—LHEENIBREA (MBXF for D1)Z1H%, 2mETILHEAZATABEF.

o ISHITWEDIRILF—T7A T4 T INESR (FCC-hh, 100TeV) [ZAITT=-TFEEARLEHONTLVS
(EX 9 CERN, US-Labs., HZ) , 2018 £ TIZCDRZFEEH S,
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