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1PST— al Assuming 10 TeV machine and coil at 4.5 K
Front End Cooling Acceleration Collider Ring | 150 Beam aperture
: | 23.5 mm radius I Cu coating
| I = Cu layer beam screen 0.01 mm thick B W absorber
- — 6 | - Tungsten absorber 40 mm thick 125 Insulation space
§_’o§°g’ 2 2 % oW w @ | 5 mm thick B Heat intercept
Pe2 s 518 838 T, % 3 | | « Heat intercept 1 mm thick = 100 B Beam pipe
2293 9] 48 gp 8 S | ' 5 mm thick E i
Q %§ _'E '.TZ & 3 a % 2 E Accelerators: | I . mm !C > 75 Jaton ins.
=3 =g = = | Linacs, RLA or FFAG,RCS | | * Beam pipe 3 mm thick g I
S £ 35 | E— ) 0.5 mm thick Magnet coil
- Clearance 1 mm thick 50
. . . . » Coil pack* (60 mm thick)
Main bendmg dlpOIeS- *thickness TBD, placeholder 25
10 TeV collider (10 km ring): hCoqr.tesy of Patricia Borge; de Sousa 0
ttps://indico.cern.ch/event/1250075/contributions/5357594 0 100
. 15T /150 mm (REBCO, hybrid) [mm]
. 5 m length Coil aperture 158 mm
g / Courtesy of A.Lechner

. 1200 magnets
with HTS @20K the absorber

3 TeV collider (5 km ring): can be 30 mm thick:
. 11T/150 mm (Nb,Sn) coil aperture 138 mm

. 5 m length
. 600 magnets

Need for high fields in large apertures
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= We consider 3 materials: two LTS (NbTi and Nb;Sn) and one HTS (ReBCO) at different operating temperatures.

= We perform plots that can show the allowed area between aperture diameter (A) and bore field (B).

= A Python code is used to implement the analytic formulas, for a cos-theta magnets in sector coil approximation
(a is 60° for the dipole and 30° for the quadrupole), which provide the limit curves shown below.

= Limit curves, introduced by stress, margin and protection, are discussed in presentations.

200 Dipole - NbTi @ T_op = 1.9 K 200 Dipole - Nb35n @ T op = 4.5K Dipole - ReBCO @ T_op = 20 K
—F 300
O Existing magnets Protection |
Prote;tl(?n. Protection MI
250 —— Margin limit 250 4 250 - — Margin limit
—— Stress limit —— Stress limit
£ 2001 E 200 'E 200
E E E
3 5 5
v . 1 - )
g 150 & g 150 2 150
il L fud
g © o
= 2 v g
2 100 @ 2 100 2 100
FHiGiERA
4H O Existing magnets
50 + o 3 50 A Protection 50
—— Margin limit
—— Stress limit
0 T T T T 0 T T T T 0 T T T T
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
B [T] B [T] B [T]
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CosT MODEL INFN

Total cost of the magnet = 400 kEUR/m (FCC-hh 175 kEUR/m [ref])
Cost of the labour = 20 kKEUR/m (LHC)

International
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Example diagram with bore aperture set at 150 mm.

The assumptions made for the cost model
are very important !

Aperture
150 mm

Aperture
150 mm

= Higher cost = Thinner coil
= = Higher current density
= = Problem with quench protection
= = Work close to the critical surface

Coil width: 10 mm < w, < 80 mm (margin limit)
Peoir = 8000 kg/m3 = = Higher pressure on midplane = Stress
limitations

Structures: w, < 60 mm
SS cost: 10 EUR/kg (HL-LHC)
pss = 7800 kg /m3

m SC cost [EUR/kg] | Aspirational SC cost [EUR/kg]
Iron yoke: w; < 350 mm
Fe cost: 8 EUR/kg (HL-LHC) — =2 el vz
pre = 7800 kg /m? Nb,Sn 2000 700 (FCC target)
ReBCO 8000 2500 (realistic projection)
Bore
Structures The maximum total cost of the magnet is the same for all materials.
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CostT MODEL
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Cmagnet = Ctot — Clabour = 2k CkPrAr  where k = coil, structures, iron

_ 22 2 _ 2 2 a,= aq + W,p;
Acoil = 3 ( a;—aj ) Astructures = 1 ( asz—a; ) 2 1 cotl
as= a, + w;

Airon = w( aZ—a?

The cost of the magnets is function of:

a

Ws = Wg LuC
a1,LHC

a
Wi = Wi Luc -
a1,LHC

Using the main LHC dipoles as a reference

CMagnet (al: We, Ws, Wi)

= We can express the total cost of the magnets
. as a function of only two variables:
the internal radius and the coil width.

CMagnet(ach) — Wc(a1; CMagnet)
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STRESS LIMIT INFN

/‘\{j‘g‘;fgzﬁi,?ggj Dipole Quadrupole
Collaboration STARTING POINT 3}
Constant . . :
s Omax 35S a function of the material, « of the sector coil.
. NbTi=100 MPa TS . Dip=60° /e
* NbySn =150 MPa  Quad=30° az x

e ReBCO =400 MPa
Variables

> For each aperture radius a1 , Wcej can be calculated from the cost model.

Reference: https://doi.orq/10.15161/oar.it/143359

DIPOLE QUADRUPOLE
At the first order of approximation, the midplane pressure is: At the first order of approximation, the midplane pressure is:
p, = 2upsina (cosa — 1) J? (_EM B a—fln (2) N as —ala, > P, = 2uosin2a (cos2a — 1) J? (la% —al B a—fln (2) N af —ala, )
W 3 3 3 a4 2 W 12 3 3 aq 4a,
For fixed Py, the current density can be computed: For fixed Py, the current density can be computed:
Py = Gmax@‘: J (Omax a1, W) Po = Omax/15 = J(Omax, a1, W)

It is difficult to consider the true stress on the magnet as it depends on the geometry of the magnet.
Therefore we use this value to convert Py 4 iNt0 Oy
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STRESS LIMIT INFN

ﬂ{j‘éﬁrg‘;‘jﬁ’;ﬁ! Dipole Quadrupole
Collaboration STARTING POINT 3}
Constant . . :
RN Omax 35S a function of the material, « of the sector coil.
. NbTi=100 MPa TS . Dip=60° /e
* NbySn =150 MPa  Quad=30° az x

e ReBCO =400 MPa
Variables

> For each aperture radius a1 , Wcej can be calculated from the cost model.

Reference: https://doi.orq/10.15161/oar.it/143359

DIPOLE QUADRUPOLE
At the first order of approximation, the midplane pressure is: At the first order of approximation, the midplane pressure is:
_ 2ppsina (cosa —1)J* [ 2a3 — a3 afl a) as —ala, b 2upsin2a (cos2a — 1) J? (7 a3 — a3 afl a) af —ala,
6= w 3~ 3 3 '\ a 2 6= w 12~ 3 3 '\q 4a,
For fixed Py, the current density can be computed: For fixed Py, the current density can be computed:
Pg = Omax/1.5 = J (O-max yaq, w) Pg = 0max/1.5 = J (Umax yaq, w)
Then, through the analytic formulas, the magnetic field in the bore is: | Then, through the analytic formulas, the gradient is:
2 2 a
Bw,J]) = HoJ w sina Gw,]) = HoJ In <—2> sin2a
T n a,
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MARGIN LIMITATIONS

/‘\U‘éﬁ”&iﬁi?&‘é‘! Dipole Quadrupole
Collaboration STARTING POINT y
C tant . . .
onstants Typ + Tinargin s a function of the material, a@e sector coil.
« NbTi: 1.9K + 2K (LHC) * Dip=60° « .
¢ Nb;Sn: 4.5K + 2.5K (HL-LHC) e Quad=30° ~ x

e ReBCO: 20K + 2.5K
Variables o For each aperture radius a1, Wcojil Can be calculated from the cost model.

Critical current density of NbTi @ Top (1.9 K) + Tmargin (2 K)

DIPOLE
; —— Bottura's Fit
Through the load line formula, the current density is proportional to 2500 4\ T 1 ™mm quadrupole e :ntersec:ions CD)ip :LLL
. . . . I\ . ntersections Qua
the coil width w and the peak magnetic field B: 1 QW = 1mm, dipole
] TL_B ~ 2000 A "
= - E
2loW Sina £ 1500+
The intersection between J, and the fit of the critical current density /. —?_
& 1000 1
J(B)—J.(B,T) =0
gives us a pair of [;;45 and Byeqi values on the critical curve. >
Using the peaking factor, convert the peak field B, into the bore field. 0
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PEAKING FACTOR INFN

We need a peaking factor to switch between peak field and bore field for the sector dipole.
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r

The ratio between peak field and bore field follows the hyperbolic fit: A(w,r) ~1+ A - "
where ris the aperture radius ad w is the coil width of the sector coil

Bpeak/Bbore = A

1.6 1.6

| 3 ¥ ' ¥ ]
o A .
A . \ 60° sector dipole e A ) 2-sector dipole
1.5 15 bod (al =43 27 a; = 52.2°, az = 67. 3°)
\ \ +1‘;50 mm ——1=50 mm

14 ‘ +1=25),u./ 14 e O i .
TIHNY | | 1 T L W B (T)

= —

=] : ju=1

,l i i i ' 1
0 20 40 60 80 100 0
w (111111) w (111111) Stefania Farinon. CAS - November 2023
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Constants

STARTING POINT

e« NbTi: 1.9K + 2K (LHC)
*  Nb,Sn: 4.5K + 2.5K (HL-LHC)

e ReBCO: 20K + 2.5K
Variables

MARGIN LIMITATIONS

> Top + Tinargin @s a function of the material, o of the sector coil.

> For each aperture radius a1 , Wcej can be calculated from the cost model.

INFN

Dipole Quadrupole
y
* Dip=60° " “
* Quad=30° ~ -
Reference: https://doi.orq/10.15161/oar.it/143359 QUADRUPOLE

DIPOLE

Through the load line formula, the current density is proportional to
the coil width w and the peak magnetic field B:

_ nB
- 2UeW sina

]

The intersection between J and the fit of the critical current density /.

J(B) =J.(B,T) =0
gives us a pair of [;;45 and Byeqi values on the critical curve.

Using the peaking factor, convert the peak field B, into the bore field.

13 March 2024
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Through the load line formula, the current density is proportional to
the coil width w and the magnetic field Bin a4:

B
2Uupaq In (Q) sina
a,
The intersection between | and the fit of the critical current density /.
J—=Jc=0

gives us a pair of ;45 and Byeqi Values on the critical curve.

] =

The gradient is calculated as: G=B / a,
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PROTECTION CONSTRAINT INFN
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Summary of steps: * NbTi, hotspot temperature limit 350 K:

Low conductor cost allows large coil and low current

1. Current density vs. dipole field density = protection does not limit design

2. Maximum energy density vs. current density
3. Aperture vs. stored energy density
4

Aperture vs. bore field, assuming constant coil * Nb,Sn, hotspot temperature limit 350 K:
cross-section (as limited by conductor cost)

Higher cost starts to limit the coil size and force higher

Quench current density = protection may become a limitation
1 Plateau (t < protection delay): Constant current during
= h detecti d i ivati e
§ quenc E etection and protection activation . REBCO, hOtSpOt temperature |Im|t 200 K:
3 . . . .
< Decay (t 2protection delay): Current decay after High cost requires small coil and very high current
S Swiltchi"_fiffthe power supply, and bringing all density = Protection will be a limiting factor
E | Colls resistive . . .
S | * Need to devise alternative protection schemes!
ateau Coil absorbs stored energy .
| - Non-Insulated and Metal-Insulated coils
Decay
In all cases we assume 40 ms protection delay between
. original quench and quench protection system efficiency.
0 t, t o Time after spontaneous
et prot. delay

quench
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DiPOLE A-B PLOTS INFN
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Dipole - NbTi @ T_op = 1.9 K Dipole - Nb3Sn @ T_op = 4.5 K Dipole - ReBCO @ T_op = 20 K
300 — 300 300
O Existing magnets - Protection |
Protection Protection MI
250 A —— Margin limit 250 4 250 — Margin limit
—— Stress limit —— Stress limit
E 200 A E 200 A E 200 A
E E £
g g g
2 150 - &l 2 150 - 2 150 4
5 5 3
p g e
@ 100 - @2 & 100 A 2 100 A
FH§iEra —
O Existing magnets a/BH
50 5o 50 Protection a's 50 -
—— Margin limit
—— Stress limit
0 T T T T 0 T T T T 0 T T T T
0 5 10 15 20 25 Y 5 10 15 20 25 0 5 10 15 20 25
B [T] B [T] B [T]
= NbTiis intrinsically limited by the J. which = Nb,Sn is limited by peak stress and = HTS is strongly limited by protection!
, . . . .
doesn’t allow to reach high field operating margin = Need to devise alternative

protection schemes:

Non-Insulated and Metal-Insulated coils
(courtesy of Tiina Salmi)
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DiPOLE A-B PLOTS INFN

300 Dipole - NbTi @ T_op = 1.9K 200 Dipole - Nb3Sn @ T_op = 4.5 K 200 Dipole - ReBCO @ T_op = 20 K
O Existing magnets (o] Existing magnets ‘ —— Limitation curve
—— Limitation curve —— Limitation curve
250 A 250 4 250 4
'E 200 1 E 200 A E 200 A
E E E
g g g
£ 150 1 £ 150 1 £ 150 1
S .S ©
e o he]
o g v
8 100 A aO: 100 4 ! | FRESCA2 C% 100 4
50 50 50
0 T T T 0 T T ) 0 T T T
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
B [T] B [T] B [T]
= NbTiis intrinsically limited by the J. which = Nb,Sn is limited by peak stress and = HTS is mainly limited by cost production
doesn’t allow to reach high field operating margin

= The allowed area is in white; the prohibited area is in red.
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Quadrupole - NbTi@ T_op = 1.9 K

Quadrupole - Nb3Sn @ T_op = 4.5 K

QUADRUPOLE A-B PLOTS

INFN

Quadrupole - ReBCO @ T_op = 20K

350 — 350 350
O Existing magnets O Existing magnets Protection |
300 Protection Protection Protection MI
—— Margin limit 300 1 —— Margin limit 300 1 —— Margin limit
— Stress limit —— Stress limit — Stress limit
_ 2501 250 A 250
£ E =
E E E
5 200 - 5 200 A > 200
Q ']
5 ; :
2 150 - S 150 - 2 150 -
o v o
® @ @
100 - 100 A 100 -
50 A 50 1 50 -
0 : . . . . : - 0 T T T T T T T 0 ; : ; : . ; .
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
G [T/m] G [T/m] G [T/m]
= NbTiis intrinsically limited by the J. = Nb,Sn is limited by peak stress and = HTS is mainly limited by cost production

and protection. Working @20K the

operating margin _ ‘ g C
margin curve is also a limiting factor.

13 March 2024 WP7, Task 4



QUADRUPOLE A-B PLOTS INFN
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350 Quadrupole - NbTi @ T_op = 1-9 K o Quadrupole - Nb3Sn @ T_op = 4.5 K 1o Quadrupole - ReBCO @ T_op = 20
O Existing magnets O Existing magnets — Limitation curve
‘ —— Limitation curve —— Limitation curve \

300 | \ : » 1 300 - — % 300 1 —1 ~
_ 250+ ‘ ‘ 2501 ‘ [ ‘ 250 A ‘
= -
£ : :
= 200 'S 200 'S 2004
7] @ ]
= £ =
g 150 A -g 150 A _g 150 -
o o o
@ @ ‘ ®

100 - 100 - : » \\ 100 4

50 - i » ' — 50 1 ' ' 50 -

0 . : : : : : : 0 - . - - - - - 0 : ; : : . ; ;
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
G [T/m] G [T/m] G [T/m]
= NbTiis intrinsically limited by the J. = Nb,Sn is limited by peak stress and = HTS is mainly limited by cost production
operating margin and protection. Working @20K the

margin curve is also a limiting factor.

= The allowed area is in white; the prohibited area is in red.
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FEM CROSSCHECK INFN
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Dipole - NbTi Dipole - Nb3Sn Dipole - ReBCO
300 —T 300 300
O Existing magnets O Existing magnets —— Analytic
— Analytic —— Analytic — FEM

250 - — FEM 250 - — FEM 250 1
E 200 E 200 - 'E 200
E E E
o z g
2 150 &l 2 150 2 150
© o o
o el o
1] 1} O
=4 2 =4
2 100 @ @ 100 S 100

FHiSiEra
c
50 - gsco" 50 - 50
0 0 T 0
] 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
B[T] B[T] B[T]

= We implemented a FEM model for a sector dipole in ANSYS.

= We implemented a Python code able to work with Ansys software
to run FEM simulations with the same inputs as the analytical study.

= |n the comparison, the FEM curves are always more restricting than the analytical ones
since they take the maximum pressure on the midplane instead of an average over the coil width.
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Bore diameter [mm]

Quadrupole - NbTi Quadrupole - Nb3Sn Quadrupole - ReBCO
350 —T 300 300
O Existing magnets O Existing magnets — Analytic
300 4 — Analytic — Analytic — FEM
—— FEM 250 A —— FEM 250 -
250 -
E 200 E 200
E E
200 A 8 g
1]
g 150 g 150
] o
150 - 5 ]
@ @
& 100 2 100
100 -
QY gh
50 _
50 g'a 50
0 T T T T T T T 0 ¥ ! v ¥ 0 T T T T
100 200 300 400 500 600 700 Y 100 200 300 400 500 0 100 200 300 400 500

G [T/m] G [T/m] G [T/m]

= We implemented a FEM model for a sector quadrupole in ANSYS.

= We implemented a Python code able to work with Ansys software
to run FEM simulations with the same inputs as the analytical study.

= |n the comparison, the FEM curves are always more restricting than the analytical ones
since they take the maximum pressure on the midplane instead of an average over the coil width.

13 March 2024 WP7, Task 4



"\‘ ‘ /v":;/j
International
UON Collider

Collaboration

13 March 2024

CONCLUSIONS (NN

The allowed magnet aperture (A) - magnetic field (B) phase spaces are provided and discussed,

representing the starting point to define possible beam optics which are also acceptable from a
technological point of view.

We will develop preliminary electromagnetic and mechanical designs for possible 10 TeV and 3 TeV
muon collider ring magnets.

To solve the problem of neutrino flux in straight sections, we have just started a study on nested
combined function magnets.
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