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INTRODUCTION

Future Circular Collider (FCC) 100 TeV collision energy

The main bending dipole magnets have to operate at/near a magnetic field of 16 T
Providing a significant challenge for strand, cable and magnet R&D.

As a first step towards its realisation a cross section parametric layout study is performed
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3 OPTIMIZATION ALGORITHM

» Graded coil designs are necessary (as we will see later)
— lterative algorithm is needed to generate valid layout(s)

- IF’attern search algorithm is used to find optimal distribution of magnetic field contribution between
ayers

— Outside a parametric study is performed

Pattern Search Algorithm

« Each dot in this plot represents a layout
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Parametric Study

. Each set of input parameters is
Reorganise represented by a pattern search plot

coil structure . Different layout types are studied
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Used scaling relations

» Bottura scaling relation for Nb-Ti
with LHC strand

» (Godeke scaling relation for NbsSn

Cable parameters
* Void fraction 0.14
* Insulation fraction 0.06
« Margin on loadline 20%

» About 4K margin for Nb3SN
* About 2K margin for Nb-Ti

The NbzSn conductor is scaled
using a factor fnoasn

e Jcscaled = fnbssn . JC

CONDUCTOR PERFORMANCE

NbsSn

" Jc=2000 A/mm2@ 15T, 1.9K
Jc=1400 A/mm?@ 15T, 4.2 K7
f=1.0

15 20 o5 30
Magnetic Field [T]
Nb-Ti

Jc=3200 A/mm2@5T, 42K

o / /

10 15
Magnetic Field [T]
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§) QUENCH MODEL

Simple adiabatic model solving time dependent
» Current decay (all layers are connected in series) "

T —T — T 300
adiabatic conditions assumed

Temperature [K]

_ ;T CableCurrent
« peak temperature for “quenching layer” (worst taken"g 101 Viria — 100 my Peak Temperature| .
» average temperature for each layer = hea?erdelaz=41 ms
3 ﬁlter_delayo— 20 ms L 12and 53
° 5 | pcthit = 80% ayer 1,2 an 100
Q
* Assumed circuit 0 | | | | o
. . A 2 . 4 . .
*  No dump resistor such that magnets can be chained 0 ° ° tirr?es[s] ° o o0

» Either Quench Heater or CLiQ (for now conservative LHC values for detection delay times assumed)

Set Copper to Superconductor fraction in each layer such that
* Average Temperature Rise is equal between layers (spread out energy as equal as possible)
» Peak temperature for all designs is fixed at 200 K (conservative)
» Copper to Superconductor fraction has lower limit of 0.6

Effect of the quench model on the magnet layouts

« Current density of outer layers is suppressed providing less advantage of grading
« Current density in inner part can be higher because we need less copper
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cryostat (11%) assembly (5%) Cryostat (3%)
sC (21%) structure (10%)

cabling (1%)
cabling
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SC

structure o
(32%) assembly (81%)
LHC Dipole (31%) FCC 16 [T]
g® fouzso x 0 | | | | " Nb3Sn
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O 45lfcu2sc =2.0 ]
O

@ 30
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Superconductor Improvement Factor

COST MODEL

Implemented cost model to compare
different layouts. Included is:

— Cryostat

— Superconductor

— Cabling

— Structure

— Assembly

Construction cost dominated by the
superconductor cost

Cost of NbsSN depends on

— copper content
— improvement factor

— for fcu2sc > 1.65 the copper is no Ionﬂer part of
the strands and added separately to the cable
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1.5%
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Margin at 16 T Field in Aperture
14.7%
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OPERATING TEMPERATURE AND IMPROVEMENT FACTOR
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Top =1.9 [K]
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Tgpeak = 200

0.2 LLHC Dipole 8.4 T 1.9 K

19K

13.5

14.0 14.5

15.0

15.5

16.0

16.5

Magnetic Field in Aperture at 20% Margin [T]

17.0

 No Iron is used in order to speed up calculations
« All layouts are normalized with respect to the <B=16T, f=1.5, T=1.9K, Tq=200K> layout

« Different layout shapes are optimal at different fields and conductor improvement factors
* Forreasonable 16T 20% margin layout we need:
4.2 -> 1.9 K provides additional 1.2 T
fnb3sn 1.0 -> 1.5 provides additional 1 T

Margin at 16 T Field in Aperture

o dB% 52% B86% 117% 147% 17.4% 200% 224%
. T T T T 7 é ’ T
2.4 B I | | / : !
n 2.2 ( ( .
O 2.0 [ | | 1
4.2K
§ 1.6 - 1
D 1.4 Top = 4.2 [K]
S ®a = 50 [mm]
o2 Topeak = 200
210 f=0.80 ]
N £=0.90|
B —
£ 0. NbsSn A —1.10|4
£ 0 NbTH o ——— =120
Lo04 =130
0.2 |LHC Dipole 8.4 T 1.9 K s musi a0
0 1 1 1 1 1 1 1
130 135 140 145 150 155 160 165

Magnetic Field in Aperture at 20% Margin [T]

« Changing the margin is the same as changing the operating magnetic field
i.e. 16 T 14% margin = 15 T 20% margin

If training behaviour is improved the magnet cost is reduced significantly!
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10 GRADING AND LAYOUT TYPE

Margin at 16 T Field in Aperture Margin at 16 T Field in Aperture
ph5% 52% 86% 11.7% 14.7% 17.4% 20.0% 224% 247%  ,1.5% 62% 86% 11.7% 147% 17.4% 20.0%

22.4% 24.7%

Top = 1.9 [K] Top = 1.9 [K]
2.4 da = 50 [mm] o S o 1 9K ] 2.4t oa = 50 [mm]
% 2.0l Tapeak = 200 " ] . 2.2} Tgpeak =200
O | fnb3sn=1.5 \ 8 fnb3sn =1.5
O 2.0t v O 201
S8 o 5 o 1.9K
316 S 16
Q1.4 | g 1.4
812 1 g 12
°©
§ 1.0 1 g 1.0
= 0.8 1 T 08
o =
€ 06 : A O 01—l 506
0.2 LLHC Dipole 8.4 T.1.9 K NbTiF T Hh=AHH | 0.2 ILHC Dipole 8.4 T 1.9 K
0 I I I I Nbssn_l 1 ) _ 0 1 1 1 1 1 I 1
13.0 135 140 145 150 155 160 165 17.0 13.0 135 140 145 150 155 160 165 17.C
Magnetic Field in Aperture at 20% Margin [T] Magnetic Field in Aperture at 20% Margin [T]

« Grading in the Nb3Sn gives a factor of 2 cost reduction and is a MUST have!
« Grading to Nb-Ti gives another factor of 1.1-1.2 cost reduction
« Also it fills the high(er) stress region of the coil with Nb-Ti

« This means we need R&D on inter-layer joints (between Nb-Ti and NbaSn)

* Probably need to resin-impregnate the Nb-Ti layer?
« Also note that all decks need to have flared coil ends when grading is used
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11 GRADING AND LAYOUT TYPE

« Block and Cosine-Theta are very similar in . 6T el i A
argin at 1 ield in Aperture
terms Of COSt' 28.5% 52% 8.6% 11.7% 147% 17.4% 20.0% 22.4% 24.7%

« Similar shape and positioning of 24_})?_:55!?”[]%
conductor (equal grading) 3 » 5| Tapeak = 200
« Extra mechanical structure in block © 20 -Lnbssn: P
balances out with wedges needed for 8 18} 9 '(
cosine theta 16
« Block favours wider (higher current) ('_S) AT o
cables 5 1§ A
% 0:8 N . .

« Canted Cosine Theta 1.4-1.5 times more § 0. l
expensive due to lower packing fraction -> < o047 -
less conductor close to aperture 0.2 pLHC Dipole 8.4 T 1.9 K -

?3.0 13I.5 14.0 14I.5 15I.0 15I.5 1(‘;.0 16I.5 17.0
 Depends on mechanical structure and Magnetic Field in Aperture at 20% Margin [T]
assembly
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12 APERTURE SIZE

« Expected synchrotron radiation is 50

Preliminary Figure :
' ' | watt / m (possibly need more space for

1.4

|| || | .
7N N e coolin
) () | 9)
: | |
Top = 1.9 [K]
Tgpeak = 200

» + More-or-less linear scaling with the
aperture size (In agreement with

10k fnb3sn = 1.5

Normalized Construction Cost

0.8 / analytical predictions)
. . :
06k T - o A Sop=13m At high aperture size we get
IHCOH OF | Bop = 15 [T] fresca-2 like configuration

=== CH H Bop = 16 [T]
0.4 o S L I |

30 40 50 60 70

Aperture Diameter [mm] « Larger aperture costs money!
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ALLOWABLE PEAK TEMPERATURE

RN
(68

1.3 . .
A 16T 1.9K 20% | » The influence of the peak
= 12f temperature on the cost
g — Default is a conservative 200 K
s — Lower peak temperatures push
E the cost up hitting a wall at 120 K
§ " — The cost barely reduces when the

oo . . . . peak temperature is increased

100 150 200 250 300 350

Peak Temperature During Quench [K]

20 — T T 200 20 — . 400
Icoil Icoll
More Copper ok Less Copper Toak
Cable 1 H Cable 1
Cable 2 Cable 2
Cable 3 Cable 3

1100 -1200

Cable Current [kA]
=
Temperature [K]
Cable Current [kA]
S
Temperature [K]

W 0.6 fcu2sc

0 0.1 ‘ Oi9 nIR 0i4 0i5 0 ‘Oi'l 0i2 0.3 0.4 0.5
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14 ACTIVE SHIELDING AND//OR IRON YOKE

« After the parametric studies an
, ~_ ... ironyoke was added to the most
—— - optimal design

-+ Adding the yoke flips the block
ENENE LTV , in the corner to Nb-Ti
— The iron helps shape the field

3/3p/3 bd3/3 33pd  pAas : — Nb-Ti field contribution in aperture
322313 fud32 3223/2 - U332 | becomes 7.7 T (was 5.5 T before)
3nddy” Napsn|  [snddy” Ndjsn | .
313N _Ad)1 31 313N __A4) 31 : _
3253 332 sedhgd 33z + To avoid the yoke from
3/3p/3 2/33/3 3/3p/3 2/33/3 becoming large
AV LT RN — Either accept more stray field
T 11 [T | — Place quadrupole active magnetic
11 | [ ][ : shield coils on the outside of the

~*» The yoke reduces the cost of
the magnets by 17% (due to the
extra Nb-Ti block)
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15 CONCLUSION

« Fora 16 T magnet need both

— Operating at 1.9 K provides an additional 1.2 T over 4.2 K
— Improving the conductor by 50% is worth about 1 T

 Block and Cosine theta are the same in terms of cost Canted Cosine Theta
IS a bit more expensive

« In this field range grading is necessary to reduce conductor cost
— Different current density
— Different copper to superconductor fraction

« Mechanical studies are ongoing to determine structure that allows
assembly of dual aperture
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I._INTRODUCTION

1I. ReEBCO CoaTep CONDUCTOR AND AN=ISOTROPY

As part of the Future Circular Collider (FCC)
hadron-hadron collider study, a new domain of |
high field dipole magnets is required. At present
there are two different target fields 16T and 20T.
The first lies at the limit of the Nb, Sn conductor.
The second will require the use of High Temper-
ature Superconductors (HTS) at the inner, high
field, part of the magnet. The first steps towards
these HTS insert-magnets have already been

will be continued in EuCARD-2, resulting in a
useful synergy with the FCC study. Workpackage
103 of EuCARD-2 concerns the design and

construction of a Five Tesla HTS Research
(FeaTHeR) dipole insert-magnet.

FCC Hadron-Hadron Collider

Panneres s o i come conicros i R cume

I1l. REQUIREMENTS AND CABLE

This magnet is required to generate a 5 T stan-
dalone central operating field in a 40 mm aper-
ture (with a reasonable field quality). By restrict-
ing the outer diameter of the magnet to 99 mm
(this leaves 1mm margin for adding extra insula-
tion sheets) and by adding additional mechanical
structure, it can be tested as an insert inside the
Fresca-2 magnet. To achieve low magnet in-
ductance and to allow, in future perspective,
possible series operation with Nb-Ti/Nb,Sn
coils, a 10 kA class cable is required. The designs
are based Roebel cable because it is fully trans-
posed and posseses sufficient current density

to reach the target field

il

20

cAsREDBY
FlwcLies

Five Tesla HTS Research Magnet

The critical current of coated conductor tapes is
highly an-isotropic, which means that it strongly
depends on the incident angle of the magnetic
field. This anisotropy becomes is more pro-
nounced in high magnetic fields, at which the
difference in critical current, between the good
parallel and bad perpendicular applied magnetic
field, can be as much as a factor 5. In the magnet
design it is attempted to make use of this good
parallel performance. In the magnet design ap-
proximately a factor 2 can be gained

Coated Conductor Tape

Engineering current density in tapes as function of fied angle and magnitude

= 0deg

1V. Cross SectionaL Lavout

The Feather-M2 magnet i designed to operate In two different scenarios, the frtis
standalone operation inside an iron yoke generating 5 T with reasonable field quality
at the center of the aperture. The second is in a 13 T background field, generating as.
much magnetic field as possible, without imposing any field quality requirements. To
maximize the magnetic field in the second scenario, the off-vertical angle of the blocks.
is adjusted to align the conductor orientation with the magnetic field lines inside the
background field. At the same time the harmonics and the width of the coil blocks are
optinised for the standalone case

Comparlscn w\th OLher Layouts
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V. MECHANICAL STRUCTURE AND ASSEMBLY

Inductively Coupled Energy Extraction (ICEE) i z
o ‘dump with ICEE.

dump withlt ICEE,

% 10ms

Feathe

S

Compress-Wind and Impregnate - Resin Tests Ongoing

_ VI. THree DIMENSIONAL LAaYouT v a5 v s co orgom xS Finuo wo suna Field Angle
To achieve the proper alignment in three dimensions s challenging. The coil can be  —————— e — - e 143 worstros section
divided in three parts: a straight section, a curved section and a sloped section. The  —ier —pone e Slor e B
largest angle of 14 degree is located at the edge of the cable in the coil ends. At %~ oomm T e e 2
each position along the cable there is a point where the magnetic field angle is zero. &5 s Gmm ey e csA/mmd sa/mmd bl comem donsy 5 0 =1 de
The field angle averaged over the width of the cable is always less than 4 degree. im o ot e = cablewith ]
P ey 6mR MR e
. R T e e :
Local Cross-Section < Gl Gk B pmee VII. CriTicaL CurRENT CALCULATION AND NETWORK MODEL
NN s -3 Secton e S The following three methods for calculating the criti-
3 o ST cal current are proposed (values in Tables): Network Model Geometry
B e peniy S A 13 TS AR 1. Assume that no current sharing can occur (Ici). A
i 2:%5‘;;&%;‘“&5" s 2. Assume that current re-distribution can occur
domn g dectan B asT BT g els within the strand but not between the strands (1<)
B St s e weeetpes 3. Assumes full current sharing in and between the
e 1 b el e S i euArmmt e e denty tapes (Icii
B i ol N e
Sy imn  0oem e R S 1 Y R Cable Structure
Parametrisation 2w T st A e Dol seimednae
Turn End Straight Section
10
£ =
£ Tanaent
‘@ O Lw1/2
H
T B
X ~ i |
Support Cylinder- | 1 | | j ot Telement [A]
—i(Alternatively L3) . - - - = = =]
Sloped Section | Curved Section Straight Section | Curved Section | Sloped Section
Lo VIII. ConcLusion
’E‘ - introduced a new layout, named aligned block coil, for ReBCO coated conductor coils. This
layout takes advantage of the anisotropy of the conductor, by optimizing the alignment o
£ I ke ah f th f the d by imizir he al: f
A the tapes with respect to the magnetic field lines.
w
= ~ Using this concept a design for the HTS insert magnet for the EuCARD2 project using a
? Roebel cable has been developed. The design, although in its initial phase, addresses most
N issues related to the use of Roebel cable for a dipole magnet.
e . . 1 - - t - ! . - Because current can flow freely in the tapes from side to side the calculation of the critical
-400 -300 -200 -100 o 100 200 300 400 current is not straight forward. Different methods of the calculation of the critical current are
x-axis [mm] introduced.
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