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| Main stages of a ‘_rfnuon co}I‘vllder complex Magnets: . Combined
. ' i Acceleration Collider Ring * Dipoles Dip+Quad
- * Quadrupoles ¢ Combined

- 0 — — e Sextupoles Dip+Sext

Purpose:

= Evaluate realistic performance targets for s Injector Muon Collider Accelerator
the collider magnets, in close collaboration mf;;,ffﬁ,’;f,;;?jme
with studies of beam physics, cryogenics,
and energy storage. s i -

= Produce a credible and affordable design
4 GeV Target, wDecay p Cooling  Low Energy

study (contain costs, energy efficiency,
. . : Proton & uBunching Channel  uAcceleration
sustainable operation). R
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ANALYTICAL STUDY

Limit curves are introduced by
mechanical challenges (stress limit),
critical current density (margin
limit) and stored magnetic energy

( ), depending on
the superconducting material.

More details here:
https://indico.cern.ch/event/132596

3/contributions/5791457/
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Main assumptions:
— Budget: 400 kKEUR/m
for each magnet.

— These plots apply to
ARC magnets. For the IR
quadrupoles, a double
budget is assumed.

— SC cost: 2500 EUR/kg
(aspirational value).

— Max. coil width: 80 mm
— Max. stress: 400 MPa
— Protection: Ml or NI

— Tungsten screen: 3 cm
at 20K, increasing to 4 cm
if below 20K.

— HTS as baseline for the
10 TeV, NbTi and Nb;Sn
as options for the 3 TeV.

— Filling factor = 0.011



https://indico.cern.ch/event/1325963/contributions/5791457/
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An ) i
Quad into dipole: Dipole into quad:
(ReBCO @20 K) (ReBCO @20 K)

J =3.5-1084/m? J =3.5-10%4/m?

B ~11.7T B ~124T
G ~143.3T/m G ~90.4 T/m
These two configurations
are NOT realistic.
.003172 s 3.81644 e & 7.62972 11.443 4 j? e .286E-04 [ 3.57399 = . 7.14795 = 10.7219 . 14.2959 .
Arc: . . ‘d
*  Combined function magnets: B1, and B1+B3 C - ) C _ 3 .
*  B=8..16T;G =320 T/m; G’ = 7100 T/m? e & i -
e Aperture = 160 mm The quadrupole into dipole configuration is the Sompsl .
Final focus: most efficient one, in accordance with US-MAP. | .~ 0o "o e
. Combine functon magrets: 51, 02[BT3E) mavpa | Adcitionally, for combined function magretsin | e
. Bx4.16T: G=100..300 T/m; G’ = 12000 T/m2 the muon collider, quadrupoles are generally oo, i o em o
cee ) cee ) argin ~40% ~24%/~20% ~28%/~20%
- Aperture = 120...300 mm required to be stronger than dipoles. Meteficient
& Fermilab
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= A Python-ANSYS interface was developed to run FEM
configurations capable of providing the electromagnetic
performance of various designs.

= Loops were implemented by varying the temperature,
al quad and w_quad. For each fixed value, the
maximum w_dip was calculated using a cost model, and
an optimization code for electromagnetic performance
was executed. This code aimed to maximize the current
density while staying within stress and margin limits.

= As anticipated, the performance limits for combined
function magnets are significantly more stringent
compared to those for dipoles and quadrupoles
individually. Extending the curves along the axes reveals
the boundaries defined by the A-B and A-G plots.
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30
e el ® Aperture = 50 mm
Only EM optimization e Aperture = 100 mm Current density
* Aperture = 150 mm Optimization (1%)
2 , ® Aperture = 200 mm
£y .' i e Optimize J_quad and J_dip to be close
ESAN N to the critical current density:
0 . ; : ' | while not (0.99 < f< 1.01 ):
Q o
- . ’ - ANSYS input (a1, w_quad, J_quad, w_dip, J_dip)
= _ 2. . Run ANSYS
T ‘ ANSYS output >
G - f=1c(B_peak)/J
S o ] iff>1:J=J%1.01
else: J=J*0.99
. . .........
10 i the optimization acts on J_quad and J_dip

with corrections of 1%,
"; ¢ e, and the cycle closes when either
J_quad or J_dip is within 1% of J_c

. w_quad ¢ '

Limitations on stress and
cost are still missing

0
0 100 200 300 400 500

Gradient [T/m]
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METHOD: B-G PLOT AT 4.5K INFN

Bore Field [T]

30
o Sy ¢® Aperture = 50 mm
EM and Stress optimization ., p :
Aperture = 100 mm Midplane pressure
* Aperture = 150 mm Optimization (1%)

25 ® Aperture = 200 mm

Optimize (decrease) J quad and J_dip to

not exceed the maximum stress (400 MPa)

20 .v'|'/.i;ile not(0.99<f<1.01):

r.('e'&d the J from 1% optimization

- ANSYS input (a1, w_quad, J_quad, w_dip, J_dip)
. ., Run ANSYS

.';3,__,' ANSYS output -
- .." : if stress > 400:
. : o f =400/stress
e, J=If
‘..."-.l‘b "l, .....
10 .."- ."".'.g: .....
._:": the optimization acts on J_quad and J_dip
o, O ’ with quadratic dependence of J on stress,
_ .-o and the cycle closes when the stress is below
5 . 400 MPa on both the dipole and the quadrupole.
0 e . .. ..
0 50 100 150 200 250 300 350 400 450 500 Limitation on cost is still missing

20 FEBRUARY 2025

Gradient [T/m]
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METHOD: B-G PLOT AT 4.5K INFN

Bore Field [T]
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100

EM, Stress and Cost optimization

Aperture = 50 mm

150

200

Aperture = 100 mm
Aperture = 150 mm
Aperture = 200 mm

250 300 350 400 450 500
Gradient [T/m]
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Cost

The dipole coil width (w_dip) can be computed
if the aperture radius (al_quad) and the
quadrupole coil width (w_quad) are known.

forw_quad in range(10, 81, 10):
w_dip = round(cost_model(al_quad,w_quad),0)

The cost value for the structures and iron is taken from
HL-LHC, while the cost of the superconducting material
(ReBCO) is based on the aspirational value of 2500
EUR/Kg.

The cost model saves one point for
each curve with the same aperture.
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RESULTS: B-G PLOT AT 4.5K INFN

Dipole Field [T]

Quad-Dip - ReBCO, Cost limit = 400 kEUR/m, Operating Temp = 4.5K

25
—— Aperture 50mm
—— Aperture 100mm
—— Aperture 150mm
20 —— Aperture 200mm
—— Aperture 250mm
—— Aperture 300mm
15
10 ~
5 -
L
] >
| \ I
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100
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300 400

Quadrupole Gradient [T/m]

500

From v0.7:
8 T, 100 T/m, aperture of 310 mm (FF)
A 8T,320 T/m, aperture of 130 mm (ARC)
A 4T, 240 T/m, aperture of 170 mm (Corr.)
4T, 330 T/m, aperture of 130 mm (Corr.)

Courtesy of Kyriacos Skoufaris
://indico.cern.ch/event/1351046,

S.

Maximum budget = 400 kKEUR/m
Labour = 20 KEUR/m
Iron and Structures = 60 KEUR/m

N2
Budget for the SC = 320 kKEUR/m

The radial build might change: a solution
needs to be studied to address the issue
of the quadrupole moving inward.
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JC RESULTS: B-G PLOT AT 10K INFN

Dipole Field [T]

Quad-Dip - ReBCO, Cost limit = 400 KEUR/m, Operating Temp = 10K

25
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—— Aperture 100mm
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—— Aperture 300mm
15 +
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Quadrupole Gradient [T/m]

500

From v0.7:
8 T, 100 T/m, aperture of 310 mm (FF)
A 8T,320 T/m, aperture of 130 mm (ARC)
A 4T, 240 T/m, aperture of 170 mm (Corr.)
4T, 330 T/m, aperture of 130 mm (Corr.)

Courtesy of Kyriacos Skoufaris
://indico.cern.ch/event/1351046,

S.

Maximum budget = 400 kKEUR/m
Labour = 20 KEUR/m
Iron and Structures = 60 KEUR/m

N2
Budget for the SC = 320 kKEUR/m

The radial build might change: a solution
needs to be studied to address the issue
of the quadrupole moving inward.
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RESULTS: B-G PLOT AT 20K INFN

Dipole Field [T]

25

20 -

15 -
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Quad-Dip - ReBCO, Cost limit = 400 KEUR/m, Operating Temp = 20K

Aperture 50mm

Aperture 100mm
Aperture 150mm
Aperture 200mm
Aperture 250mm
Aperture 300mm

D

200 300
Quadrupole Gradient [T/m]

500

From v0.7:
8 T, 100 T/m, aperture of 310 mm (FF)
A 8T,320 T/m, aperture of 130 mm (ARC)
A 4T, 240 T/m, aperture of 170 mm (Corr.)
4T, 330 T/m, aperture of 130 mm (Corr.)

Courtesy of Kyriacos Skoufaris
indico.cern.ch/even

Maximum budget = 400 kKEUR/m
Labour = 20 KEUR/m
Iron and Structures = 60 KEUR/m

N2
Budget for the SC = 320 kKEUR/m

The radial build might change: a solution
needs to be studied to address the issue
of the quadrupole moving inward.
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o}

a 2‘"/7.5mm, Wauaa = 80mm, wy;, = 80mm, T, = 20K

n

Zoom-in on the displacements

L147E+09 .294E+09 .441E+09 .588E+09
. 735E+08 .221E+09 .368E+09 .515E+09 .672E+09

To address the issue, we insert an
) L 104E+09 L209E+09" .313E+09 L418E+09
to enable the study of stress behavior in the coils. 5228108 1572109 2015109 2662109 4705109
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RESULTS: B-G2 PLOT AT 4.5K INFN

Dipole Field [T]

Sext-Dip - ReBCO, Cost limit = 400 kEUR/m, Operating Temp = 4.5K

20.0
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< , : - . >
12.5 - \ \
<« - —> A

’—‘
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o
L
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w
L

5.0

2.5 1

0.0 . 1 T
0 2000 4000 6000 8000 10000 12000

Sextupole Gradient [T/m2]

The same method used for B-G plots is
applied to B-G2 plots.

From vO0.7:
14 T, 7100 T/m2, aperture of 130 mm (ARC)
A 4T, 11555 T/m2, aperture of 170 mm (Corr.)

Courtesy of Kyriacos Skoufaris

s://indico.cern.ch/event/1351046,

Maximum budget = 400 KEUR/m
Labour = 20 KEUR/m
Iron and Structures = 60 KEUR/m

N
Budget for the SC = 320 kKEUR/m
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Sext-Dip - ReBCO, Cost limit = 400 kKEUR/m, Operating Temp = 10K

20.0
—_— ApEI‘TUI'E 50mm .
—_ Aperture 100mm The same method used for B-G plots is
17.5 A —— Aperture 150mm applied to B-G2 plots.
—— Aperture 200mm
— Aperture 250mm
15.0 - P _— Apertu;e 200mm
- From v0.7:
- 12.5 14 T, 7100 T/m2, aperture of 130 mm (ARC)
= A 4T, 11555 T/m2, aperture of 170 mm (Corr.)
% 10.0 ~ Courtesy of Kyriacos Skoufaris
O
7.5 -
Maximum budget = 400 KEUR/m
301 b > A Labour = 20 KEUR/m
Iron and Structures = 60 KEUR/m
2.5 - J
Budget for the SC = 320 kKEUR/m
0.0 . . , r ;
0 2000 4000 6000 8000 10000 12000

Sextupole Gradient [T/m2]
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RESULTS: B-G2 PLOT AT 20K INFN
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Sext-Dip - ReBCO, Cost limit = 400 KEUR/m, Operating Temp = 20K

20.0
— ApEI’tUI’E 50mm .
— hperture 100mm The same method used for B-G plots is
17.5 —— Aperture 150mm applied to B-G2 plots.
—— Aperture 200mm
E— Aperture 250mm
15.0 - b — Aperture 200mm
. | | o From v0.7:
= 1257 14 T, 7100 T/m2, aperture of 130 mm (ARC)
T A 4T, 11555 T/m2, aperture of 170 mm (Corr.)
% 10.0 + Courtesy of Kyriacos Skoufaris
E- s://indico.cern.ch/event/1351046,
o
7.5 -
Maximum budget = 400 KEUR/m
20 P > A Labour = 20 KEUR/m
Iron and Structures = 60 KEUR/m
2.5 - d
Budget for the SC = 320 kKEUR/m
0-0 Ll Ll T Ll T
0 2000 4000 6000 8000 10000 12000

Sextupole Gradient [T/m2]
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SULTS
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> The A-B, A-G, B-G, and B-G2 plots are provided and discussed, using both analytical and FEM approaches,
representing the starting point to define possible beam optics that are also acceptable from a technological
point of view.

ANSYS 202
BSN”I (T) v:f;i_._dv /;Z

Courtesy of

i » The allowed phase spaces do not imply that the
- magnet is feasible, but rather that it is possible to
start studying a specific design for that magnet.
In this regard, in line with this work, we are
studying a specific cos-theta and block coil design
— for the main arc dipoles.
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> Following the same approach, we will begin to study the specific design of a combined function magnet
(starting with the arc quad-dip magnet) and will integrate quench protection into the limit curves.
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