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Goals of the study

▪ In this presentation: 

▪ Characterization of 𝑠 = 3 𝑇𝑒𝑉 

Beam Induced Background

▪ Final goal

▪ Optimization of the Interaction 

Region at 𝑠 = 3 𝑇𝑒𝑉 since 

current design is based on 

𝑠 = 1.5 𝑇𝑒𝑉  studies 

5𝜎 beam envelop at IR and final focusing magnets aperture [1] 
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Quick recall of previous BIB studies
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▪ MAP collaboration studies at 

𝑠 = 1.5 TeV using MARS[3]

▪ IMCC studies at 𝑠 = 1.5 TeV 

using FLUKA[4]

▪ Comparison between the two 

simulations

▪ Preliminary studies at 𝑠 = 3 TeV 

[5] 



Machine Detector Interface

▪ Final focusing and 

Interaction Region 

implemented in FLUKA

▪ Shielding nozzle are a 

unique feature of the Muon 

Collider

▪ Designed for 𝑠 = 1.5 𝑇𝑒𝑉 
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MDI configuration
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▪ Quadruplet FF magnet 

configuration [1] 

▪ MAP nozzle design:

1) 10° closest to the IP

2) 5° starting from 𝑧 = 100 𝑐𝑚

▪ Tungsten (W) cone with a borated

 polyethylene (BCH2) coat

1

2W

BCH2



Simulation Setup
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▪ Generated one beam of 𝜇+

decays within 𝟓𝟓 𝒎 from the 

Interaction Point

▪ Energy threshold for particles 

production fixed at 𝟏𝟎𝟎 𝒌𝒆𝑽

▪ Field in the detector: 𝑩 = 𝟑. 𝟓𝟕 𝑻

▪ Particles which enters the 

detector area are scored



BIB composition
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1.5 TeV* 3 TeV 10TeV*

Photon 6.0 ∙ 107 7.6 ∙ 107 1.0 ∙ 108

Neutron 6.2 ∙ 107 6.8 ∙ 107 9.4 ∙ 107

𝑒+/𝑒− 4.7 ∙ 105 6.1 ∙ 105 1.1 ∙ 106

𝜇+/𝜇− 3.4 ∙ 103 3.2 ∙ 103 3.3 ∙ 103

hadrons 2.2 ∙ 104 3.5 ∙ 104 3.3 ∙ 104

*Fluka simulation with 𝐵 = 3.57 𝑇

BIB particles per bunch crossing



Arrival time
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▪ Arrival time in the detector with 

respect to the bunch crossing

▪ Read-out window: −1; 15 𝑛𝑠
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▪ Arrival time in the detector with 

respect to the bunch crossing

▪ Read-out window: −1; 15 𝑛𝑠

▪ Comparison with 𝑠 = 1.5 𝑇𝑒𝑉
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▪ Arrival time in the detector with 

respect to the bunch crossing
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Arrival time
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▪ Arrival time in the detector with 

respect to the bunch crossing

▪ Read-out window: −1; 15 𝑛𝑠

▪ Comparison with 𝑠 = 10 𝑇𝑒𝑉



BIB Energy spectrum
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Readout 
window 
[-1, 15]ns



BIB Energy spectrum
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Readout 
window 
[-1, 15]ns



Muon Decay Position
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▪ Muons cause BIB if 

they decay up to 

~50 𝑚 from the IP

▪ For 𝑠 = 1.5 𝑇𝑒𝑉 

case, after ~40 𝑚 

the BIB contribution 

become negligible
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Detector surface crossing

▪ Most of BIB particles enter in 

the detector area from the 

nozzles

▪ A fraction comes from the 

right-side, suggesting that 

more shielding is needed

𝜇+
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Detector surface crossing

𝑒+𝑒− 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠
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Conclusion and next steps

▪ A complete overview of the Beam Induced Background at 𝑠 = 3 𝑇𝑒𝑉 has been 

achieved using an unoptimized Machine Detector Interface design

▪ Next steps:

▪ Investigation of new nozzle geometries

▪ Identification of figures of merit on which optimize (common effort with detector people)

▪ Investigating Machine-Learning approaches to nozzle optimization



Thank you for the attention
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Arrival time
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▪ Arrival time in the detector with 

respect to the bunch crossing

▪ Read-out window: −1; 15 𝑛𝑠

▪ Comparison with 𝑠 = 10 𝑇𝑒𝑉

▪ Same plot as slide 6, different style



BIB Energy spectrum
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Readout 
window 
[-1, 15]ns

Same plot as slide 10, different style



BIB composition
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1.5 TeV* 3 TeV 10TeV**

Photon 6.0 ∙ 107 7.6 ∙ 107 9.6 ∙ 107

Neutron 6.2 ∙ 107 6.8 ∙ 107 9.2 ∙ 107

𝑒+/𝑒− 4.7 ∙ 105 6.1 ∙ 105 8.3 ∙ 105

𝜇+/𝜇− 3.4 ∙ 103 3.2 ∙ 103 2.9 ∙ 103

hadrons 2.2 ∙ 104 3.5 ∙ 104 3.3 ∙ 104

*Fluka simulation with 𝐵 = 3.57 𝑇
*Fluka simulation with 𝐵 = 5 𝑇

BIB particles per bunch crossing



BIB Energy spectrum
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Readout 
window 
[-1, 15]ns

Simulation at 10 TeV with B = 5 T



Arrival time
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▪ Arrival time in the detector with 

respect to the bunch crossing

▪ Read-out window: −1; 15 𝑛𝑠

▪ Comparison with 𝑠 = 10 𝑇𝑒𝑉,

B = 5 T
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𝒔 = 𝟏. 𝟓 𝑻𝒆𝑽 Design

Figure 2 shows the dependence on momentum of 

betatron tunes and momentum compaction factor obtained 

with some help from additional octupole and decapole 

correctors placed in the CCS. The stability range of 

±1.2% significantly exceeds the minimum requirement. 

Problems with the dynamic aperture (DA) and beam-

beam effect in a muon collider are significantly alleviated 

by the fact that muons will be dumped after less than 

2000 turns (see Section IV). In the result the high order 

resonances have little chance to show up. Preliminary 

studies [10] using MAD code demonstrated a good 

dynamic aperture (~5s) in absence of magnet 

imperfections and beam-beam effect and only a modest 

DA reduction with the beam-beam parameter as large as 

0.09 per IP
*
. 

The presented design raises a number of questions: 

large values of vertical b-function and therefore of the 

vertical beam-size in the IR quads and dipoles make it 

necessary to reconsider earlier magnet designs, closeness 

of the dipoles to IP may complicate the detector 

protection from g-radiation emitted by decay electrons 

and positrons and from these electrons and positrons 

themselves.  

These issues as well as problems with heat deposition 

in the magnet coils are considered in the subsequent 

sections. 

III. IR MAGNET DESIGN  

Figure 3 shows vertical and horizontal sizes of the 

muon beam corresponding to parameters from Table 1 

and the inner radii of closest to IP magnets determined by 

the requirement a > 5smax+1 cm. A 5s aperture radius 

may seem too small compared to 9smax aperture adopted 

for the LHC IR upgrade [11]. However, one should keep 

in mind that in MC there is no crossing angle and, due to 

short time the muons spend in the collider, there will be 

practically no diffusion so that the beams can be 

collimated at less than 4s amplitudes; the remainder 

providing room for possible closed orbit excursions. In 

the actual magnet design, the bore radius was increased 

by additional 5 mm to provide more space for the beam 

pipe and annular helium channel. 

                                                           
*
 It should be noted that such values of beam-beam parameter were 

already achieved in e+e- machines. 

The expected level of magnetic fields in IR magnets 

suggests using Nb3Sn superconductor. This 

superconductor has the most appropriate combination of 

the critical parameters including the critical current 

density Jc, the critical temperature Tc, and the upper 

critical magnetic field Bc2 [12]. Cu-stabilized multi-

filament Nb3Sn strands with Jc(12T, 4.2K)~3000 A/mm
2
, 

strand diameter 0.7-1.0 mm and Cu/nonCu ratio~0.9-1.1 

are commercially produced at the present time by industry 

in long length [13]. 

FIG. 4 (color). Cross-sections and a good-field region of 

Q1 (a), Q2 (b) and Q3-Q5 (c) quadrupoles. The dark blue 

color corresponds to the field error |dB/B|<10
-4

. 

A. IR Quadrupoles 

The IR doublets are made of relatively short 

quadrupoles (no more than 2 m long) to optimize their 

aperture according to the beam size variation and allow 

for placement of protecting tungsten masks between 

them. The first two quadrupoles in Fig. 3 are focusing 

ones and the next three are defocusing ones. The space 

between the 4
th

 and 5
th

 quadrupoles is reserved for beam 

diagnostics and correctors. 

The cross-sections of MC IR quadrupoles based on 

two-layer shell-type Nb3Sn coils and cold iron yokes are 

shown in Fig. 4. Their parameters are summarized in 

Table 2. All the designs use wide 16.3 mm wide cable 

made of 37 strands 0.8 mm in diameter. Strand Jc(12T, 

4.2K) after cabling is 2750 A/mm
2
 and Cu/nonCu ratio is 

1.17 [14]. To maximize the iron contribution to the 

quadrupole field gradient, it is separated from the coils by 

thin 10 mm spacers. The two-layer coil design and the 

total coil width were selected based on the results of 

Nb3Sn cable and coil R&D.  

TABLE II. IR quadrupole parameters. 

Parameter  Unit Q1 Q2 Q3 

Coil aperture mm 80 110 160 

Nominal gradient T/m 250 187 -130 

Nominal current kA 16.61 15.3 14.2 

Quench gradient @ 4.5 K T/m 281.5 209.0 146.0 

Quench gradient @ 1.9 K T/m 307.6 228.4 159.5 

Coil quench field @ 4.5 K T 12.8 13.2 13.4 

Coil quench field @ 1.9 K T 14.0 14.4 14.8 

Magnetic length m 1.5 1.7 1.7 

 

FIG. 3. Beam sizes and aperture of the FF magnets. 
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Dose

▪ Considering 200 operational 

days/year, total ionizing dose is 

expected to be:

▪ ~10−3 𝐺𝑟𝑎𝑑 ∙ 𝑦−1 in the 

tracker

▪ ~10−4 𝐺𝑟𝑎𝑑 ∙ 𝑦−1in the 

electromagnetic calorimeter
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Dose

▪ Considering 200 operational 

days/year, 1-MeV-neq fluence is 

expected to be:

▪ ~1014−15 𝑐𝑚−2𝑦−1 in the 

tracker

▪ ~1014 𝑐𝑚−2𝑦−1 in the 

electromagnetic calorimeter
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Occupancy in the tracker

Beam pipe Nozzle tip Nozzle 

µ
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