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A small cooling system (~100 m) with a big impact on downstream performance.
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This Talk

1) Introduction to final cooling 4) Summary of final cooling lattices

2) How to design a final cooling lattice [ 5) Solenoid, RF and absorber R&D

3) System overview 6) Conclusions and next steps
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Further reduce transverse beam emittance

300um — 25 um

by allowing longitudinal emittance to increase

1.5mm — 75 mm

and still retain reasonable transmission.

~80%

Proton Driver

H™ LINAC Accumulator Compressor | Pion Chicane & Muon Phase
Ring Ing Target Absorber Buncher Rotator

Cooling

Affects magnet aperture downstream
and luminosity at the collider 7

Affects RF cavity frequency downstream,
and the beta* at the collider

Affects luminosity as factor of N°.

Acceleration Collider
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Dependence of muon collider luminosity on ionization cooling magnet aperture downstream

Inosity at the collider
performance y ’)/2’1'06' N2
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A Marion Vanwelde AL Bernd Michael Stechauner A& Daniel Schulte

o £ Christian Carli (cEan 2. Dr Rebecca Taylor (CeR 5 RF CaVity freque_ncy dOWﬂStream,
Description e beta* at the collider
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A 10 TeV center-of-mass muon collider is a high-energy lepton collider that has the potential to achieve physics reach

comparable to much larger hadron colliders. The final luminosity depends on the performance of the entire complex, from

muon beam production to the collider ring, including the rapid cooling and acceleration stages. Achieving the target

luminosity imposes stringent constraints on the ionization cooling and the collider optics, such as extremely small betatron I um i nos ity as faCtOF Of N2
functions at the interaction points, which induce strong chromatic effects that ultimately limit the machine momentum '
acceptance. To meet the momentum acceptance requirements without significant luminosity loss, one possible strategy is to

end the muon cooling stage earlier, since a reduction of the longitudinal emittance can be traded against larger transverse

emittances with a shorter cooling system. The design and performance of the ionization cooling channel thus have a strong

impact on the achievable luminosity. A study of a common optimization of the ionization cooling and the collider ring design

to maximize the luminosity is presented in this work.
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From Target
(16000 um, 45 mm)
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(260 um, 1.86 mm)
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104 10°
Transverse € [um]

Depends strongly on initial beam

from the 6D cooling lattice.

Rectilinear Cooling:
e Cools in 6D
e Uses wedge-shaped lithium
hydride absorbers
e Uses a periodic lattice

Final Cooling:
e« Coolsin4D
e Uses block liquid hydrogen
absorbers
e |s non-periodic

Beam leaves 6D cooling with pz = 200 MeVIc

Energy decreases throughout final cooling and leaves with pz = 20 MeVIc
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Step 0) Choose your simulation code
Step 1) Implement a high-field solenoid design
Step 2) Optimise LH, absorbers for performance.
Step 3) Apply RF gradient to obtain required k1netlc energy
Step 4) Match beam to solenoid optics. | f

Step 5) Adjust absorber to reduce LH2|3 €
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Step 0) Simulation Code

ICOOL - from BNL
G4Beamline - from Muons Inc.
RF Track - from CERN
BDSIM - from RHUL / Imperial

o))
I

Muons per bin x 10*
o

O

O

RF-Track

ICOOL

@ B. Stechauner

Y |min|

o —100 -

147.5

150.0

1525  155.0

p, [MeV/c]

200 1

100 -

—200 -

Final particle distributions

o  G4Beamline
x  RF Track
[ Inner Radius

"-..___-____-.....-"

—200 —100 0 100

z [mm]

200

R. Taylor

G4B
BDS
RFT

1p, = 164.9 MeV

le6

Muons per 10 mrad

leb

Muons per 10 mrad

le6

Muons per 10 mrad

LH

B
g8
e Dnnaﬂﬁ
poo- g

=t

o RF-Track
O ICOOL

Ba
Ba
=}
Ea
GQEEDE o
oo

100 0
¥ [mrad]

200

100 200

1p: =199.0 MeV

oo

LH

-

0 RF-Track
o ICOOL

100 0
¥ [mrad]

200

1p, =237.1 MeV

oo

LH

100 0
¥ [mrad]

200

100 200

leb

Muons per 10 mrad

le(

leb

Muons per 10 mrad

leO

le6

Muons per 10 mrad

leO
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M are in active development.
required for collective effects.

1p. = 171.55 MeV

_ - o  RF-Track
e o o o G4BL
8 e
=] =]
B a
o 8,
o DDDDEE OUUEDD
h™ o oo . . . 000
—-200 0 200
¥ [mrad]
_iz'lj 199.93 MeV - o  RF-Track
1 o s 0o G4BL
BE EE
ge® 8g
B o Ug“aﬂ
=M 90508 oPoono
200 0 200
¥ [mrad]
_i?:; 239.76 MeV %8 5 RF-Track
! o G4BL
. Ee B. Stechauner
2] =]
g H
”nﬂgge Eggﬂnu
HI':Il:lul:l _ o oo H|:!|:|
—200 0 200
¥ [mrad]



Step 1) High-Field Solenoids )
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10030 T—1 »mm  HIgher on-axis solenoid field reduces equilibrium
E 40-50 T/ N Sls

emittance and provides additional cooling rate
within the absorbers. Recommend 40 T.

Long emit (mm)

10 :
L I 5 palmer Field must be flipped in polarity to return
2 0 60 100 200 400 canonical angular momentum (correlation
Trans emit (microns) between X_py and y_px) tO 7ero
Must have homogeneous field within absorber _. 4. Field fip — ©. No field flip
i B. Stechauner 0.15 B. Stechauner 40 E 20 _MJ‘L E 90 - f ‘ R
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Step 2) Optimise LH, absorbers
for performance

CE/RW
\

el

Steps of Bernd’s analytical model:

Semi-gaussian scattering through Liquid Hydrogen
material. Heating and cooling terms.

First Cell

For constant absorber length and a given energy
spread, happen to find a parabolic distribution
between initial kinetic energy and cooling ratio.

Last Cell
Ekin=12.93 MeV, pz=53.85 MeV/c

Longitudinal straggling of energy distribution

Longitudinal rotation due to drift

. Stechauner
35 1
z B =40T 30
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Initial Ex;, [MeV]

“SEARCHING FOR THE BEST INITIAL BEAM
PARAMETERS FOR EFFICIENT MUON
IONIZATION COOLING” B. Stechauner 2024

Ekin=80.31 MeV, pz=153.04 MeV/c

45 4

40 -

€1,0=28um £ o= 80.0 mm R. Taylor
Og o = 2.8MeV Cooling per cell = None%
Labﬁ_max = [0.01, 0.0 1] m Nabsomm = 2

Material=LH B.=40T

£1,0=300um £ 0=1.5mm R. Taylor
Oc. o= 2.5MeV Cooling per cell = None%
Labs,max=[0.2,0.21m  Napsorpers = 2

Material=LH B.=40T

500000 -

400000 4 ,l

Asymptote due to
equilibrium emittance.
High el errors compared
to simulations

Clear minimum,
easy to optimise

300000 -
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Initial Ekin [MeV]

100 125 150 175
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Right-side of parabola has too high energy to scatter.
Left-side of parabola is affected by equilibrium emittance
(i.e. if emittance is too low, heating effect dominates)

50 75
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Step 2) Optimise LH, absorbers )

International NAL S
MBS muco for performance
Optimising cell-by-cell may not guarantee Small changes in early cells can have an exponential
a global minimum. Exponentially impact on the resulting longitudinal emittance.
decreasing transverse cooling results in Highly recommend a global optimiser to improve the
exponentially increasing longitudinal parameters of the whole lattice, rather than optimising
heating. This accumulation is most cell-by-cell. For this exercise, used a Genetic Algorithm.
significant at the last few cells. Optimised absorber length, energy and energy spread.
LOWGSt 8ain in transverse/ h'ghGSt IOSS Transverse-Longitudinal combinations during GA Optimiz%r
longitudinally. 1601 L R Taylor
No. Cells assuming X% cooling per cell No. Cells assuming X% heating per cell 140° ) i
W= =TT 1 1 1 1 1 —— 20% i I 120
250 1o igﬁ 0 11T o = L
] —— 0% —— 45% € 100. 3
£ ;
g 80 ,5
®
60 1 ®
40 A :‘..'...' ® 1
"‘. ®
R. Taylor 20 — . : . .
— — 15 20 25 30 35
Cell No. P 5'CEIIE.NC:.Tlr e er [um]
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kinetic

energy

For a given absorber length and pressure, there is an
energy and energy spread to minimize cooling ratio.

Need to set RF cavities to match these conditions.
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Longitudinal correlation of beam distribution affects
longitudinal emittance growth within the absorber.
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Step 3) RF cavities and
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Step 4) Solenoid Matching E)
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Proper beam matching is a key

. ] o 0.4 High field solenoid. | 0.4- B. Stechauner
requirement for maintaining low Matching coils g gy
emittance in final cooling. 21 21 =l (€| & E
Mismatches primarily cause
emittance growth in the high-field —0.2- 0.2
and RF sequence. o] Metchingeolls B ol o b bl

0 1 2 3 4 0 i 2 3 4
Beamline s [m] Beamline s [m]

Matched conditions for the final cooling stage can be

obtained analytically. L .
Y Y Beam envelope equation in solenoids:

Cylindrically symmetric Twiss parameters are optimized 28,8 — (B)* +4k°B1 —4(1+ L) =0
by propagating multiple reference particles. G. Penn et al.: Phys. Rev. Lelt. 85, 764
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Low-energy, low—transverse-emittance beams

deposit energy in hydrogen. -

The initial hydrogen pressure and temperature éi

must be tuned prior to muon beam passage. 101

Hydrogen absorbers operate in either saturated

Step 5) Adjust absorber to reduce
LH2 pressure

B. Stechauner
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102 -

P

0 250 500 750

Internal energy U [kJ/kg]

Prevent preasure increasae and beam window

Optimization of the initial hydrogen phase at

. . U 1 T T T T
liquid or vapor states. 0 250 500 750
Internal energy U [kJ/kg]
p = 1.4 kg/m’
- Goal:
: E
i, =
8 ~ demage.
:
e jo»)
2 -
2 Strategy:
200 220 240 260 560 570 580 590 600 the saturation line.
Absorber length s [cm] Absorber length s [cm]
B. Stechauner
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Final Cooling
Lattice History

2011 - B. Palmer

oct (cm)

€z,y (mm)
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E (MeV)
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I I I Iy (mm)

0 5 10 14 Stage

Figure 6: Some parameters vs. stage for the 40 T sequence.

25 um and 72 mm ~67% transmission
(With 50 T solenoids)

G4BL - just 40T + absorbers.

2015 - H. Sayed et al.
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2025 - B. Stechauner 2025 - R. Taylor G4BL, start-to-end

25 um and 300 mm ~70% transm. .
G4BL, cell-by-cell Currently 47 um and 91 mm ~44% transmission

Cell 1 - 10: Matched Solenoids & RF Cavities, Emittance, Energies

2025 - R. Zhu 11 1 T g T R O AT

G4BL from Dif Ev
From B8 Cell-by-cell

Stage ET £l €6D Cumulative
mm mm  mm°  transmission %
Start 0.26 1.8 0.12 100
Stage 0 | 0.21 2.5 0.11 99.6
Stage 1 0.16 5.2 0.14 90.1
Stage 2 | 0.12 8.7 0.13 79.8
Stage 3 | 0.095 10.3  0.098 125
Stage 4 | 0.063 15.1 0.064 65.5
Stage 5 | 0.041 227 0.039 55.5
Stage 6 | 0.032 32 0.035 52
Stage 7 | 0.0224 42.68 0.022 42.7

From B10

Stage ET €L £6D Cumulative

Cell 5 |Cell 5

Emit Perp [um]

J
@
o
F- %

Long. [mm
& 2

mm mm mm° transmission %
Start 1.5 0.03 100
Stage 0 1.9 0.03 99.5
Stage 1 52 0.034 90.6
Stage 2 1.7 0.023 77.9
Stage 3 0.019 71.9
Stage 4 0.014 66.8
Stage 5 0.012 61.4

%]
[=]
1

=
un
[=]

Transmission [%)

l Energy Spread
—— Mean Energy

&

Kinetic Energy [MeV] Emit
5
(=]

10
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Final Cooling & HFM (o))
High Field Magnets \
International " . . . ETogiame NS
MESE Muco High Field Solenoid R&D
40 e 40 T pancake design, with outer windings of higher radius.
“\W 35 e Mechanical bracing with radial pre-compression desks
1 z - o)
bl Q o - Free Bore 50
130 \® £ | @ Winding ID 60
) s 117 [ — 5 o Main Dimensions,|  Winding OD 180
NN . il Di
D < - 2 2 mm 1stRadial DiskOD |  ~300
~ = / E\\ ® o) 2nd Radial DiskOD |  ~ 540
125 T 2 Solenoid Height |  ~220
il Tl v Z 0T Q Precompression, Radial on the
1 D @ | ; MP termost | ~200
i oo 2 T . Pa outermost layer
i O > EEENEN 9 FleTld, Peak 40
1 0 Y c
z - 1 T T L Current Density.
1L QO —— " —~ ’ ~
i ]_ 5 8_ g? " NI Q A/mm?”2 Overall 650
i = T — =
i - Q 4 1 [ EEEa ” Cur;em’ Conductor ~ 650
i 110 C S | ——— D5 .
| N i -:_z___j_J % 3 Magnetllj JEnergy, Overall 1.8
n = 0 m
& |5 — - i g Temperature, Conductor As
25 mMm : ~ K Innermost layer '
30 MM e—s : ~ i
S 190 mm Current Marein, | Gurrent, B//ab | >100 N
B. Bordini |_ ) . B. Bordini % B. Bordini
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High Field Magnets

pezz oweeo & Quench Protection Studies 7

Quench detected - protection triggered

High Field Solenoid R&D HFM  (Con))

Magnet protection is a serious challenge as: T. Muldef

* The stored energy density of UHF solenoids is commonly large, in the order of 30 kJ/kg.

* NI-coil layout has the risk of large induced currents during a quench, potentially resulting in large
Lorentz forces and thus mechanical stress.

Several quench protection solutions are being investigated, such as resistive heaters and a novel quench
protection technique using a capacitor discharge.

* Capacitor Discharge (CD) offers a robust and elegant quench protection solution, as it can transition the
full magnet to normal state within milliseconds without the need of additional electrical infrastructure.

R

« Combination of opening the breaker and injecting additional current to heat the magnet using its internal

turn-to-turn resistance. y JECTHETTETCEETEET R PR EETTEET TR
[ = The Capacitor Discharge (CD) quenches the full HIWEIHWW'H““W'“ W .
| — — % magnet to normal state within milliseconds without T. Mulder
I the need of additional electrical infrastructure. —_— e —— ' S
51 /t\ 52 : R:onductm : ?n - — 900 s - gﬂo ~ & T- M u lder_
. : My, | = opening the breaker and injecting additional current
T | 1T : to heat the magnet ok
! Rogal” ) Quenchback | | No protection
| circuit | Benefits:
. \ J v/ Controlled predictable quench. 501
'T. Mulder, M. Wozniak, A. Verweij, Quench Profection of Stacks of No-Insulation HTS - v Reduces the radial and axial forces.
Pancake Coils by Capacitor Discharge, IEEE Trans, Appl. Supercond., Vol 34, Nr 5, 2024, \/ Reduces the hot-spot tem peratu re. / - 40 -

T. Mulder, UHF Solenoids Workshop, CERN, 26.11.2025 )

L
[ =]
T

Peak Force Density, N/mm?

]
o
T

“Final Cooling Solenoid of the Muon Collider located in a good A &
resistance to mass ratio range for CD quench protection to work.” | CD protection
Detection is key | K LN

i 1 i 1 i 1 i
83 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time, s
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) Final Cooling & @ HEM (@)
MR Muco High Field Solenoid R&D T

In November, IMCC and CERN hosted the workshop on ultra-high-field solenoids

M. Bird
RaUnterrainer 50 m: | d
' s 5 .
: s Sl o |
Active US 7 2 I
- . . g ]

High field solenoid prototype from NHMFL %

at CERN. (National High  o» L f— :

Manufacturing of the first Magnetic Field T Sy

HTS pancake. Laboratory), s | 2
Bruker and CFS o | SE

e - Flux wipes Coatini=tags (200 1960 1970 1980 1990 2000 2010 2020

Tin-lead solder bath {51%051T)3 LBC4 (440T)  LBC5(@) LBC6 (427 T) LBC7(40.9T) LBC8(46.0T) LBCY (48.7T)
Yo 2017) (Mar. 2023) (Mar. 2024) (Feb. 2025) (Aug. 2025) (Aug. 2025) (Aug. 2025)
. é A A ' NI a—
Pre-heating stage 9, @,
) J. Bang
. — It_‘_-_'_'_._’/
=5
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Final cooling requires:

e Range of frequencies (~150 - 5 MHZz)
Range of RF gradients

Dedicated rotating and accelerating cavities
Spacing between matching solenoids

RF gap to fit beam size

B. & Grad MeV/m

E. Fol Lattice

Final Cooling &
RF Cavity R&D

R. Zhu Lattice

Solenoid field and emittances throughout 11-Cell Final Cooling

o+
o

L
o
I

111 MHz

P
o
i

=
o
1

16 MHz

|

g Y

i

8 MHz

Stage | Frequency Maximum gradient
MHz MV/m
stage 0
stage 1 142.9 9.2
stage 2 S
stage 3 4.9
stage 4 1.7
stage 5 1.5
stage 6 1.3
stage 7 1.2
—_— Bz [T]
‘h I Abaﬂrber |
Entry/Exit Coil

S 1111,
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)/ Final Cooling & )
JABEE Mucol RF Cavity R&D e

88 MHz, 4 MV/m cavity In test from muon cooling
for a neutrino factory. Constructed from lepton
accelerating cavities from the PS.

im

Below 50 MHz:
« Ferrite-loaded
« Magnetic alloy cavities
Few MHz RF:
« Widely used in p+ synchrotrons
> Semi-relativistic momentum
- Voltages are typically low for
final cooling needs
» MA can probably get to
higher voltages.
 Option of ceramic loading
0 Wcl)<u|d be dedicated R&D
task.

National Labs Muon Collider Study Group Seminar Series R. Taylor
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&) /C Final Cooling & )
MAER MuCo Hydrogen Absorber R&D >

No cryostat design exists of LH, absorber. Below images predict what a liquid hydrogen
absorber may look like with respect to the high field solenoid and the beampipe.

Liquid Helium
41

Thermal yation A7
shield 50K Insulation Vacuum ——
4 K

Cold mass 40 T solenoid

(magnet) 4K

H, absorber beampipe \ ?

20K _ hermal contact
LiH
beam
>

Cryostat (room ' '
temperature)

J. Ferreria
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Final Cooling & )
JMEERS MuCol Demonstrators?

Demonstrating final cooling with muons requires an already cooled muon beam.
Instead can test high field solenoids, liquid and gaseous hydrogen absorbers, and explore R&D with
Intense proton beams.

K. Yohenara and C. Riggall comparing proton

Muons Inc planned absorber prototypes with beam. and muon beams for in a1 cm thick LH, target.
£ Same momentum p 2& Same B,y

RESEARCH ARTICLE | MARCH 20 2006

Mucool Hydrogen AbsorberR & D ¥ wonl ] ) z p* (orange)

Mary Anne Cummings; Muon Collaboration _
500000

600000 | : ﬁ AE

o]
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3
[+ 4
2
+ Author & Article Information % ~13.9 400000 | P 1.1 %
AIP Conf. Proc. 821, 442—447 (2006) 400000 AE, %00000] AE, g
https://doi.org/10.1063/1.2190149 | 200000. || P (blue) o
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of share v €\ Tools v of ; ; rl : % : 2 3 & s z
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The Mucool hydrogen absorber program will be presented. An update of current projects will be i Momentum cut (p, > 05|
5+ 150 MeV/c) applied for ;
described, and the next year’s plan will be reviewed, along with efforts in collaboration with the Muon 104 proton beam ot |
. . - n 107 | ax,p e
International Cooling Experiment. w000 1 N ~2.40 1000, *P _0.032
. " ' Jx,,u
100 - I L _ 10{1?
been adapted for the 201 MHz RF cell. An operational beamline 15 on schedule to run 10| . HJ “m’ - 1)
as early as 2006 in the MTA for tests on LH; and GH; absorber prototypes. " ]HHH HH’\ ' d | il o |
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nnnnnnnn ional NAL S
UON Collider MuCol
Co [

_ llaboration

Conclusion of Challenges E)

Simulation Codes

 Implementing collective effects, inc. space-charge and IBS.
Analytical Models

« Break down near the equilibrium emittance.
Lattice and Beam Optics

« Ensuring adiabatic matching between solenoids and cavities.
Solenoid R&D

« 40 T pancake prototypes. Strong radial stresses. Quench protection.
RF Cavity R&D

 Low frequency, high gradient cavities in magnetic fields.

Absorber R&D
« LH, pressure from intense beam. Developing cryogenic model.

- = ==
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International
’ \UON Collider MuCol
C

ollaboration

Thank you for your attention.

| look forward to hearing how USMCC
would like to engage with Final Cooling
activities

> "% | Funded by
P the European Union

Funded by the European Union (EU). Views and opinions expressed are however those of the author only and do not necessarily reflect
those of the EU or European Research Executive Agency (REA). Neither the EU nor the REA can be held responsible for them.
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International NL S
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C

ollaboration
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IMCC and MuCol annual meeting 2025

The 4th Annual Meeting of the International Muon Collider
Collaboration and the 2nd MuCol Annual Meeting will take. .

International _ -
. . UON Collider &) DESY-Konferenzverwaltung (Indi Vay 12, 2025
Investigations and technology developments Collaboration

for a final cooling scheme in muon colliders

Final cooling beam physics

Bernd STECHAUNER Seminar Room 4a+b, DESY 10:45 - 11:05
Matrikelnummer: 1426914

(zrokau, am 11. Seplember 2025

Absorbers and Windows for 6D and Final Cooling  Jose Antonio Ferreira Somoza et al.

Seminar Room 4a+b, DESY 11:05 - 11:25

Workshop on ultra-high-field solenoids
Final cooling magnets Bernardo Bordini

l n d I CD This 1.5-day workshop will bring together experts in the
design, development, and application of ultra-high-field. .. Seminar Room 4a+b, DESY 11:25 - 11:45
) Indico. Nov 25, 2025 Final cooling lattice design Rebecca Tayior MuonCollider-WG4/ @
Seminar Room 4a+b, DESY 11:45 - 12:05 muon_final_cooling Mz
& T ) , ' '
Lattice with Longer 6D option Ruihu Zhu
a I I V Seminar Room 4a+b, DESY 12:05 - 12:25

MueonCollider-WG4/muon_final_cooling

Contribute to MuonGollider-WG4/muon_final_cooling development by creating an

MuCol Milestone Report No. 7: Consolidated Parameters MACCUETHEn SR,

This document is comprised of a collection of consolidated parameters for the key O o

parts of the muon collider, These consolidated parameters follow on from the

Oclober 2024 F'reliminary Paramelers. .. s eSS o
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