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§ Introduction to Targetry Challenges for Muon Collider
§ Target options and R&D prospects
§ Prototyping and Beam Tests
§ Muon Collider Test Facility considerations
§ Conclusions

Outline
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Targetry activities for Muon Collider
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§ Expected challenges of Muon Collider Target Systems
§ Proton on target delivery systems
§ Production target
§ Capture/focusing solenoid or horn/reflector system
§ Proton and secondary particle beam dump
§ Decay channel
§ Shielding system for neighbouring system
§ Target Complex and remote handling equipment
§ Radiation protection and environmental considerations
§ Radioactive waste

Targetry activities for Muon Collider
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§ Multi-MW pulsed proton beam (e.g., 1-4 MW, 5-10 GeV range)
§ Must withstand the impact of intense proton focused beam

§ Energy deposition in the ballpark of 10-100 kJ/pulse
§ Deposited target roughly between 15-30% of total beam power (300 kW for 1 MW beam)

§ Target materials ranging from graphite to Hg/Ta, with different performances for the FE and later section –
nuclear interaction length at around 2-3 l

§ Need to capture both signs of p/µ as input to FE channel à solenoid

§ Proton beam dump essential – roughly 30-50% of impinging beam energy/power, plus capable of 
sustaining accident scenarios (full beam)

§ Large fraction of (thermal) energy still deposited in the neighbouring equipment

§ Reliability is a key factor & remote handling with handling area for maintenance and repair works

Targetry activities for Muon Collider
Assumptions & Requirements
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§ Target and dump robustness – minimum lifetime of the target could be an important design 
parameter
§ e.g., max 1 exchange per year? 
§ SNS neutron Hg targets (at 1.4 MW) are currently exchanged few times per year

§ Lifetime of solenoids should be at least equivalent or larger

§ Radiation load to neighbouring equipment
§ Thermal energy deposited in shielding and solenoid/horns systems – SC quench – what are the limits that 

should be respected?

§ 3D engineering design of Target Sytems with front-end essential to validate feasibility and 
costs

§ Need to think about radioactive waste disposal 

Targetry activities for Muon Collider
Assumptions & Requirements
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Considerations about Hg targets
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§ Historically the baseline target for MUC 
Targetry, then later moved to carbon for 
the in the initial staging

§ Clear advantages in terms of density, 
already liquid, radiation-damage prone, 
probably the only solution for 4 MW, etc.
§ p+/p- ratio more convenient than low Z material

§ MERIT experiment proof-of-principle

§ Could it be realistically considered as a 
solution for a MUC?
§ Discussions during Muon Collider meeting 14th

December 2020
KT McDonald, NuFact15 

https://accelconf.web.cern.ch/IPAC10/papers/wepe078.pdf
https://indico.cern.ch/event/978361/


Solid (or semi-solid) target systems
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C. Rogers, STFC – from MAP studies & K.T. McDonald et al. IPAC2014-TUPRI008 



§ CNGS target was operated up to 520 kW beam power
§ But capable of accepting up to 750 kW on target
§ Radiative-cooled, graphite operating in vacuum (or He) at high temperature (±1500 C)
§ Operating at high T reduces issues of radiation damage thanks to annealing
§ 130 cm long (±3 l)

Technological alternatives
Graphite target
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§ With some careful design optimisation and R&D, the target could potentially withstand 
up to 1.5-1.7 MW beam power on target

§ Graphite is largely employed in the HEP Community and extensively at CERN across 
the spectrum of energy density and power
§ Synergies with use of 3D carbon-carbon material already employed at CERN in TCDIL collimators, 

significantly larger shock resistant and increase thermal conductivity (need to look at radiation damage)

§ No macroscopic effect on muon fluence at the end of operation (1.85*1020 POT) ±1.5 
DPA – just at the lower threshold of MUC 
§ But what about long-term damage on graphitic material and Be windows?

Technological alternatives
Graphite target - Summary
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§ Synergistic approach with ongoing projects at CERN –
including HL-LHC and FCC – characterisation of advanced 
materials for BIDs – from 1.1 to 1.8 g/cm3

§ Thermo-physical and mechanical properties from RT to HT (±2000 C)
§ Characterisation at high strain rate (±103-4 s-1)
§ Collaboration with external laboratories

§ Advanced FEA modelling and CFD for heat evacuation –
measurement of HTC from target vessel to cooling medium

§ Autopsy of CNGS target (profiting from possible AWAKE 
clean-up of TCC4 during LS3) in an external laboratory to 
extract and study the behaviour of carbon rods

§ Long-term radiation damage of 3D CC with high energy 
proton beams

Technological alternatives
Graphite target – Future proposal R&D
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3D CC tested at HiRadMat –
employed in TCDIL collimators

(F.X. Nuiry, SY-STI-TCD)



Technological alternatives
Packed-bed target design
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High Power Target Group, Rutherford Appleton Laboratory



Technological alternatives
Packed-bed target design
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§ Packed bed canister in symmetrical transverse flow configuration

§ Titanium-alloy canister containing packed bed of Ti-alloy spheres

§ Canister perforated with elliptical holes

High Power Target Group, Rutherford Appleton Laboratory



Technological alternatives
Packed-bed target design – R&D
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§ Induction heating tests to measure heat transfer efficiency from 
packed bed
§ Packed bed placed in an alternating magnetic field. 
§ Eddy currents induced in conductive spheres.
§ Resultant Joule heating provides internal heating of spheres

§ Test of Pressure drop of a packed bed design

§ Proton beam test at HiRadMat or similar facility

Induction heater test
Graydon et al.

High Power Target Group, Rutherford Appleton Laboratory



Technological alternatives
Fluidised W powder
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High Power Target Group, Rutherford Appleton Laboratory



Technological alternatives
Fluidised W powder
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High Power Target Group, Rutherford Appleton Laboratory



Technological alternatives
Fluidised W powder
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High Power Target Group, Rutherford Appleton Laboratory



Technological alternatives
Fluidised W powder
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High Power Target Group, Rutherford Appleton Laboratory



§ Pb-Bi target eutectic (LBE) or liquid pure Pb (LPb) could be a 
potential alternative to Hg liquid targets 
§ Operational temperature 600 C – but also challenging operation (e.g.

MEGAPIE@PSI experience) 

§ Developed for several applications around the world and more 
recently at CERN for the ISOLDE facility (LIEBE Project )

Technological alternatives
Pb-Bi eutectic or La-based liquid targets

23/09/2021 M. Calviani et al. // Muon Collider Targetry considerations @Snowmass 19

T. Stora et al., SY-STI-RBS



§ Synergistic with community of radioactive beam physics (e.g. ISOLDE, 
ISOL@MYRRHA) - there might be the potential to explore lanthanum 
eutectics (lower melting T) to be considered for operation in a LIEBE loop

§ R&D would be required to validate LIEBE++ with beam

§ R&D on thermo-physical properties of the eutectic plus reliability of the 
mechanical systems over long-term operation

Technological alternatives
Pb-Bi eutectic, LPb, or La-based liquid targets
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T. Stora, F. Boix-Pamies https://doi.org/10.1016/j.nimb.2019.06.043

https://doi.org/10.1016/j.nimb.2019.06.043


§ Location of proton beam dump will determine its 
size and constraints (shielding, accessibility, 
handling, cooling ancillaries)

§ Can we really build a dump inside the solenoid 
and/or chicane prior to the FE ? Feasibility?

Proton beam dump considerations
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Dump

Target

§ Proton dump will absorb up to 50% of the primary beam power -
significant requirements of cooling as well as production of 
stray radiation 

§ Must be easily accessible due to requirement to access it



Interlude - 300 kW beam dump for 450 GeV/c beam
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§ A big challenge, for many aspects one of the least 
developed so far

§ ±20 T magnet, plus tapering down to 1.5 T

§ Significant radiation heat load
§ Shielded with high Z material: e.g., cooled W beads
§ Quench limits (steady state losses) will dictate 

requirements à need updated Monte Carlo estimates

Solenoidal magnet
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§ Optimized shape will also depend on the final target configuration

§ R&D urgent and fundamental for this system, probably including 
prototyping and heat load testing in collaboration with magnet experts



§ What can we learn from facilities under construction and/or considerations?

§ Mu2e experiment at FNAL
§ Production Solenoid (PS, ±5 T) and Heat & Radiation Shielding (HRS) (3 orders of magnitude reduction)
§ 8 kW, 8 GeV p beam

§ COMET experiment at J-PARC
§ Similar requirements to Mu2e

Solenoidal magnet
What can we learn from planned facilities?
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THPEC030, IPAC’10 

FERMILAB-CONF-11-255-TD 



§ ±1 MW vs. 8 kW
§ Assuming same requirements in the SC solenoid in terms of peak power density, shielding shall be 

improved by further 2 orders of magnitude
§ Both in terms of heat load but also for neutral and charged particle damage (e.g., electrical resistivity 

degradation in the superconducting coils)
§ Peak lifetime dose could reach ±500 MGy

§ Critical R&D is required on this component – synergies with 
future projects, such as FCChh or… ? 

§ Prototyping and experimental testing

Solenoidal magnet
What can we learn?
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§ Positron driven muon source for a muon collider (1905.05747)

§ Targets made out of C and Be (Li proposed as well)

§ Options to be further investigated, probably tested – synergies 
with existing programs at CERN possible

§ R&D required!

LEMMA scheme
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Currently secondary with respect to 
the proton-driven option



§ O(100 kW) to be deposited in very thin (0.3 X0) targets 
§ C, Li or Be 
§ Minimize beam emittance and e+ losses
§ Maximize µ+µ- production rate
§ Studies on multiple “serial” targets

§ R&D required on target performances
§ Plan to execute experimental tests with laser
§ As well as with electron beams (@MAMI)

LEMMA scheme
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Currently secondary with respect to 
the proton-driven option



Targetry material R&D
Long term radiation damage
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§ Recent major accelerator facilities 
have been limited in beam power & 
operation time by BIDs survivability 

§ To maximize the benefit of high-
power/intensity machines, these 
challenges must be addressed in 
time
§ Provide critical input to design, construction 

and operation
§ E.g. LBNF, J-PARC/T2K/T2HK, MLF-2nd 

TS, HL-LHC, FCC, BDF, ESS etc....

See F. Pellemoine’s presentation



Targetry material R&D
Long term radiation damage – RaDIATE 
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§ Objective
§ Harness existing expertise in nuclear 

materials and accelerator targets 
§ Generate new and useful materials data for 

application within the accelerator and 
fission/fusion communities

§ Activities include:
§ PIE of materials taken from existing 

beamline as well as new irradiations of 
candidate target materials at low energy 
and high energy beam facilities

§ Thermal shock experiments at HiRadMat

See F. Pellemoine’s presentation



Targetry material R&D
BNL BLIP
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§ 0.1 DPA (C) 
for ±2 
months 
irradiation

§ ±2-5 DPA for 
high Z 
materials

K. Ammigan, FNAL

See F. Pellemoine’s presentation



§ HiRadMat facility at CERN extensively employed in the last few years for multiple 
single shot testing for beam intercepting devices 
§ Could be of use for analysing specific items of Muon Collider systems (e.g., prototype target technology, 

material subjected to high dynamic load)
§ ±1-2*1015 POT/experiment, 440 GeV/c, up to 3.5*1013 ppp

Charged particle beam testing 
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https://doi.org/10.1016/j.euro
mechsol.2020.104149

C. Torregrosa et al.

I. Lamas et al.

https://espace.cern.ch/hiradmat-sps/Wiki%20Pages/Home.aspx
https://doi.org/10.1016/j.euromechsol.2020.104149


§ In the framework of the Beam Dump Facility Study, a high intensity slow extraction test 
area was setup in the TCC2 Target Area at CERN
§ ±400 GeV/c, up to several 1013 p/pulse, ±50 kW, >1016 POT possible (competition with beam to T6)

§ Could be potential employed to validate certain aspects of MUC Targetry systems

Charged particle beam testing 
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T6

O. Aberle et al.

Phys. Rev. Accel. Beams 22, 113001 (2019)
Mat. Design Process. Comm. 2020;2:e101

https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.113001
https://onlinelibrary.wiley.com/doi/10.1002/mdp2.101


§ Facility will need to comply with very stringent radiation and environmental protection 
considerations
§ Not only neutrino radiation, but neutron stray radiation, air activation at site boundary will be critical
§ Installation in the molasse (bedrock, as CNGS) will simplify many radiation protection constraints

§ Reminder: likely ±Sv/h dose rate on large volume components close to production target 
system/dump
§ Fully remote handling of components is mandatory, no hands-on intervention
§ Should favour vertical handling (over side access, compliant with ITER remote handling code of practice)
§ Radioactive waste consideration (reuse as much as possible existing material, maximize reliability, etc.)

§ Optimisation of ancillary services (cooling and ventilation, electrical, etc.) shall be though from 
the beginning

§ All points relevant and applicable to provide feasibility and a realistic cost estimate ballpark as 
part of the conceptual design

MUC Target Complex considerations
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§ Integral beam test of the MUC Target Systems in a demonstrator 
will be fundamental to assess the performances and reliability of 
the different components (e.g. 6D cooling)

§ Realistically one could think of a facility ±10-100 kW but with 
similar pulse intensity (equivalent energy density)
§ Could be reusing existing infrastructure and beams or thinking about a 

green field scenario

§ Synergies with physics facilities?

Integral testing in a “MUC demonstrator” facility
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R. Ximenes Franqueira (CERN), NuFact21
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R. Ximenes Franqueira (CERN), NuFact21
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R. Ximenes Franqueira (CERN), NuFact21
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R. Ximenes Franqueira (CERN), NuFact21



§ MUC Targetry is one of the most challenging systems currently 
being explored (in both p+ and electron driven schemes)
§ Could be one of the bottleneck of the MUC if not validated
§ Some of the items have never been explored in depth

§ A rich R&D program is in preparation, including off-line and beam 
tests of components – need to be careful on resource availability

§ Medium/long term plan to build an integral test facility / 
demonstrator would be fundamental to validate the key 
performance factor of the Targetry Systems

Conclusions
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