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1. Concept: E = mc?

How to discover new (elementary) particles?

V' E = mé, produce particles in a spot of energy and seek in the escaping partic

We needE, an energy production devicadcceleratorcollider), and an experiment
to look at the shower of particles producedietector).
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HE Physics and Superconductivity

LHQand many other accelerators) can not be realized without extensive use
Superconductivity and HigQuality Magnets

Low B (pp)
High Luminosity

1232 dipoles magnets
for bending

Nb/Cu cavities
for
acceleration

magnets for focusing

~7000 Correction
magnets

Insertion and Final
Focusing magnets

386 quadrupole }

ATLAS and CMS
detector magnets

No Higgs (and much more) without Superconductivity !



Y Large HEP Detector Magnets of the past...
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ATLAS 200
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Concept: why magnetic field in detectors

How to analyze the shower of particles ? We need:

Trackreconstruction
Energymeasurement (in calorimeters)
Chargeidentificationin magnetic field

Momentummeasuremenin magnetic field.

~r ~ 4 ~ ~ 4

/

Py

Information yield:
-left turn  => positivelycharged particle

- right turn

- curvature => momentum

=> negativelgharged particle

A a

Ay FILOG | ayYl 3

CATLAS
* 2 EXPERIMENT

Run 155697, Event 6769403
Time 2010-05-24, 17:38 CEST

W-1v candidate in
7 TeV collisions



Concept: charged particle tracking

Example: tracking in the CMS Solenoid and iron return yoke

Key:

Muon

Electron

Charged Hadron (e.g. Pian)

— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Tracker

}ji!I“

Electrormagnetic
Calorimeter

Hadron
Calorimeter

Transverse slice
through CM5

Curved particle tracks
due tosolenoid field

Supearconducting
Solenoid

\

35T
solenoid

Iron raturn yoke intersparsed
with Muon chémbers

Curved muon tracks du
to field iniron yoke

e

'-| _ |-'
D Barny, CERM, Felvaoney 2004



Concept: sizing the detector

~

2 K G RSUOSNXYAYSa (Kd@etedtdr bnd itsanBgnetic fidl&y S N

Radial thickness

Isthe summation of:

+ trackinglength inner detector
+ thicknessof the solenoid

+ radialbuild of the calorimeters
+ trackinglength

+ thicknessof shielding iron yoke

Total Weight : 14,500 t.

Overall diameter: 14,60 m : :
Overall length : 2160 m SUPERCONDUCTING COIL
Magnetic field : 4 Tesla

Axial length

Isthe summation of:

+OF 10K y3atSé Ay TFT2NBI NR RANBOGAZ2Y:
+ thicknessof iron shielding.



Concept: sizing detector magnet

What counts is momentum resolution!
A particle with charge g and momentupn
traveling through B is bent by Lorentz force

1 A(fp oef) Fe
In the transverse direction, radius $gittas:
s A
vyt
and momentum resolution
S| m—
- 8 |f

p; (GeV/c)

s [mm] @ B=1T, L=1m

1000

0.037

100

0.37

10

3.7

1

37

A Keeping at minimum the resolution for higher collision energies, so higher
momenta, requires to scale up the detector up with? BL

A 10 times more energp 2xB andvu=2.4x tracking length, sajlameter

A Andthe axial length grows accordingly!

A Thus:detector magnetsscale in size witltollisionenergy!



Concept: more requirements

(1) MomentumresolutionA sufficient BE
(2) Forphysics we need B, not the magn@),

thougha rewarding challenge for magnet engineers!

A Minimum thickness of coils to minimize particle scattering
(especially when the calorimeters are put outside the central solenoid!)

A Material?: in general, all Al, low density, when inside the calorimeters
(3) Hermeticallyclosed detector catching all particles

A Minimum lost sphere for magnet services and supporting structures.
(4) Fullintegration of magnets with detectors interleaved and supported
(5) Alwaysworking to avoid loss of data

A Requiring high operational margins in terms of temperature and current
(6) Unigueand not replaceabldcan not really be repaired)

A Very robust design with large margins and high level of redundancy
(7) Andlow cost as well

A UseNDbTisuperconductor at 4.5 K
10
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Practical Conductor - NbT]

&t e

7
(73 %)

N

N

o

Current density (kA.mm) —>

Cubic alloy, isotropic z

0.7 < wire diameter < 1.3 mm

Tc: 9.3K
Bc,: 13T

Very well developed
~1 u / kA m

1z



Practical Superconductors for Magnets

104+

L Nb-Ti

¥4

=
ki

Whole Wire Critical Current Density (A/mm2, 4K
H
<

4.2K LHC insertion
quadrupole strand
(Boutboulet al. 2006)

Maximal Jat 1.9 Kfor entire LHC NE
strand production CERN . Boutboul'07).
Reducinghe temperature from 4.K
produces a ~3 shift in Jfor Nb-Ti

O

55x18 filar

prod.)

Nb;Sn:
Bronze Process

Ci

4543 filament High Sn
Bronzel6wt.%SF).3wt%Ti
(MiyazakiMT18L 9 9 9 Qn n

4 50 bar OveiPressure HD. Jiang et al.

2223:B" Tape Plane
Sumitomo Electric (NHMFL)

Electric (NHMFL)

ICMC'03 papers
.

ment BOST strand with NHMFL

RaBCGOn a
magnet,
not in // field !

Minimum
practical current
density

¢ oo T 2223 rcam L o e e o
'. 2223: Blu Controlled" k REBCO BT -I'
X| Tape Plane MEM'13 T —— - BTape pla
Sumitomo *\ 2223:BY Tape REBCO: BTape Plan
Electric (2012 i 3 Planesumitomo

==Bi-2212: 50 bar OP
Bi2223: B Tape Plane

ompiled from

==e==NDb-Ti: LHC 1.9 K
ASC'02 and

== = Nb-Ti: LHC 4.2 K
Parrell G8T)

Bi2223: BJ Tape Place
Bi2223: BJ Tape plane (carr. §ont.)
=@ B}-2223: BJ Tape plane (prod.)
=—c==h 61T {YY LYUGSNYLI §
=—dm=pb 07 {YY | AIK {YyY |

e *Xe« Nb-Ti: High Field MRI 4.22 K

Bi2211may do

when anisotropy
Is considered

better than Y123

1 ad. i Y mybm CAf 9
0 5 10 15 20 25 30 35 40 45
April 218 Applied Magnetic Figld (T) WASLAB

Mgli%2 not for high
field magnets but
niche market
1-5T, 420K

NbTi
for high field up to
9Tand 4 Kand

Nb,Sn
for any magnet
of 20 T

11T,1.8K

Bi2212 orReBCO

for DC magnets of
17-40 T provided cost
comes down drastically

13



Example: Superconductors in ATLAS Detector

Barrel Toroid Conductor: 65 kA at5 T

A 1.25 mm diameter NbTi/Cu strand, 2900 A/fat 5 T
A 40 strands Rutherford cablel700 A / strand
A Coextruded with high purity Al (RRR>1500)
A Intermetallic bonding Gl is required

N/

y, -

b

A size 57 x 12 mfn
A 56 km made
A Production by 2 suppliers

EndCapToroid Conductorsize 41 x 12 min
A 26 km made

Central Solenoid Conductosize 30 x 4.3 mn
A 9 km made (Ni/Zn doped Al for highestress)

57 x 12 mm?



Adiabatic Filament Stability: dg

Field penetration in filamentghe Critical State Model
A In the filament magnetic energy is stored.

A When disturbed, the heat must be taken up by the
enthalpy of the filament.

A A disturbancedT1 will cause gDX, so flux motion,
leading to E, this leading to heat and so agabT a. —

A WhenDT2 >DT1, the process will accelerate and the quxf‘ >y
profile collapses. o

A Based on simple slab model, the adiabatic stability
criterion is found:

diy - L <{3c (FT,)/ m}* B

ext T2 > Tl

So we see a maximum filament thickness for a given
current density, to guarantee stability.

A For NbTi, ¢ = 5600 Jpil(5 T) = 7.2 K, E 4.2 K :
andJ = 3000 A/mm, we finddg < 70>m. l 0 +r

16




Adiabatic Wire Self field Stability: D

wire

Filaments are coupled by self field
A Adiabatic filament stability requires fine filaments in a matrix

A Followingthe CSM, we see thmagnetic field Bf(!)/

penetration profile disturbed by BT
A Field profile has to change, field penetrates deepetr,
causing heat, taken up by enthalpy up to a certain limit o
A Assumindi=sc/total ratio and current densityJ Br(@)
A We find for the adiabatic seffeld criterion: ——

Dyie-hd 4 c (T-T,)/my}2 £(1/1)
where f (I1.) = 1/¢0.5 In(l)g 3/8 + F/6 - i4/8)

We find a maximum wire diameter for a givedcand I/l
Commonly used 0.7 B, < 1.3 mm in cables.
Thus:we needcabled




Self-field Stability: Cable examples

ITER cable for central solenoid
A 65 KA at 13.5 T, 1152 NRSnh wires parallel
in a twisted multistage cable.
A cable layout with 5 stages: 1x3x4x4x4x6.
A wire 0.81 mm, filaments Am.
A The strands take all positions in the cable to
guarantee equal current sharing.

LHC type Ni5Sn Rutherford cable
A 33 stands single stage twisted.
A 13kAat11T.

- ~ ~ =

ATLAS Detector Magnebnductor e

A Al stabilized 40 strands Rutherford cable. 40 strands ATLAS BT cable
A65KkAat5T.

18



Temperature jumps, low heat capacity

T T
Nb_-,Sn at B=0

Why is release of heat so critical at 4K

A Heat capacity is stronglydependent

A CopperNbTi composite:
CaT)=h((6.8/h+43.8)F+(97.4+69.8 B)T)
mI/mmeK,at 5 T and 40% NbTi in a Cu mat

A 2.5m)/mn?K at 4.2 K and

A 0.5mi/mnPK at 1.9 K !

A 2.5mI/mm corresponds to a movement in

almmwire at5 T, 500 A ofvin only!

EPOXY RESIN

L 1 1 ] ! ! L 1
6 7 8 9 10 12 % %6 18 2

TEMPERATURE 8 (K)
Heat release oml)/mm? has to be avoided, otherwise magnet will quehc

A avoid friction and sligstick by introducing low friction slidingl@ptonfilms
wrapped around wires and cables).

A avoid any displacement, vacuum impregnation of coils.

A avoidresin cracks, avoid local stress concentrations at bonded surfaces.
19



Point disturbance, MPZ

Minimum Propagation Zon€1-d case)
A How large must the distortion be to get a quench ?

A Consider a wire with current |, heat removal Q along the wire and centra
zone in normal state (simple, one dimensional case)

T<T

A5G

Look for lengti_where heat produced is equal to heat removed:
rFALC 21 A(FT,.p) /L

L={2 (T:Tpap) / T I} = MPZ

Propagation occurs when L > MPZ and recovery when L < MPZ !
20



Minimum Propagation Zone, MPZ

Examples of MPZ in a various wires

A In a bare NbTi wire or filament:
take 5 T; 3000 A/mfy r = 6x10°Wm; |1 = 0.1 WmK, T=7 K
and we find MPZ dd.3mm only, pure NbTi can not be used!

A NbTi withCuNimatrix would give MPZ &fmm and 0.1mJ !
A Such wire is extremely sensitive to any heat pulse

Remedyreduce r by using copper matrix(3x101°Wm, factor 2000 !)
andincreasel by using copper(> 200 WmK factor 2000 again !)

We see how wonderful copper (or Al) is, without coppersnmagnets !
V factor 2000 improvement, fromm to few mm andnJ range

V for a typical LHC cable we getout 15 mm

V and in the ATLAS conductor (600 Apuare Al EEEETEEEE————T
and 20 kA) we get abo&00 mm! m =




Request for: high current conductors

200 A HTS tap2

=_——
a 4 x &. 1 mm

Single No!
Cabled: may be, but
to be developed

PERPALIISR b 33t

65000 A@5T ANDTI/Cu?

ATLAS Barrd@broid@ CERN
V' One can not build large scale magnets from single wires or tapes.

V We need superconductors that can be cabled and survive a quench!

22



Novel Detector Magnet Superconductors

A For the next generation detector magnets, conductors are further
developed and reinforced, more stored energy, larger size.

Cross section of aluminum stabilized supercondcutor ATLAS CS type

Ni/Zn doped Al

[ NbTi / Cu cable

i 'Pure Aluminum
High Strength Pure Aluminum
I Aluminum Alloy

: i CMS type,
reinforcement
ﬂ Q bars
CELLO TOPAZ ALEPH CLEO BELLE ATLAS ATLAS ATLAS CMS
CDF VENUS DELPHI SDC CS E.C.Ts B.T.

23
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Design steps: Example CMS solenoid

> >y D> >y >y D> P> D>y D

Magnetic field calculation

Effect of the iron yoke

Magnetic stored energy

Lorentz forces in the coils

Hoop stress

Choosing current vs saliductance
Conductor dimensions and layers
Conductor details

Stabilizer, Cu or Al

25



Design steps: Magnetic field, no iron

Field calculation without iron yoke: | YA

Rh— G
- N turns

I U
; n= N/L

Current density:U

Fieldo 0

3.772e+H000 : »3.070e+000
3.573=+H00 : 3.772e+000
3.375e+000 : 3.573e+100
3.1TE=+H000 © 3.5375e+H000
2.973e+100 : 3.17ee+100
277 2=+00 ; 2.5978e+000
253 =000 : 2.779e+000
2.332=+000 : 2.581 e+100
2.184=+000 - 2582 e+H000
1.8352-+100 : 2.134e-+100
1,727 2+000 : 1.235e+000
1.582=+000 : 1.787 e+000
1.320=+000 : 1.588e+100
1.1591 =+000 - 1.5390e+000
9592520017 : 1.121e-+100
72402001 : B 925e-001
5.955=-001 : 7 940=-001
3.970=-001 : 5.955e-001
155352001 © 3 37 0e-001
<0.000e+00 : 1.585e-001

ansity Flot: |6, Tesla

A With real CMS magnet sizes:

r=3200 mm; R = 3418 mm
L =12500 mm
N = 2180; | = 19500 A
A Wefind:6 ( B) o& XY (88% of infinite)
0 (I ) 18 XY

A With a FEM code we find 3.77 T as well.

=

26



Design steps: Magnetic field, with iron

Accurate analytical formulae do not exist, a calculation with a
FEM code is needed (OPERA-3D, ANSYS, COMSOL).

A Simple solid
magnetic yoke:

A B, =417T
(98% of infinite).

Iron is a magnetic mirror, the coil becomes almost infinite.

A Real iron with gaps
for detectors:

A B,=4.0 Tin center
A 4.6 T in conductor.

Stored energy:
A FEM calculation yields: — _ 6 (i) Qw ¢&"0U

A Simple approximation: — 6 6 ¢c& ¢ 6 AT OA1 Ol

1.#23=+100
1.512e+000
1.295e+000
1 .050e-+200

4.5321e-001
2161e-001

3. 545 e-+100
3.699=-+100
3452100

1.726eHI00
1.479=+100

2.EE3e-001

o[ [TTTTITTTTITITTEEER

4 1042+000
3.883e+000 :
JEF2e+I00 :
3.455e+100 :
3. 2A0e-+100 :
F.02e+000
2.E03=+000
2.502e+00 :
2.078e+000 :
2 1E0e+000
1 =44e+000 ¢

G Ed2e-001 -
b.AzTe-007
CB.AETe-001
-4 3 e-001
=7 B52e-005 . 2 161001

4.E35e-+H100 :
4,435 e-+100 :
4. 1592 e-+100 :

3. 206e+000
2.550:4000
2.7 12e+000
2. 4Bk e+000
2.2198-+H100 :
1.573e-+000

1. 233100 -

=4, 320e+000
4. 104e+000
J.6ageHI00
3.672eHI00
3.45Re-HI00
3.240e-+100
3.024e4+000
2.808e-+H100
2.592e+H000
2.3TBe+H100
2 1B0e-+HI00
 1.844e+000
: 1.728e4+000
: 1.512e+000
S 1.256e+000
1 080e-+100
B hdde-007

=4 93 2e+H000
4 E35e-+H100
4.435e+000
4192 e-+100
35454000
3.A8%e-+H100
3452100
3. A0k e-+H100
22094100
271 2e4000
24BEe-+100
22194000
1.573e-+100
1.726=+100
1. 479=-H100
1.233e+000

d. 397 e-001 - 9863001
45320001 : 7.397e-001
2486001 : 4.932e-001
<0.000e+1030 : 2 466001

27



Design steps: Magnetic forces

F
Lorentz forces due to B and J cause axial R A r
compressive forces and radial forces causing F,
hoop stress: T r §
] I N
7 . Le|my —

A Radial field causes axial foreg

A Axial field causes radial forcés *
L

A In fact the solenoid wants to blow up into
a ball shape

For CMS: F, = +1.66 GN,
F = -140 MN (14i)
¢ KS {Predsufref E/surface = 6.6 MPa
A Magnetic pressure = P800
or 64 atm.




Design steps: Hoop stress, coil thickness

F
The radial pressure is reacted in the cylinder 2 A r
with thickness t (windings + extra material) by F,
the hoop stress: T r g
” TTT TS T TT oo mm e é;' """"""""

To be respected design rule:

~

" R J
Structural coil thickness:

0 ocara ,
using 100 MPa annealed AI5083, or

t =190 mm based on special 170 MPa
AI5083H321.

V' So we need some 190320 mm thick
structural special Al alloy on top of the
soft conductor to withstand the radial
forces in a safe way.




Design steps: Current vs self-inductance

Selfinductancel_and current | are linked through the stored energy:

0O — —_. 860w —6 ohde D 0 “i ¢I
A Current | must be high for protection reasons, say 20 kA
A Thenl,F mn | YR T2NJ b FT2tt26a b F HI

A Adaptation to conductor & coil dimensions leads to 19.5 kA / 2180 turns.
A The coil has 42.5 $@mpereturns.

In the windings section of :
F own YY E wmMupnann YY 68 __T_
A 2180 turns of superconducting cable with 19.5 kA

A extra stabilizing and quench protection material around the cable
A conductor insulation

A structural reinforcement for handling the hoop stress

A an outer support cylinder for integrity and conduction cooling supply.
30



Design steps: Conductor size and layers

4 T is made with 2180 turns and 19.5 KA current, but:
How many layers is wise?

A Coil winding section is 12500 mm x 263 mm,

A n layers x conductor height = 263 mm

A Use1 (easy), or even number of layers: 2, 4 or 6

A 1or2 layers requires a too thin conductor to be
wound on its small edge.

A Then 4 layers is best, few layers only and acceptable
conductor size of 66 x 23 N6 layers would mean
44 x 34, almost square.

There is a thermal argument as well:

A winding on smakledge gives less layers, so less thick
iInsulation (resin, glass, polyimide) between the
superconductor (NbTi) and the heat sink (cooling
pipe), thus a smaller temperature gradient.

——_

-

O
O

1
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Design steps: Superconductor needed

7000 0+ T T T T T T T T T T T T T T T T T T T

The coil runs at 19.5 kA with a peak field
of 4.6 T at4.5K:

A Critical current density at 4.6 T/4.5 K

6000 :““'“""“‘“‘5'“""““‘"""‘E'“""""""
B i i

—e—42K ]
44— 45K

- H H — — 0,
5000 - '4__,;_,_ ' 4.5K 5/o'degraded i

4000 [rommerme e e R T e e

Current Density (A/mm?)

including 5% cabling degradation is
3000 A/mnt.
We need margin so we run at 33% of em e i T
the critical current, at 1000 A/m#n °z ) T ‘ ;

Fleld (T)

19500 A and 1000 A/mfmA need 19.5 A/mrisuperconductor per turn in the cable
Selffield stabilityA wire diameter <1.28 mm

A minimum Cugcratio is 1:1/1A Asc 0.61 mm

Number of strands in the cable is then 19.5/0.61 = 32
Filament size? Adiabatic filament stability requires <40 pm
The filament section is 0.00126 My we need 484 filaments

A Twist pitches of strand and cable can be standard giving a good cable stability a
needed for the cable/Al cextrusion process

A ThusLs=25 mm and_.c 185 mm and twist directions SZ.

To To I Io Po o T
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Y Design steps: Wire & Cable specification

Following these arguments
the cable specification is
now as follows:

Strand Constituents
High homogeneity Nb-T1
High Punity Copper
Niobium Barrier
Strand Design Parameters
Strand Diameter
(Cu+Barrier)/ Nb-T1 ratio
Filament diameter (mm)
Number of Filaments
Strand Unit length (m)
Twist Pitch
Strand Mmimum Critical Current fe (A)
(Criteria : 5T. 4.2 K. 10 uV/m)

Material
Nb 471 Wt% T1
RRR = 300
Reactor Grade I
Parameters
1.280 £ 0.005 mm
1.1£0.1
< 40
« 552
2750
45 £ 5mm Z (RHS
1925

n-value 5T =40

Final copper RRR =100

Rutherford cable

Cabling direction S
Nominal current 19500 A
Critical current at 5T, 4.2K 256000 A
Critical temperature at 4.6T 735 K
Current sharing temperature at 4.6T and 19.5 kA 26.33 K
strand number 32
dimensions 20.68x2.34 mm’
Cable transposition pitch 185 mm
Cable compacting ratio 87 %



Design steps: Cable - Al co-extrusion

The cable is cextruded with high purity Al (RRR>1500)

34



Coil windings: radial build-up

Now we have: 4 layers of a soft conductor AlI/NbTi/Cu, 127 mm thick and a thicl
support cylinder of 186 mm.

A Is this thermally and mechanically an optimal design? No !

N - A High shear stress at interface
A In the 4 layers , axial forces up to 1400 MN *
gives 55 MPa in the pure Al >> 20 MPa, not =1 Tt 1
186 possible. '
mm | | boftf | ||

A Soft 4 layers of 127mm +186mm gives 22
MPa, is acceptable but strain and shear
stress is not uniform. I

v A A much better solution is to mix soft Al R

EULUE [

»
—

stabilizer and harder Adlloy support. T
127 A Cure: slice up the thick support cylinder and
-+ soft redistribute it as reinforcement barsonthe| || | | | |
o conductor, creating force bridges in the LUTLTLTT ] |[e4-0
winding pack in axial direction. |mm
' v

21.6 mm
35



Real coll: final solution for CMS

A Conductor: soft ANbTi with NbTi
cable reinforced with Al 6082 bars
connected by electron beam welding

A New vyield stress is about 250 MPal

32 strands 01.280

T el

iy

6

i

5

T

4

T e
%‘Rﬂful iﬂtr.n:ﬁfwf ’/}

f{ornyl B{0]1
LIl 1]1]]
A0y 0 0 0]0]1
Ipi)l e 0]l]]

fira fermi Tierma sl _Geos e

v -|
/y/// Y,
Iﬁfﬁfﬁﬁffifﬁﬁﬂéﬁﬂéﬂiﬂﬂﬁi&ﬂﬂf
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Making of CMS Solenoid: support cylinder

A The CMS magnet cold mass was made in 5 — 1

units mostly at ASG Genua transported to These Kind o colls are
CERN for osurface assembly and then thermosiphon.
insertion as a whole in the CMS cavern. ot nesd ot 2 pormn

S T = R~ e T e ¥ - . .
R @ Thermal siphon cooling layout,

Support cylinder manufacturing, 5 units pipework welded to the cylinder

37



Making of CMS Solenoid: coil winding

Dedicated coil winding machine allowing winding inside
the support cylinder (6.2 m diameter)

Conductor spiral leading into cylinder Conductor bending Taping insulation on conductor

38



Making of CMS Solenoid: vac impregnation

== |
S
AEmRRw - |
JE N [ ([0 2%
RSN -~ \

.

NAA

f LB
ikl

Vacuum impregnation tools,
resin curing, result:
Clear transparent resin




Making of CMS Solenoid: assembly on site

. g b
Modules transport, stacking,
integration in cryostat and

finished coll ready for insertion
In cavern. READY !

40







ATLAS on surface & underground

A Underground cavern
" at-90 m.

s ps .
"l1 m A 2 shafts give access

S T s : to a 50,000 rhicavern
for the detector.

q\\.
ot d:‘."

.
LAy

Cavern length = 55 m
width =32 m
height =35 m.

42



ATLAS superconducting magnet system

1 Barrel Toroid, 2 End Cap Toroids and 1 Central Solenoid
4 magnetanake2 T in innerdetector (solenoid)& ~1 Tin muon detectors tproids)
20 mdiameter x25 mlong
8300 n? volume with field oo vl & s é‘?f e S0
170 tsuperconductor
700 tcold mass
1320 tmagnets
7000 t detector
90 km superconductor
205kAat4.1T
1.6 G&tored energy
4.7 Kconduction cooled s : e -2he) \
9 yrsof construction 9807 oo O ot s

Solenoid CERN AC - ATLAS V1957

Forward Calorimeters

So far, the largest trio of toroids ever built
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Magnetic field configuration

A 2 T in Solenoid closed via return yoke
2.6 T peak in windings
AF noy ¢ F@SNI3IS Ay .|
3.9 T peak in windings
AF moo ¢ I @SNIIAS Ay 9y
4.1 T peak in windings

| z=-20cm,phi=2pl |

44



b ——— -

serwng the m’ner tracklng

2.4 m bore x 5.3 m long 9 km conductorNbiCu + Alstab.)
39MJat2T, 7.73 kA | 5tons cold mass




Y ATLAS: Barrel Toroid manufacturing

: ‘.8’ c»lfum veﬁ%
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