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céw High Field Accelerator Magnets
\

NS

* Introduction: magnetic field and superconducting magnets

 How to get high fields in accelerator dipole and quadrupole magnets ?
e Superconductors for magnets

* Practical accelerator magnet design

« High field superconducting magnets for future accelerators

« Literature on High Field Magnets
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CE/RW Magnet types, technological view
\

NS

We can classify magnets based on their technology

electromagnet

permanent magnet

iron dominated

coil dominated

normal conducting
(resistive)

superconducting

static

cycled / ramped
slow pulsed

fast pulsed




CE/RW Maxwell equations
\

P
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ciE/RW Magnetostatics

NS

Let’'s have a closer look at the 3 equations that describe

magnetostatics

Gauss law of (1)
magnetism

Ampere’s law with no 2)
time dependencies

Relation between
H field and the flux (3)
density B

div § =0 always holds

rotH = f holds for magnetostatics

—

B = Uol,-H  holds for linear materials
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CE/RW Magnetic field quality: multipole description
\

NS

co : n-—1
X +1
B,(2) + iBy(z) = 10~*B, Z(bn 4 ian)< 24 )
— Rref
n=1
with:
zZ=x+1y,

By and By, the flux density components in the x and y direction,

R,er the radius of the reference circle,

B, the dipole field component at the reference circle,
b,, the normal nth multipole component,

a, the skew nth multipole component.

In a ring shaped accelerator, where the beam does multiple passes, one typically
demands :

a,, b, <1lunit10™*
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ciE/RW Magnetic Length

NS

In 3D, the longitudinal dimension of the magnet is described by a magnetic length

Field or multipole component

|

Hard edge model

True field shape B /
\ )
\\
N\ Central value LiagBo = f B(z)dz
P NG -
- Lens ! ) YF
‘__._______Q_feel lengf_b____._ Courtesy A. Milanese, CERN
] ) ) ) ) /\ i) i §
A circular yoke around the coil can give a 10-15% field increase
The magnetic length L,,,, for SC magnets is adjustable by O - 9

varying the length of the yoke: often the coils stick outside the
end of the yoke: no easy rule of thumb for L.,



%&W Magnetic fields

NS

From Ampere’s law with no time
dependencies (Integral form)

We can derive the law of Biot and Savart

~]

_——

If you wanted to make a B = 8 T magnet with just two infinitely
thin wires placed at 50 mm distance one needs : | =5°10° A

LHC dipole coil 80 turns of 11850 A at 8.3 T = 9.48°10°A)

=>» To get high fields one needs very large currents in small
volumes

y (mm)

For LHC dipole@8.3 T ~1 MA in 3300 mm? : ~300 A/mm?

o 20 40 60 s 100 (gverall current density in the coll area)
Courtesy E. Todesco 8
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CE/RW Coils for generating the Perfect Dipole Field

\
Nt A,

Conductors 2 solid Intercepting ellipses (or circles)

o A uniform, opposite polarity, current density
in the area of two intersecting ellipses produces /Z
a pure dipolar field, but: ” \\g

— The aperture is not circular
— Not easy to simulate with a flat cable

Thick conductor shell with a cos@ current
distribution J =J, cos®

o Pure dipolar field

o Easier to reproduce with a flat rectangular
cable
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Cﬁw Magnet types and higher orders
\

NS

a “pure” multipolar field can be generated by a specific coil geometry

dipole n=1

guadrupole n=2

sextupole n=3

normal skew

Courtesy P. Ferracin, CERN

10
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CE/RW What is specific about accelerator magnets ?

\
Nt A,

* Cylindrical volume with perpendicular field

« Dipoles, quadrupoles, etc

Artist view of a dipole, from M. N. Wilson
« Superconducting Magnets »

g DB _4 //,,' \\\\
« Field quality: ﬁ < feW -10 Cos® coil : J = J, cos®
* Field quality formulated and measured in a multipole expansion,
nn-1
L& B+ l-yo 3 £ -
B, +iB, =107 B A(b, +ian)§ o ,a £ fewxunits
n=1 ref @

* Long magnets: dipoles from 6 m (Tevatron) to 15 m (LHC)

« Often magnets are bend (9.14 mm sagitta for the LHC dipoles) 1
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CERN
\

The state of the art:
W Comparison between dipoles and solenoids

NS

We can see roughly a factor 2 due to Coil «efficiency» and to force-stress
management

Record Magnetic Field vs. time
40
—+—B Solenoids

35 rfu

20 —=—B Sol Demo
T B Dipoles
w
V]
£ 20
=)
215
Ll

10 m/ —————

5

D I I I I 1

1970 1980 1990 2000 2010 2020

Courtesy L. Rossi YEAR .




CERN
\

Superconducting accelerators magnets;
w the state of the art

NS

« Maximum attainable field slowly approaches 16 T
— 20% margin needed (80% on the load line):
fora 16 T nominal field we need to design for 20 T

18
5 32
O 16 HDla g @ RMC
id @ rD3b (OFRESCAZ 100 mm
= 14 D20 (1.9 K) so 9! ?Snffmb il
=) i mm 8 sHsEqEn Q \, (_JFRESCA2 100 mm
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S c 12 p RT1 €}~ MBHSP102 60 mm
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i
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CE/RW Forces
.

NS

Scaling of force on coil quadrant vs. Field
Plot for recent production and R&D dipoles

10000

HE-LHC (Malta)

HERA
Tevatron

Force (KN/m)
o
o
o

O horizontal force Fx
© vertical force Fy

RHIC

100

1 10 100
Bore field (T)

The electromagnetic loads in a 20 T dipole would be a factor 5 to 8 larger
than in the LHC dipoles

14



Cw Stored Energy

\
Nt A,

Scaling of the energy per unit length of magnet vs. Field
Plot for recent production and R&D dipoles

10000 Scaling of the energy per
3 unit length of magnet in
8 ﬁe-deﬁamﬁ———- recent production vs. R&D
> £ 1000 ——P2 10 dipoles
S W i x10
Q) f‘; MFISC 7{ MSUT
s B LHC A4
a GCJ 100 HERA I/Q SS
+—J Lu )4
8 — Tevatron A
o - RHIC
- /
: 10 /
3 1 10 100
< Bore field (T)
<
@) 15



Early SC magnets for accelerators: Beam Transfer
(im line magnets: Castor and Cesar @CERN

NS

1977: Very first SC magnets at CERN in an
SPS beam line

« CESAR dipole: aperture 150 mm, B=4.5T
|=2m
CASTOR quadrupole

Both use a monolithic conductor would into a
~ cosO coll

12-Sept-2019, SC magnets, GdR

CAS Vysoke-Tatr
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Early SC magnets for accelerators: ISR Insertion
@ guadrupole (end 1970-ies)

 Nb-Ti monolitic conductor

» fully impregnated coil
* Prestress from yoke + shell

L A et ovw
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Existing Superconducting Accelerator dipole
CE/RW magnets (1)

NS

¢

Sy,
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Tevatron HERA RHIC LHC
76 mm bore 75 mm bore 80 mm bore 56 mm bore
B=44T B=50T B=35T B=834T
T=4.2K T=45K T=4.3-46 K T=19K
first beam 1983 first beam 1991 first beam 2000 first beam 2008

Courtesy P. Ferracin, CERN 18



Existing Superconducting Accelerator dipole

CERN
\/wl magnets (3)
7/
Machine | place Type Energy | Peak # Dipole | Ring Year
(GeV) Dipole | dipoles Length | circ.
field (T) (m) (km)
FNAL p-pbar 1000 x 1983/
Tevatron (USA) ET/coll. 1000 4.4 774 6.12 6.28 1087
-/+_
HERA | DESY 1€ D | 40x920 | 5 416 882 |6.34 |1992
(D) collider
BNL p'p,AU'
RHIC Au, Cu- 100/n 3.5 2x192+12 | 9.45 3.83 2000
(USA)
Cu, d-Au
CERN P-P, 7000 x
LHC (Eu) Pb-Pb 2000 8.34 1232 14.3 26.66 | 2008
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20 years were neededtogo from4 Tto8 T !
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&\ Available Superconductors

104+ ¢ Maximal J, at 1.9 K for entire LHC NbTi
Nb-Ti #2KLHCinsertion SCIRETIGN f % 2o N JOT SR Lane & bl
£ guadrupole strand . strond production (CERN-T. Boutboul '07).
/ (Boutbow! et al. 2006) . Reducing the temperature from 4.2 X
) " produces g ~3 T shift in J, for Nb-T)
\
< C _
~N X
< *
~" 5&4
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S— 103 + ? - -
-g 2223:8 | Tape Plane
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April 2018 Applied Magnetic Field (T) @ WAGLAR 20
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cﬁw Superconductor discovery timeline
\

NS
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\

CE/RW Available Superconductors

NS

2 families:
LTS, Low Temperature Superconductor: T =4.5 or lower -> Liquid He
 HTS, High Temperature Superconductor: T < 80K - LHe, LN2, He gas, etc.

current density [A/cm?] Figure 2

LTS: Nb-Ti: the workhorse for4to 10 T A charact
- Up to ~2500 A/Imm2at6 Tand 4.2Korat9 T and 1.9 K sl
- Well known industrial process, good mechanical properties e o
- Thousands of accelerator magnets have been built
- 10 T field in the coil is the practical limit at 1.9 K

tempert
field, ai
critical :
the orc
operatil
conduct

LTS; Nb;Sn: towards 20 T 10
- Up to ~3000 A/mm? at 12 T and 4.2 K temperature [K
- Complex industrial process, higher cost, brittle and strain sensitive
- 25+ short models for accelerator magnets have been built
- ~20 T field in the coil is the practical limit at 1.9 K, but above 16 T coils will get very large

magnetic field [T]

HTS materials: dreaming 40 T (Bi-2212, REBCO)

- Current density is low, but very little dependence on the magnetic field
- Used in solenoids (20T range), used in power lines — no accelerator magnets have been
built (only 1 model) — small racetracks coils have been built 22



%E/RW LTS: Type Il Superconductors

pm e A e Courtesy M. Wilson
superconductor uDRRNPRMAL Y y
Quantized fluxoids 23
Courtesy L. Bottura in a superconductor

Nl

Below a the critical surface the material is . g, Critical surface

“superconducting”. Above the surface it is ‘QQQ@“_",,.. T 1 Sy for Nb-Ti

17 . ” T C - Y

normal conducting o [ SR \@ -

1 @, Critical Temperature (at zero field and oy R T

current density) - R

o ° B, Critical Field (at zero temperature and ” e Tl S - T
o current density) AL \ S
) e . - . : e -
© » J. Critical Current Density ( at zero N L
g temperature and field) £
< The Critical surface depends on the material i\;
o type Nb-Ti, NbsSn, etc) and the processing Z
S ; =
8 . Type II « & raz0 5
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1 I .\~A-'c - O
N . — AU Rt ol . '
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CE/RW Comparing wires, LTS Superconductors vs Copper
\

NS

Typical operational conditions (0.85 mm diameter strand)

Cu Nb-Ti Nb,Sn

J~5A/mm? J ~ 1500-2000 A/mm? J ~ 1500-2000 A/ mm?
I~3A [~400 A I~400 A
B=2T B=89T B=12-13-16T

24
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Courtesy P. Ferracin, CERN
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(ﬁw Superconducting materials: Nb-Ti
\

NS

Niobium and titanium combine in a ductile
alloy

- Itis easy to process by extrusion and
drawing techniques.

When cooled down to about 9 K it becomes
a type II superconductor.

- T.is~9.2Kat0T.
- Bg,is~145Tat 0 K.

The cost is approximately 100-150 US$ per
kg of wire.

100,000

10,000§]

(K)

1,0004

1004

1510

25



Cﬁw Superconducting materials: Nb;Sn
\

CAS Vysoke-Tatry, 12-Sept-2019, SC magnets, GdR

NS

Niobium and tin form Nb,;Sn
— Brittle and strain sensitive

When cooled down to about 18 K it
becomes a type II superconductor.

— Tep, 18 ~18 Kat 0 T and O strain.
— By, 18 ~28 T at 0 K and O strain.

The cost is approximately 700-1500 US$
per kg of wire.

Critical current density [ A/mm’ ]

Courtesy: A. Godeke

26
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CE{W Superconducting strands and tapes: BSCCO
\

NS

BSCCO: Bismuth strontium calcium copper oxide
« Available in strands (OST) Bi | |
« Can reach 400 A/mm?2 (overall) o | l/_FTb
« Is fragile under stress and strain :‘é“ |/|T|7| _:/:rTb q.__l_/l
 Powder in a silver tube 1T |4|.—;|:l l/ _T.TIZI
« Has .to_ be reacted.at 850° C with a temperature |f.|,—: il Tf|__..’;| s’
precision of 1° C in an oxygen atmosphere T::TT| ¥ fo—e” [ f
« Can be cabled in high current Rutherford cables l&’iﬁ l,.’j_’pT e}
' < A St

Bi-2201 Bi-2212 Bi-2223

By Nazargulov - Own work, CC BY-SA 4.0,
https://commons.wikimedia.org/w/index.php?curid=80940329

OST wire
0.8 mm using
Nexans

precursor ﬁ v 4
y

Difficult technology but cou

igh field magnets in >20 T region



CE{W Superconducting tapes: YBCO (or REBCO)
\

s

YBCO: Yttrium barium copper oxide. (RE=Rare-Earth) . ©

« Available in tapes : YBCO deposited on a substrate to ;Z’
Impose the texture (1-2 um) ®-

« Canreach > 600 A/mm? (overall)

« Is strong under axial stress and strain

« Limited cabling possibilities:

« Difficult technology but could be promising for high field
magnets in >20 T region.

Planes

a b
T=42K I
T=100K

T=200K

By Haj33 - Template:Haj33, Public Domain,
https://commons.wikimedia.org/w/index.php?curid=8777295

| 2um Ag
—' e N . 1 um HTS
: ? ~ 30 nm LMO
Magueti R T Field Angle:[deg] ~ 30 nm Homo-epi MgO

~10 nm IBAD MgO

Je / Je(20 [T], 4.2 [K], 90 [deg])

Critical current depends on the angle
between the face of the tape and the B
field

CAS Vysoke-Tatry, 12-Sept-2019, SC magnets, GdR
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Multifilament wires
C\E{'\W Fabrication of Nb-T1i multifilament wires

NS

Monofilament rods are stacked to form a multifilament
billet, which is then extruded and drawn down.

*  When the number of filaments is very large,
multifilament rods can be re-stacked (double stacking
process).

MULTIFILAMENT ISOSTATIC
ACID CLEAN INGBILLET ASSEMBLY WELDING PRESSING EXTRUSION Dgil:fggc BULL BLOCK DRAWING

£3

2019, SC magnets, GdR

i

DRAWING TWISTING FINAL DRAWING TESTING

12-Sept-

A. Devred

Courtesy A. Devred, ITER; P. Ferracin, CERN 29

CAS Vysoke-Tatr



Multifilament wires
(iﬁw Fabrication of Nb;Sn multifilament wires

NS

Since Nb;Sn is brittle, it cannot be
extruded and drawn like Nb-Ti.

The process requires several steps:

CAS Vysoke-Tatry, 12-Sept-2019, SC magnets, GdR

Bronze
Process

Nb,Sn strand types

<

—<— (LBronze
=<~ Nb (or Nb alloy)

Filaments
— Assembly multifilament billets Ny
from Nb,Sn precursor Barrier (Ta or Ta/Nb)
— Fabrication of the wire —c
) ) Internal Sn u . Cu
through extrusion-drawing - b el
(Single b
. . - — _ (or Nb alloy)
— Fabrication of the cable Barrier) Filaments
— i I i Diffusion
Fabrication of the coll - B sion, o Ta/h)
— “reaction”; the Cu, Sn and Nb
-
are heated to 600-700 C and Internal Sn Cu  Cu

) ] Distributed
the Sn diffuses in Nb and (Distribute 5= b (or Mo alloy)
Barrier) +— Filaments
reacts to form Nb;Sn “—Diffusion Barrier
(Nb, Ta or Nb/Ta)
Powder in ::E:E:*_Cu -y Cu
Tube (PIT) :0:0.0: EREN Sn-rich Powder
©g0g0c0 (mostly NbSn,)
'::::: = Nb (or Nb alloy) éucl))e
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cﬁw
\

NS

Superconducting cables for magnets

We need multi-strand cables

Superconducting accelerators are ramped up in time spans 100 s to 1000 s
Colls are designed for voltages to ground of around 1000 V

With the number of turns and the current the inductance dl
is to be limited to keep the voltage below 1000 V V== —
Dipoles and Current: dt
« Tevatron B=4.4T; | ~4000 A L » N?
* Hera B=5T ; I~6000A
« LHC B=83T; I~12000 A
For magnets 10 T <B < 15 T the current has to be 10kA < | < 15 kA
For stability reasons strands are 0.6 mm < strand diameter < 1 mm

With a Cu-nonCu ratio (stability) around 1 and a Jc ~ 1000 A/mm?
= a 1 mm diameter strand can carry ~400 A
=» so we need a 30 strand cable to get up to 12 kA

31



(ii/R_N)/ LTS Cable types

Rutherford

SRFEGCEE OHDHDHDDDHDD®
A A A A S S e e o L) )

Indirectly cooled

Accelerator magnets

Tevatron, HERA
RHIC and LHC

ITER magnets

Rutherford

Nuclotron Type (b)
Pulsed SIS 100 magnets

Detector magnets

Courtesy A. Balarino

Rope, Braid and Rutherford cables

CAS Vysoke-Tatry, 12-Sept-2019, SC magnets, GdR
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cE/RW Rutherford cables

NS

« Compact cables giving high overall
current density

« Easy rectangular geometry for
convenient winding

puller
finished

cable

superconducting
wires

CAS Vysoke-Tatry, 12-Sept-2019, SC magnets, GdR
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How to get high fields in accelerator dipole and

‘iE/RW quadrupole magnets ?

NS

From Ampere’s law one can derive the field resulting from the current

In a line conductor and integrate this over the surface of a coll
* Dipole 60° sector coil [see ref 10, 14]

— The field is proportional to the current density |

— The field is proportional to coil width

— The field is independent of aperture
p/3r+w

‘m P 60s \/§/77 . with: r: inner radius coil
B, = 41" 00 —qrdrdq: - 2w w : coil width
2:0 o » T P p : radial coordinate

J : current density

Quadrupole 30° sector colil [see ref 11, 14]
— The gradient is proportional to the current density |
— The gradient depends on wi/r

e Py 2 §
=gy y 05 g g N inga+ 22
20 , ., r p rg

=» by having very high current density close to the beam pipe
See: E. Todesco et al. ref[10] and indirectly : N. Wilson ref[1], K-H Mess et al. ref[2]
For a in depth study of magnetic field calculations: S. Russenschuck ref[4]

(0AN

r
- +
Cross-section of a

dipole
based on 60° sector coils

Cross-section of a
quadrupole
based on 30° sector coils

34
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\

CE/RW

The forces with high field dipole and quadrupole
magnets

NS

One can derive the maximum stress in the mid-plane for a sector
dipole coill

« Dipole 60° sector coil [see ref 1, 12]

Mmy/3 : 7
° re[rr+w]e2r2 +——3r(7"+W)

60 r
(Typically: for 8T : 40 MPa , for 13 T 130 MPa) o

S O v

r . inner radius coll
p : radial coordinate
w : coil width

J : current density

with:

. Quadrupole 30° sector coil [See ref 1’ 13 ] Courtesy M. Wilson

%r+w0u
r

2 /770\/§
16p

e2r2+

I’e[r,r+ ]

,2+4r2|

e ﬂu

Cross-section of a
dipole
based on 60° sector coils

<
1
a

Cross-section of a
quadrupole
based on 30° sector coils
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Electromagnetic forces
g 8

Nl
The e.m. forces in a dipole magnet The e.m. forces in a quadrupole magnet
tend to push the coil tend to push the coil
— Towards the mid plane in the — Towards the mid plane in the
vertical-azimuthal direction vertical-azimuthal direction
(Fy, Fy<0) (Fy. Fy<0) .
Y - Lhor | — Outwards in the radial-horizontal
— Qutwards in the radial-horizonta direction (F,, F, > 0)

direction (F,, F, > 0)

ctron d)

CAS Vysoke-Tatry, 12-Sept-2019, SC magnets, GdR

Courtesy P. Ferracin, CERN 36
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CERN

\
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/y Conductor stability and AC behaviour

Pure massive superconductor is not stable as they
(Nb-Ti, Nb;Sn) are poor normal conductors

To ‘cryogenically stabilize’ the conductor one surrounds it in Cu:

— good electrical conductivity ‘ /////////(///// T,
— good heat transfer to the He ‘\\\W////////‘}///////,‘““'\"‘““‘“‘)‘// - >\////////,,/////////////////////////>>/////>/
During current ramping the filaments will magnetizg}

=» make them thinner +t ) Ny

T

Filaments will have magnetic coupling
=> twist the strand

‘ ‘ 1
Practical low temperature superconductors are made as thin

(5 um — 100 um) superconducting filaments in a Cu matrix ,
which is twisted




s, GdR

~

CAS Vysoke-Tatry, 12-Sept-2019, SC magnet

\
Nt A,

Due to perturbations locally the conductor can
get T>T.(J,B)

A thermal runaway can then occur, called a
Quench

With stored energies > MJ the coils can overheat
if nothing is done (T = 3000K is possible !)

What to do ?

Detect the quench : SC: R=0 - V=0,
guench V>0 (typically 100mV threshold)

Switch power convertor off
Heat up the whole coil with quench heaters §

Dump energy of the circuit into a dump
resistor

Sy

—_— ] —

X
Bl SR g

L

unench

PSR e —

—-—

energy density (mJ/cm®)

Cﬂ Quench: athermal runaway effect

100

AC loss

=y
o
T

0.1 f

0.001 0.01 0.1 1 10 100 1000 10000
time (ms)

MQXFS coils

MOQXF55 Cheench Integral Tests

— Mleamired

\ FEM (IFCL lnchaded)

—,

= \

| ]

a L1

B %
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= Iy
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CE/RW Quench hot spot

\
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In a simple approach:

assume that on the <1s time scale a volume element of the coil is not able to
evacuate the heat (adiabatic).

The heat balance of a unit volume of coil is: J?2()p(T )dt = yC(T)dT
With: t time

T temperature

J(t) the current density

o(T) the resistivity of the non superconducting part of the cable

v the density

C(T) the heat capacity

: 2 __yC(T)
rearrange: Je(t)dt = T dT

: * 72 — (TmaxyC(T)
Integrate: J, F@®dt = fTo ekl

With this one can get a conservative estimate of the maximum temperature in the
coil at the end of the quench.
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CE/RW Practical accelerator magnet design: Dipoles
\

NS

simplest winding B

Two types of coils are in use for high field magnets: s ek
Cos(®) coil and Block caoll g
« Cos(®) coil (the traditional solution) "
— Allows a very good field quality (b, < 1-104) in thin coils—
- all (but one) existing accelerators use this type of coil

— Is very efficient wrt the quantity of superconductor used

— The EM forces cause a stress buildup at the midplane where also high
fields are located

— Wedges are needed in the straight part (‘'Keystoned’ cable)

— The ends are short, special geometry for which there is a large experience
but not it is easy

o ‘saddle’ coils make
ey better field
4 shapes

CAS Vysoke-Tatry, 12-Sept-2019, SC magnets, GdR

Courtesy M. Wilson Courtesy LBNL 40
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CE/RW Practical accelerator magnet design: Dipoles

\
Nt A,

* Block coil (used on development magnets) o)

— With thick coils the field quality is good |=|H||||| %w

— Less efficient (~10%) wrt to (thin) cos(®) for m
guantity of superconductor used

— The EM forces cause a stress buildup at the
outside edge of the coil where the fields are lower  HD2

— The straight part is very easy
— ‘flared ends’ look easy but we need more experience
« Canted Cos(®) : CCT

— 2 layers of inclined solenoids: powered such that the axial B comp
compensate and the transvers B components add up.

— First 3.5 T corrector dipole CCT (in a C|rcular machine) is for HL LHC

Stai Iss

Il”ll = pla"e

Courtesy LBNL
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CE/RW Quadrupole coil geometries
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« Cos(®) call
— Allows a very good field quality (b,, < 1:104)
- all (but one) existing accelerators use this type of
coil
— Is very efficient wrt the quantity of superconductor used |

— The EM forces cause a stress buildup at the midplane
where also high fields are located, (but are limited)

— Wedges are needed in the straight part (‘Keystoned’
cable)

— The ends are short, special geometry for which there is
a large experience but not it is easy

I
R '



CE/RW Pre-stress
\

NS

Why pre-stress ?
— Field quality is determined by the cable positioning (be precise to ~0.02 mm)
— Under the MN forces the coils will move
=> Apply pre-stress to fix the positioning

— Very small amounts of heat can quench the coil: limit the movement (avoid
stick-slip effects on ~10 um movements)

=>Apply pre-stress to fix the positioning
 How to put pre-stress ?
Three methods:
1. Compress at room temperature: collar system

2. Use room temperature pre-stress plus differential shrinkage at cooldown: Al
or stainless steel shrinking cylinder and/or a (shrinking) key

3. Compress a bit at room temperature and use differential shrinkage at
cool-down: Al shrinking cylinder + bladder and key system

* Order of magnitudes: LHC @ 8.34 T: 70 MPa warm, 30 MPa cold
Fresca2 @ 13 T: 60 MPa warm, 130 MPa cold

CAS Vysoke-Tatry, 12-Sept-2019, SC magnets, GdR
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cﬁw Pre-stress: collars
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“The classical solution”

« Thin collars put around the coil

« The coll is well contained in a fixed cavity

* Pressed together and locked with pins or keys

« At 300K apply a pre-stress 2-3 times of what is needed
as part of the stress is lost during cooldown: for very
high field tends to be too high (LHC:70 MPa at 300 K and
40 MPa at cold)

* Field quality is in good part determined by collar shape LHC dipole

- If the coils size is not so well controlled, the stress can be CERN
too high or too low

* Nb;Sn is stress sensitive and this could be a problem

\\.S Stress Relief Slot

\ | | Hera dipole
DESY

Yoke
Gap

Contl cor  1QC quadrupole
LARP-FNAL 44




CE{,W Pre-stress: shrinking cylinder and/or pre-stress key

\
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» The differential shrinking and room temperature pre-stress between a (thick) shell
or key and the Fe (split) yoke provides pre-stress

* Pre-stress completely depends on dimensioning of the components and the
materials

Relativistic Heavy Ion Collider

WARM~-UP
HEATER

ELECTRICAL BUS SLOT
INSULATOR

SURVEY
NOTCH

LOADING
FLAT

MID PLANE

STAINLESS
STEEL

SHEAR PIN

HELIUM PASSAGE

FIELD_SATURATION
CONTROL HOLES

CONTAINMENT VESSEL LAMINATED YOKE

Courtesy A. Zlobin

CAS Vysoke-Tatry, 12-Sept-2019, SC magnets, GdR
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Cw Pre-stress: Al shrinking cylinder + bladder and keys
\

NS

Developed at LBNL, example: TQS a LARP model quadrupole

300 K: Bladders pressurized with water (<600 bar) , then insert
keys =» load between 10 MPa and 80 MPa

Cooldown: differential shrinkage between AL shell and Fe yoke
load another ~100 MPa

Needs careful mechanical FE modeling before and strain
measurements during bladder operations and cool-down

Iron pad

- Aluminum
shell

Courtesy S. Caspi

Coil assembly within yoke and aluminum shell 46
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CE/RW Looking in the kitchen of future magnet development
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What is happening after the 8T magnets for LHC ?
At CERN and in the US
1) Upgrade the LHC luminosity: HL-LHC (HILUMI)
— use large aperture Nb;Sn triplet quadrupoles (12T class)
— Improve collimation: use a few 11T dipoles to make space
2. Go to higher energies
— 16 T Nb;Sn dipoles in the LHC ring for E_,,,=26 TeV : HE-LHC

— 16 T Nb;Sn dipoles in a 100 km new ring for E_,,=100 TeV : FCC (Future
Circular Collider)

But even !

— 20 T HTS hybrid dipoles in the LHC ring: for E_,,,=33 TeV : HE-LHC

— 20 T HTS hybrid dipoles in a 80 km new ring for E_,,=100 TeV : FCC
In China

A similar completely new project is being studied in China: SPPC
(C=100 km, 12-20 T)

For these, basic High Field Magnet development programs are since many years
running in the US and Europe and recently in China
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CE/RW CERN-European development evolution
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FReSCa2 13T

Short Model Race-track Nb;Sn Dipole
Coil Model Coil

11 T dipole
(CERN)

RMC (Racetrack Model Coil) FReSCa2

SMC (Short Model Coil)

Location of the

Aluminium rod bladders

Horizontal Pad =
Nb,Sn Coi o

Electrical

Iron yoke

Aluminiu

Longitudinal m Shell
Rods 48

Titanium central post g G11 laminate

Horizontal keys Aluminium shell

CAS Vysoke-Tatry, 12-Sept-2019, SC magnets, GdR
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Basic magnet technology development for HILUMI
?E/RW and beyond (2004-2013) ; US development evolution

NS

'ﬂ History of LBNL and LARP Magnet Develop

-
”"}l

Used bladder and key technology developed at LBNL

/BNL Dlpoles HD2 & HD3 \

Flared ends
(LARP)
Bore
13.7T
l I 134T
Sub-scale I::ask _Ifleld
Long sub-scale 140T

\ First 4 m long Nb3Sn >155T

/ LARP quadrupoles developed in collaboration

Sub-scale coils

|c\+t~|gr|nh l D I\II

By courtesy m‘ b. b
) Office of

(@) ENERGY | S secasaroneomouors Ay T )
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Basic HFM development :
@ some achievements at LBNL (1995-2004)

Since 20 years LBNL is running a high field dipole development program
Some achievements:

« D20, 50 mm aperture, cos® 4 layer dipole, reached 13.5 T@1.9K

« HD1, flat block coil, 8 mm aperture, reached 16 T

« HD2, flared end block coil, 36 mm aperture, reached 13.8 T

These pose a clear breakthrough above 10 T with a new coil layout (block coil) and
a mechanical structure aimed (shell-bladder and keys) at high fields

AP

V < = \%\\\\\\\\\\\QQ\\\\\\
\ A\

locations

Fig. 2. HD2 cross-section. A.D. McInturff, et al., Proc. of PAC 1997, 3212
50

Fig. 1. HD2 assembled and pre-loaded.
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Basic HFM development :
)Y EuCARD high field dipole (Fresca2)

LS
* Fresca2 : CERN, CEA . 156 turns per pole e Diameter Aperture =100 mm
construction phase . Iron post e Lcoils=15m
* Bioner =13.0T e | straight section =700 mm
*  li3r =10.7 kA e Lyoke=1.6m
* Bpea=132T e Diameter magnet =1.03 m
*  Epag = 3.6 MJI/m

* L=47mH/m

i /, B

Courtesy Attilio Milanese,
Pierre Manil 51
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Fabrication of Fresca2 coils
W),

NS

Straightforward technology to wind Fraining curve FRESCA2 at 10 Afs -a. b and.c
block coils with flared ends: 15 2 26 gp —-—mmm—mo.

19K 1 19K | 45K Py E I
This i IS a Iesson for FCC magnets ! T e

" 1.9 K Stable for 2 hours (1447} !
] A

i
i '
i ]
i
e 14 ; | ; ol
. E i |-| i 4.5 Stale for 1 hesss
E R e (R sy
S 13 ro-homest y ;
S i P! [ s 2c
[ o e s g - 45K
i) Rl i h
5 12 I| b( i ! F :
o : H : [] "
Iy : : ! :
] i ]
1 %4 (R :
Croas or squsre = Cuench : ,J Flmaﬁt :
Dk = fis gusnch ’ 19K :
T 1 i
i g

0123 4567 8 91011121314151617181920
Quench Number




cirn)Y  HL-LHC Inner Triplet magnet zoo

Wedges Cooling channel

Quter collar

Dodecapole

=)
[~
Inner collar é.

Triplet [G. Ambrosio, P. Ferracin etal.] N\ CBXFB [F. Toral, et al.] Decapole

blocks

S HX holes
Iron yoke . GFRP wedge Wedges

Iron stack /£ Coil

tube ¢ .
Protection

 heater,

insulation,
brass shoe

Cooling channel

Outer collar
Iron

Coils g Inner collar

SS collar SS shell

D1[T. Nakamoto et al ] MCEELE Tl S Skew quad  [G. Volpini, et al.]

Cooling chasnet

D2 [P. Fabbricatore, S. Farinon] D2 Q4 correctors (G Kirby] Q4 [1. M. Rifflet, M. Segreti, etal] 53
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cﬂ HL-LHC: MQXF low beta Nb;Sn quadrupole @HILUFW y

\

Nl
Model have good performance, long A CERN LARP collaboration.
prototypes are being fabricated Nominal Gradient 132.6 T/m
e e e e e Aperture diameter 150 mm
I Peak Field 12.1 T
215 Current 17.5 A
Load-line Margin 20% @ 1.9 K
. Stored Energy 1.32 MJ/m
14 -@-MQXFS1, 1.9 K, 1st thermal cycle
13 8- MQXFS5, 1.9 K, 1st thermal cycle
12 -©-MQXFS3, 1.9 K, 1st thermal cycle
=& MQXFS4, 1.9 K, 1st thermal cyclg

Training quench #

Courtesy P. Ferracin



CE/RW HL-LHC: 11 T Dispersion suppressor magnet
\

» First Nb3Sn magnet to go into an accelerator (2019) !
* Present model program (CERN and FNAL)

— demonstrated the required performance (11.25 T at
11850 A) and Achieved accelerator field quality

Rel. field errors (units 1

Nominal Field 11 T

Aperture diameter 60 mm

Peak Field 11.35 T

Current 11.85 kA

Loadline Margin 19.7% @ 1.9 K
Stored Energy 0.96 MJ/m

sSpepp »

ParpprprapNpp 2

—e—MBHSP101

4~ MBHSP102
—0-MBHSP103
—e—MBHDP101
~»¢-MBHSP104

—o—MBHSP105

Quench current (A)

—o—MBHDP102

~&—~MBHSP106 at 4.5 K

4 MBHSP106at 1.9 K

—&—MBHSP107

0 5 10 15 20 25 30
Quench # 55
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CE{,W Magnet design for >12 T dipoles, LTS Nb;Sn
\

NS

Many studies & proposals since the mid 1990-ieSen iva

P. McIntyre, E. Todesco 2013
Q05 D. Schoerling 2015 "°“\"°‘\‘“m

fa0.0
xcm)

VERTICAL
RETURNS

J.M. Van Oort, R. Scanlan,
1994

pegreist

[T
o

W I
g

E. Todesco, 2013 GL. Sabbi, 2014 S. Caspi, 2014
56
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ggf@l US program lines

NS

TC
"BME" cos-0

2017-2019

reached 14.1T in
spring 2019

U.S. DEPARTMENT OF

Office of

ENERGY Science

~

A
reeeee

m‘
lead

canted-cos-0

2016-now

BROOKHIAIEN

NATIONAL LABORATORY

common coils
2017

otjn

Nb,sn HTS Nbysn
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CE/RW FCC: 16T dipole options Fur=CirCol

\ A kay to Maw Physics

Nt
Block coil HUL[:_H_H::NSIT.W !gl)fcl!
Canted Cos-theta
[a'd
3
@ )
=) it ol _
5 Cos-theta C. Lorin, M. Durante (CEA) Common colls
Y7 coll

B. Auchmann (CERN/PSI)

CAS Vysoke-Tatry, 12-Sept-2019

S. Farinon, P. Fabbricatore (INFN) F. Toral (CIEMAT) 58
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cﬁw 16 T, CERN approach , go in steps

NS

1 Extended Racetrack Model Coil , ERMC
2 Racetrack Model Magnet, RMM
3 Demonstrator, DEMO

First with one conductor , then with 2
different ones to optimise the coil: Grading

Shimming are:

© 77*7, SC magnets, GdR

~

Pole to pole contact
aea

Midale coil
Vertcal pad
(ARMCO)

il Pack Design

First test ERMC Jan 2020 s

zontal pad
ic50)
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c.;f@l HTS: First attempt towards 20 T

\
Nt A,

6 T HTS (YBCO) insert for test in gta”dhaggeggeiteg iezit 2((|)1372 o)
: . eached 5. _ =
ELetSV(\:,aZ]O’Jf bgoer’;to 197 Next test mid 2019 inside Fresca?2

EuCARD HTS Dipole magnet - CEA Saclay - July-September 2017

6
mARD + LN2 537T
i . —~LHeup 485T- /
~LHe down No sign of quench
(=) <|4.78T
z 4 S
2 @
— N
T e
= 3 g
S LHe4.2K 3
© E
2
g
o
1
LN, 77K
I (T) O
0 400 800 1200 1600 2000 2400 2800 3200

Current(A)

]
BERBRFFIFF

PrNewrPND®

a CEA + CRNS Grenoble project

J.M. Rey, F. Borgnolutti, M. Durante, CEA-Sa(:Iayk



CE/RW EuCARD2 5T accelerator quality ReBCO magnet

\

NS

5 Tesla stand alone, (18 T in 13 T background), @ 4.5K,
40 mm aperture, 10 kA class Roebel cable, Accelerator Field

s
2

http://eucard2.web.cern.ch/

CAC Mhimalin Tobng,l 0 E~nt 2010 SC magnets, GdR



Feather-M2.0 test results
W),

NS

HTS magnets work differently than LTS magnets due to a larger enthalpy

margin P ——

7T r

(a) In the model, cut

3 .35T of the cable by
%K Feather-M2.1-2 (SuperOx, Sunam) el
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CERN
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Fig. 10. Illustration showing the three-dimensional coil layouts with the three different coil-end types that are considered. The cross-section of these coils
correspond exactly to coil layout 5 in Table L.
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CE/RW Final remarks

\
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Superconducting accelerator magnets in the 4 T — 8 T range are “state of the art”
using Nb-Ti conductor

Magnets in the 12 T range using Nb;Sn are in the prototyping phase for HILUMI,
and the 11T dipole is ready for installation

Development models have been shown to work upto 16 T
For future colliders 12 -16 T magnets are being designed
Development for HTS magnets for the 20 T range has started

Lots of fun ahead !
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CERN

\
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