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.. and of course many more !
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A recipe for all matter we standard mocel
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The LHC to produce beams...




... detectors to search for needles...

CMS

ATLAS

EXPERIMENT




... and find
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R. Brout and F. Englert, PRL 13(9), 321-323, 1964

P. Higgs, PRL 13(16), 508-509, 1964
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G. Guralnik, C.R. Hagen, T.W.B. Kibble, PRL 13(20), 585-587, 1964




Quarks

Mysteries — 1/2 [EK

’ - ‘.. ’
The mest fam|ljar‘force in‘our lives,
\gravity, does not fitin the Standard

Model. Is there a-GUT: to
comTame quantum and

\relat|V|ty theo‘*es ?

ds b T MES

The matter we kn@Wis oaly 5% of the
estimated:mass of the Universe.
Astrepomicalldbservations show the
universeiisidominated by unknown

mgrfgl%’hss dark matter and dark energy.

What are they ?

o .

Antimatter should have made up half

the early uhiverse, before annlhllatlng
~with matter to leave just.energy. Th

is maglfegﬂy not the pase




Mysteries — 2/2

380 kyrs: 200 Myrs: 9.2 Byrs: solar system 13.8 Byrs:
first atoms  first stars — ' today
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LHC = 1025 -

Planck era: 1043s Gravity: 1036 s Inflation: 10-33s  Particle birth: 10° s




A state of confusion

“Today we live in the midst of upheaval and crisis. We
do not know where we are going, nor even where we
ought to be going”

S “ HC Run I taught us that we live in a metastable state.
W= [ don't refer to the EW vacuum, but to the HEP community.
W Confusion is the best moment in science”

"N G. Giudice, FCC Week 2016, Rome

Strings ’?

M theor ?

Noy

Extra dimensions ?

Supersymmetry ?

S0, what are we supposed to do ?




) Ingredients of New Discovery Machines




_ Frontiers of discovery In HEP

Geneva- 7




Bread and butter of HEP

More events to increase the statistics of the
events (so called luminosity at the experiment)
=» decrease the colliding beam dimension by

strong focussing

More collision energy to increase the “physics
reach” (generate new particles) = increase the

beam energy




The need for high fields
Dip0|eS: Beam energy Bending radius
E[GeV]= O.[m]

Dipole field

Ml

Design for the largest feasible and economic B to reduce
the accelerator radius

Final focus quadrupoles

‘MJ@
R
7 " Beamsize atthe

collision point

Design for the largest feasible and economic integrated
field to achieve the smallest beam size at the IP

&) High field (SC) accelerator magnets !
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5 Challenges of High Magnetic Fields




NN —> High field
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JC ! JC ! JC ! (A. Mclnturff)

Dipole field generated by a current distribution with constant current density J over a —_ J w
sector of inner radius R;,, outer radius R, coil width w = R ;-R;, and opening angle ¢

1 _ 1 2 In the range of typical magnet designs
cozl n=1t... considered n=1.5

1
W o —
——

B (T) 16 16

A/ 2
J (A/mm)| 300 A «M._ oCOST 600 | Factor 2
w

(mm) 76 38

(mm?) | 20,000 7000 | Factor 3
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Bi=2212 B-0sT)

T -y
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103,
----~-___ REBCOQ (EucARD2, B-HTS)

REBEQO 600 A/mm?

I

(16 T). ...

Controlled"
MEM'13

REBCO: B || Tape plane
REBCO: B L Tape Plane
Eacmmﬁ’g" B?—2212: 50 bar OP
Bi-2223:B || Tape Plane
Bi-2223:B 1 Tape Place
O Bi-2223:B L Tape plane(carr.cont.
8- Bij-2223:B L Tape plane(prod.)
NbsSn: Internal Sn RRP®
NbsSn: High Sn Bronze
Nb-Ti: LHC1.9K
oo Nb-Ti: LHC 4.2 K
aet , 4343 flament igh3n _ Nb-Ti: High Field MRI 4.22 K
. (Miyazaki-MT18-1EEE'04) MgB,: 18+1 Fil. 13 % Fill
0 5 10 15 20 25 30 35 40 45

August2017 Applied Magnetic Field (T) MAGLAB

Sumitomo
Electric (2012
prod.)

Nb-Ti

102 | 4.2 KAigh riela

Whole Wire Critical Current Density (A/mm?, 4.2 K)
)
w
w
=

CE/R_W
\

7 Courtesy of P. Lee, with stimulating inputs from D. Larbalestier and D. Abraimov




Efficient use of J-

9.8 Short sample 1.9 K
5K 22 {Shorisample Lo
20 21K 22
Ultimate 20 R 5 N ik caman. Xowtrm s N W ks
. , 5o A
§ 18 Ultimate !
; 16 4? § _ 18 Ultimate current m‘__
= . = 16 —m‘ﬂ: 5 AAAAAAAAAAAAAAARAR Tl
g 5 S 16 T o '
P — & — Nomnat current |
= 14 5 ad ©
12 O g 14 =
M( 12 & -
10 0 1 =
0 10 MQXFS5 b=
0 ].O | I I.
0 10 20 30
Training of MQXFS models _— SO S

The grand challenge for hlgh field magnets
Abolish training !

Increase J, /Jc (presently at = 40 % for Nb;Sn at 1.9 K)

Courtesy of US-LAUP and CERN



Mechanics at high fields

Lorentz forces in the plane of a thin coil of radius R;, generating a dipole field B
(thin shell approximation), referred to a coil quarter

Horizontal force (kN/m)

10000

1000

100

10
Bore field (T)

100

F =-F =

Progression of F:

LHC MB(8.33T) = 1.7 MN/m
LHC MBH(11T) = 3.2 MN/m
FRESCA2(13T) = 7.6 MN/m




Old structures, new structures

mid 1970’s, FNAL: Collared coils

A. Tollestrup, Proc. Int Conf. on the History of Original
Ideas and Basic Discoveries in Particle Physics, Erice

(1994).

Inconel 718 ribs, plates
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1998, TAMU: Stress management

N. Diaczenko, et al., Proc. PAC, Vancouver (1997), pp.3443-3345.

Restraining forces

Pre-stress forces
222222/
e.m. forces

2002, LBNL: Bladder and keys

R.R. Hafalia, et al., IEEE TAS, 12(1) (2002), pp. 47-50.

2017, FNAL: SM cos(0)

V. Kashikin, et al., Proc. IPAC, Copenhagen (2017),
pp. 3597-3599.

2014, LBNL: CCT

S. Caspi, et al., IEEE TAS

(2014), p. 4001804.
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1975, MIT: CICC

M.O. Hoenig, et al., Proc. 5th Magn.
Tech. Conf., Frascati(1975), p. 519.




Stress in high field magnets

50 ’ Stress ljmited
~ / reducing J
- 200 - FCC 35'"-db"--
2 © /
FxB 2 S . /s HE-LHC
- —> 0 ~—x JB 2 QXF /5"
B %% £ 100 T
W o€ — n / 02'3'
J - ?:3 50 LHC %{59
a
0

0 5 10 15 20 25
Bore field (T)

The challenge of mechanics:

Devise an appropriate support concepts for the coil
(bladder-and-key, stress management, canted-cosinus-theta, ...)

Cope with increasing stress on the conductor
Limit mechanical energy release (training)




Protection at high fields

2
B Energy per unit length in a sector coil of inner radius
E/l = R;,, outer radius R, coil width w = R ;-R;, producing
a dipole field B
2E/l Voltage per unit length for 10000
V/l =~ an external dump with time
T I constant ’E\ FRESCA2 m
op 5 3 HE-LHC (Maita)
. . ] X FCC
A simple exercise: > 1000 eresca % 020
= (11T)
Je,=  1000...1250 (A/mm2) £ MSUT
dT/dt = 1000...2000 (K/s) 3 o
= — HERA g
T(300 k)~ 0.15...0.3 (s) IS Tevatron
@ RHIC
I,= 15 (kA)
E/l= 1000 (kJ/m) 10
V/ii=  500...1000 (V/m) 1 10 100

Bore field (T)
It is not possible to protect accelerator magnet strings using an external dump

CEfW
\

N/ S




Ultimate protection limit

In the range of typical magnet 1500
5 A designs considered n=1.5
Ejl=B E/l T
np2-n 1000 - Ultimate
B N —— ¢=——xJB § hot-spot limit
A . Ol — Acoil > T
coil Lo L
] J © 500
1=
()

Typical energy densities e:
LHC MB(8.33T) = 50 MJ/m3
LHC MBH(11T) = 85 MJ/m?3
FRESCA2(13T) = 100 MJ/m3

i
O 100 200 300 400 500
temperature (K)

The challenge of protection:

Fast detection and internal dump (spread the energy)
Material and coil limits (hot-spot, thermal stress, voltage)




The Battle of the High Fields
Get that Jc up !

Train those magnet faster!
Sustain larger forces !
Protect those magnets !

Secure 12 T range, and attack 16 T !

Edge of Tomorrow, Warner Bros., 2014



HL-LHC, the .Cornerstone




HL-LHC objectives

c.0.m. energy = 13 TeV
Lox = 1.73 x 10%* 1/cm? s

Data included from 2010-03-30 11:22 to 2017-08-28 07:52 UTC

= - 2010, 7 TeV, max. 203.8 Hz/ub
£ .« 2011, 7 TeV, max. 4.0 Hz/nb
= 20 ¢ 2012, 8 TeV, max. 7.7 Hz/nb 150
‘; « 2015, 13 TeV, max. 5.1 Hz/nb = 1 gfb'1
& 2016, 13 TeV, max. 15.3 Hz/nb _ -1 .
3 ¢ 2017, 13 TeV, max. 17.3 Hz/nb ~ 40 fb :*
£ 15} 3 {15
£ w’
3 nominal o
- S s e e s3%-----10
< ~ 25 fb! ¥
> :®
2 pa ¥ ~ 5 fb- ‘
a5 =~ 5 fpb-1 1.0, 4 5
~ | s & .
© 10 we® HE '
g T . R 2 f- :
0 H o0 8 \ f 4’12 \ \ 2 e 0
NP P SRR N N AT WD A WO W
qp qgs qp ’LQ ‘LQ qp

HL-LHC:

A peak luminosity of 5 x 1034 1/cm? s with leveling

An integrated luminosity of 250 fb-! per year, with a goal
of 3000 fb-! by the end of the LHC lifetime

Date (UTC)




NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

“CRAB” CAVITIES

16 superconducting ,.crab®
cavities for each of the ATLAS
and CMS experiments to tilt the
beams before collisions.

d
17 2023: Nb,Sn QXF —

CIVIL ENGINEERING

2 new 300-metre service tunnels and
2 shafts near to ATLAS and CMS.

Cryo@P1-P5

"
| \\:ﬂ
FOCUSING MAGNETS 'ﬂ New TAS and VCX
12 more powerful quadrupole magnets
for each of the ATLAS and CMS

experiments, designed to increase the
concentration of the beams before

collisions.

MgB, cables —
o |

SUPERCONDUCTING LINKS BENDING MAGNETS

Electrical transmission lines based on a
high-temperature superconductor to carry
current to the magnets from the new service
tunnels near ATLAS and CMS.

COLLIMATORS
15 to 20 new collimators and 60 replacen
collimators to reinforce machine protecti

ent
pn.

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

Courtesy of L. Rossi, HL-LHC




Trom voke .
GFRP wedge
Coil

Froa souck mubs _a

a. Cooling channel
o

magnet “zoo’.

y  Hias hoe

", Duter collar

W K oy

S8 shell

SS collar
Coils - o Iron voke
Triplet QXF (LARP and CERN) Orbit corrector (CIEMAT) Separation dipole D1 (KEK)

- O

- - Staness steal shed

Recombination dipole D2 (INFN) Q4 (CEA) D2/Q4 orbit ¢

orre

ctor (CERN)

Approximately 150 single
magnets and 50 cold
masses for HL-LHC -

Sextupole (INFN) Octupole (INFN) Decapole (INFN) Dodecapole (INFN)

Courtesy of E. Todesco, HL-LHC




I\/IBH (11T) dlpole

108 (T)

11850 gw

11.35 (T)

14000

RRP strand..zmm,108/127)
Jc: 2450 Almm? (12 T4.2 K)

Cu:non- Cu 1 15

13000

12000 =
/—’\-/""\.
11000 7 V v
10000 ~~MBHSP101 |
;;% | MBHSP102
o ~~MBHDP101
8000 —,L— This is a tough race | —{-mssp10s |

| | ‘ ‘ --MBHSP105

\
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g
<

Quench current (A)

40 strands cable

0 5 10 15 20 25 30 35 (14 7 mm X 1.27 mm)
Quench number (-)

7000

Courtesy of F. Savary, J. C. Perez, G. Willering, CERN
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272 _Short sample 1.9 K
19K M 19K i 19K
20 52!0 i<t
. Ultimate current ‘AgA : ‘n.'..........pﬁ“ °
= SaAA® : Ep R
; 16 ALA.. o 3 }‘-ULAL;.U.(?} ?iuxcut
5] AA =) g . .
E o144 a b
O = ;
12 = i
== « .
MQXFSla| i [~ |2 | MQXFSIb| : :
10 T T T T
0 10 20 30 40
Quench number

RRP strand.(e:85mm,108/127)
Jc: 2450 Almm? (12 T4.2 K)

Cu:non-Cu; 1.2

VOO 0000
a | L)

‘Q \- 5 -

r“édlent
Current
Peak field

40 strands cable
(18.15 mm x 1.52 mm)

Courtesy of G. Ambrosio, G. Chlachidze, US-

132.6
16.47
11.4

LAUP and CERN




PIT strand. (0:85mm,192)
Jc: 2450 A/mm? (12 T.4.2 K)

Cu:non-Cu: 1.2

40 strands cable
(18.15 mm x1.52 mm)

9.4
20
18
16
14

Current (kA)

12
10

1.9k  Shortsample 1.9K E 19K
""'““"“““““““““"““““““f‘M .......
HIS
D
Ultimate current 2 1,
AAAAAAAAAAAAAAARART T
A .
e Nomifnal cuitent
A 2
ol
=)
Qo
=
MQXFS5 }
T T T
0 10 20 30

Quench number

Aperture
Gradient
Current

< Peak flel(i\

Courtesy of P. Ferracin, J.C. Perez, H. Bajas, E. Todesco, CERN




LQXF production

___MLI >
Auxiliary busbar lines (2x) Vacuum vessel
- RN Q2 US: Q1/Q3
Thermal shield __Pumping lines (2x) . o ’ .
@785 mm 16 mbar, 1.8 K

Quench / Cooldown
and warmup
1.3 bar, 19K

Thermal shicld and 7 15 m |ength \ s 4-2 m Iength

beam screen inlet '
24 bar, 40K

Heat exchanger (2x)
16 mbar, 1.8 K

MQXF Magnet coils

Thermal shield cooling Aperture @150 mm

24 bar, 40-60 K

Heat intercept O63 1
(40-60 K)

Base plate with
adjustment

k3 .
‘l'.

%

e el ' J‘;
il ﬁ !‘,_ \\\\\\ S, ’"ﬁ“ re—
15 & Ldmg mirror test at |
*at CERN 4

Fdrst |mpregnate§‘ c



HI -LHC Nb,Sn plan D

CERN

\
Ny

Activity Begin End |2015/2016|2017|2018(2019|2020|2021|2022|2023|2024 (2025|2026

11 T Models Mark | 01.01.2012 31.12.2016

11 T Models Mark Il 30.06.2016 30.06.2018

11T Prototype 12.06.2015 20.01.2017

11 T Production 03.04.2017 14.03.2021

: NS

56 %US G LHC Run || LHC Run Il
Qs )| ~ 100 fb" LS2 50011 LS3

Activity Begin End |2015(/2016|2017|2018(2019|2020|2021|2022(2023|2024|2025|2026

QXF Models CERN/US 26.05.2014 31.12.2017

& EE QXF Prototypes US 30.06.2015 30.06.2019

QXF Prototypes CERN 30.06.2016 30.06.2019

QXF Production US 30.06.2018 31.12.2024

QXF Production CERN 30.06.2018 31.12.2023

\ J

|

Opportunity for first industry experience on Nb;Sn accelerator magnets




FCC and its siblings
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Circumference (km) 26.7 97.5
Dipole field (T) 8.33 16
,‘ C.o0.M. energy (TeV) 14 100

Courtesy of M. Benedikt, FCC



CERN/EU program for 16 T dipole

©OKEK N\
L Eure:.::-Q,_.l,[NC,_.;SR,

WP 5

Finland
TUT

\.
=3 UNIVERSITY
TAMPERE

Netherlands
uT

France
CEA

2, UNIVERSITE (
" DE GENEVE

CERN&UNIGE

Italy
INFN

s’
/
g @

. g \ Istituto Nazionale!
Spam ﬁ di Fisica Nucleare
CIEMAT AN

-
® ¥ GOBIERNO  MINISTERIO C'emlt \
'S DEESPANA  DE ECONOMIA Centro de Investigaciones
- Y COMPETITIVIDAD  gnergéticas, Medioambientales
T logi
y Tecnolégi @ s

Design a 16 T accelerator-quality model dipole magnet by 2018

Courtesy of M. Benedikt, FCC




EuraCIrCol

FCC Magnet Designs

T,,=1.9K cea

l,/1c(loadline) = 86 AL

Vgump < 2.5 kV rox e

... <200 MPa BF I B SA
5. . : ]

T, <350 K I NXI

D, = 600 mm qL

blocks cos(0) common coil
Current (A) 11230 10000 16100
Inductance (mH/m) 40 50 19.2
Stored energy (kJ/m) 2520 2500 2490
Coil mass (tons) 7490 7400} 9200
Y

Very efficient use of superconductor Simplified mechanics and
manufacturing ?

Courtesy of D. Tommasini, CERN




CCT option

\

: P! Vi
[ A\

T \ N 7 /]
\“A N 4

PAUL SCHERRER INSTITUT

- =G

S

e
o
\
o\
B

"DAL SOLUTION

LTEP=3
SUB =10
| TIME=3
SEQV (AVG)
DMX =.550E-03
SMN =.248E+08
SMX =.195E+09

CCT

Current 18055

(A)

Inductance (mH/m) 19.2
Stored energy (kJ/m) 3200
Coil mass (tons) 9770

Operation

09:27:57

X o
| s
-.750E+08 -.150E+08 .450E+08 .105E+0S
.105E+09 -.450E+08 .150E+08 .750E+08 .135E+09

Courtesy of B. Auchmann, PSI and CERN




Conductor R&D O @wa © N
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Specification: 1500 A/mm? @ 16T, 4.2K

2850 A/mm? @ 12T, 4.2K

~ 1250 Almm?2 @ 16T, 4.2K

L L L L L L L L L L |
330 340 350 360 370 380 39 400 410 420 430
I, @ 15T and 4.22K, [A]

1750 A/mm? @ 15T, 4.2K
=~ 1400 A/mm? @ 16T, 4.2K

FURUKAWA
ELECTRIC

= 950 A/mm? @ 16T, 4.2K

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

National Fusion Research Institute

KAT
Results expected

later this year



“So I tell you: Ask and it will be given to you” (Luke 11:9)

HEP quality Nb-Ti 600

£ ~6 BEUR 7/ 500 2
< business 3
~ - 400 N
< <
5 T [ 3“
3 2000 - SSC R&D - 300 @
£ Tevatron £
S 1500 - METE Us-CDP 1200 S
— ITER wires EU-FP6/FP7 —
0 - L, | — =
= 1000 - NG ‘;‘
- A7fF =0.7BEUR |3

500 I T T T "
1975 1980 1985 1990  19¢ business
Year

“And this may be known to you: What you do not ask, will not be given to you” (Lucio 1:3)

On the unreasonable request of high J.




ngh field "Hall of Fame”

CERN 2017: FRESCAZ2
16 Hiia .Hle (13.3 Tat 1.9 K, 100 mm)
' HD3b Ml Tt o .
14 mm aoMC ‘ : &
D20 (1.9 K) 50 mm 8 3[.22'1?“% 43 ’ (,,F ESCA2 100 - :
£ 1o D20 (4.3 K) 50 mm .RTI - 33.(\ MB e —
o MSUT somm O MBHSP02 60 mm MBHSP102 60 mm
nm ~
= 10 CERN/ELIN 50 mm () (JRD3c 35 mm
8 D10 50 mm () L LHe
° 2
) HERA
4 BNL O QTevatron
1970 1980 1990 2000 2010 2020
year (-)

(16 Tat4.2K) N /) (16.2 T at 1.9 K)
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A digression on HTS R&D



Racetrack POPE

A5 T, HTS based dipole
Proof-Of-Principle
Experiment

Wi, | mw



Racetrack POPE results

7 EUCARD

\__/

B at the center of the magnet

LHe4.2K _ -« ‘

w

@

0 400 800 1200 1600

Current in the magnet (A)

2000

2400 2800

Courtesy of M. Durante, CEA




7 EUCARD>

Short dlpole demonstrator R

laawq f i

|
| (| Ill'ul"lﬁ"’T

s '||‘|
'
"|'||
AN
-:-ﬁ )

| AS T, 40 mm bore HTS based dipole demonstrator

Courtesy of G. Kirby, J. Van Nugteren, G. De Rijk, CERN; A. Kario, KIT
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Dipole demonstrator results ==

7 —
%K 3.35T Feather-M2.1-2 (SuperOx, Sunam)
6 | EuCARD?2 // Future Magnets
X%K A §Hrgh Ramprate
> 34T ‘\ A
A
= Current \\%
4 Sharing K aleQuench Current
= Crltlcal Current FM2.1 R ¥ .
5 ML Iron Saturation
E3r @@ O \\
O @_D\ X Sk
_ -8~ X >
2 Critical Current FM2 2 X X Dk
E, =10 # V/m (18.5 m) Loadline 2 (>~
0 ~
Intersections X
1 Fully Superconducting K
B8X
0 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90

Temperature [K]

Courtesy of J. Van Nugteren, H. Bajas, CERN



The Battle of the High Fields
GetthatJcup-!
Trainthese-magnetfaster!
Sustain larger forces !

Protect those magnets !

Secure-12 T range-andattack-16-1-1
Shoot for 20 T and beyond !

Edge of Tomorrow, Warner Bros., 2014



Super proton-proton Collider ==

N4

o» 2 Circumference (km)

|
| |
f ; :
. ‘ ',
;_0‘95,;_ 3.50 o \ 3 Kk
[ 6. 00 "

26.7 97.5
8.33 16
100

100
12...24
70...125

Dipole field (T)
C.o.M. energy (TeV) 14

Courtesy of Q. Xu, IHEP



Baseline design
Tunnel circumference: 100 km

Dipole magnet field: 12 T, iron-based
HTS technology (IBS)

Center of Mass energy: >70 TeV

Upgrade phase

Dipole magnet field: 20...24T, IBS
technology

Center of Mass enerav: >125 TeV

Development of high-field
superconducting magnet technology

étarting to develop required HTS magnet
technology before applicable iron-based
wire is available

ReBCO & Bi-2212 and LTS wires be
used for model magnet studies and as an
option for SppC: stress management,
quench protection, field quality control
and fabrication methods

Conceptual design of common coil 12T dipole

Top priority: reduce cost!
Instead of increasing field

Courtesy of Q. Xu, IHEP




US high-field magnet R&D

2016 2017 2018 2019

Push traditional Cos-theta technology to its limit with newest conductor and structure

Cos-theta 4-layer 15T Preload mods 15T with Cos-theta 4-layer 16 T / \ > Th e U . S . M ag n et

improvements

kz\;esr?rﬂitlﬁrtgm Nb,Sn and Bladder and 12?;?1; of preload on Optimized 16 T design as baseline \? / D eve I o p m ent P rog ra m P I a n

Develop innovative concept to address technology issues at high field...

CCT - 2-layer 10T

1st model Address Address Test Focus on Focus on HTS insert
conductor assembly alternative training margin training
expansion issues materials Prepare for
HTS inserts

..then demonstrate 16 T fields, and furthermore use for hybrid HTS-LTS dipoles
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3 CCT - 4-layer 13 T model =———3»> CCT - 8-layer 15T for hybrid
1 ( ; I 1st model Improvements & HTS insert testing
reproducibility;
possible element
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Push traditional Cos-theta technology to its limit with newest conductor and structure

S. A. Gourlay, S. O. Prestemon

i ), Lawrence Berkeley National Laboratory
Cos-theta 4-layer 15T Preload mods 15T with Cos-theta 4-layer 16 T o
y improvements y 3 4 AT e Berkeley, CA 94720
Leverage latest Nb,Sn and Bladder and  Impact of preload on Optimized 16 T design as baseline S & g %
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Fermi National Accelerator Laboratory
Batavia, IL 60510
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1st model Address Address Test Focus on Focus on HTS insert Florida State University and the

Develop innovative concept to address technology issues at high field...

conductor assembly alternative training margin training ; | National High Magnetic Field Laboratory
expansion issues materials Prepare for [
HTS inserts | Tallahassee, FL 32310

..then demonstrate 16 T fields, and furthermore use for hybrid HTS-LTS dipoles

HTS

JUNE 2016

U.S. MAGNET
DEVELOPMENT
PROGRAM

CCT - 4-layer 13 T model =———» CCT - 8-layer 15T for hybrid
2 O I 1st model Improvements & HTS insert testing
reproducibility;
possible element

of future 16 T

Courtesy of S. Gourlay, US-MDP



Cos-theta, 4 layers, 15 T dipole
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L1-L2: 28 strands, 1 mm RRP 150/169
L3-L4: 40 strands, 0.7 mm RRP 108/127

—’—————%ﬂ | ’ Assembly and test expected in 2018

Courtesy of A. Zlobin, FNAL



US CCT and HTS programs

Nb,Sn cable in CCT geometry Bi-2212 cable in racetrack

Courtesy of S. Prestemon, LBNL






An executive summary

The LHC High-Luminosity Upgrade is the spring-board
for new magnet technology, and provides an interesting
opportunity for industry

Production in 2018-2022
First use ever of Nb;Sn in a running accelerator

]'ggé]’ext step is the development of magnets for an

Model activities are planned in EU laboratories (and US) in
2018-2022

Prototyping in industry (full length, =10 magnets), in 2022-2025

This is the logical sequence of the HL-LHC production, profiting
from Nb,;Sn technology established in laboratories and industry

HTS is only in its infancy, but is the disruptive high-field
magnet technology of the future

Requires high-tech R&D, spanning from material science to
electromechanical engineering, 5 years program defined

HTS is the high-risk/high-return investment of the future




B, =9.2T
HTS cable (20 T at 20 K)

HF science: NI-HTS
425 T
Je > 1000 A/mm?

I ? Fusion: MIT ARC reactor

Is all of this usefu

-
L=

N

NMR: 28.2T (?)
4 mm YBCO tape




Now, is all of this really useful ?

Pythagoras theorem Hamiltonian of the Standard
(62, 570-495 BC) Model of PhySiCS (ca. 1961-2012 AD)

«@ 2 = 242 Discover the physics of applications to come,
4\ and not yet thought of...

... Provide an immediate return in new
technology and industrial aplications, ...

... Give a nest to the scientists of the future
where they educate and train. ..

... Witness a'living and successful experiment
in cross-culture relations. ..

A piece of cardboard and a twig of A 5 BEUR accelerator and a few tens of
olive thousands of scientists

&) ... a quest for an intimate order in Nature
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