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ȷˊŬɔɞɟŮɨŮŰŬɘ ɖ ŬɜŰɘɔɟŬűɐ, ŬˊɞɗɐəŮɡůɖ əŬɘ ŭɘŬɜɞɛɐ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ, 

Ůɝ ɞɚɞəɚɐɟɞɡ ɐ ŰɛɐɛŬŰɞɠ ŬɡŰɐɠ, ɔɘŬ Ůɛˊɞɟɘəɧ ůəɞˊɧ. ȺˊɘŰɟɏˊŮŰŬɘ ɖ ŬɜŬŰɨˊɤůɖ, 

ŬˊɞɗɐəŮɡůɖ əŬɘ ŭɘŬɜɞɛɐ ɔɘŬ ůəɞˊɧ ɛɖ əŮɟŭɞůəɞˊɘəɧ, ŮəˊŬɘŭŮɡŰɘəɐɠ ɐ ŮɟŮɡɜɖŰɘəɐɠ 

űɨůɖɠ, ɡˊɧ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɜŬ ŬɜŬűɏɟŮŰŬɘ ɖ ˊɖɔɐ ˊɟɞɏɚŮɡůɖɠ əŬɘ ɜŬ ŭɘŬŰɖɟŮɑŰŬɘ Űɞ 

ˊŬɟɧɜ ɛɐɜɡɛŬ. ȺɟɤŰɐɛŬŰŬ ˊɞɡ Ŭűɞɟɞɨɜ Űɖ ɢɟɐůɖ Űɖɠ ŮɟɔŬůɑŬɠ ɔɘŬ əŮɟŭɞůəɞˊɘəɧ 

ůəɞˊɧ ˊɟɏˊŮɘ ɜŬ ŬˊŮɡɗɨɜɞɜŰŬɘ ˊɟɞɠ Űɞɜ ůɡɔɔɟŬűɏŬ. Ƀɘ ŬˊɧɣŮɘɠ əŬɘ ŰŬ 

ůɡɛˊŮɟɎůɛŬŰŬ ˊɞɡ ˊŮɟɘɏɢɞɜŰŬɘ ůŮ ŬɡŰɧ Űɞ ɏɔɔɟŬűɞ ŮəűɟɎɕɞɡɜ Űɞɜ ůɡɔɔɟŬűɏŬ əŬɘ 

ŭŮɜ ˊɟɏˊŮɘ ɜŬ ŮɟɛɖɜŮɡɗŮɑ ɧŰɘ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ Űɘɠ ŮˊɑůɖɛŮɠ ɗɏůŮɘɠ Űɞɡ Ⱥɗɜɘəɞɨ 

ɀŮŰůɧɓɘɞɡ ɄɞɚɡŰŮɢɜŮɑɞɡ.  

          ȿɡɛˊŮɟŬɑɞɡ ɀŬɟɑŬ, 27/3/2017 
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I. ɄȺɅȽȿȼɊȼ 

Ƀ ATLAS ŮɑɜŬɘ ɏɜŬɠ Ŭˊɧ Űɞɡɠ ŭɨɞ ŬɜɘɢɜŮɡŰɏɠ ɔŮɜɘəɞɨ ůəɞˊɞɨ ůŰɞ ɀŮɔɎɚɞ 

ȺˊɘŰŬɢɡɜŰɐ ȷŭɟɞɜɑɤɜ (LHC) ůŰɞ CERN. ȹɘŮɟŮɡɜŮɑ ɏɜŬ Ůɡɟɨ ˊŮŭɑɞ űɡůɘəɐɠ, Ŭˊɧ Űɖɜ 

ŬɜŬɕɐŰɖůɖ Űɞɡ ɛˊɞɕɞɜɑɞɡ Higgs ɛɏɢɟɘ Űɖɜ ɨˊŬɟɝɖ Ůˊɘˊɚɏɞɜ ŭɘŬůŰɎůŮɤɜ əŬɘ 

ůɤɛŬŰɘŭɑɤɜ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ŭɖɛɘɞɡɟɔɐůɞɡɜ ůəɞŰŮɘɜɐ ɨɚɖ. Ƀ ŬɜɘɢɜŮɡŰɐɠ ATLAS 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɞɛɞŬɝɞɜɘəɞɨɠ əɡɚɑɜŭɟɞɡɠ ŬɡɝŬɜɧɛŮɜɖɠ ŬəŰɑɜŬɠ ˊŮɟɑ Űɞ ůɖɛŮɑɞ 

ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɧˊɞɡ ɞɘ ŭɏůɛŮɠ ˊɟɤŰɞɜɑɤɜ Ŭˊɧ Űɞɜ LHC ůɡɔəɟɞɨɞɜŰŬɘ. ɀˊɞɟŮɑ ɜŬ 

ɢɤɟɘůŰŮɑ ůŮ ŰɏůůŮɟŬ əɨɟɘŬ əɞɛɛɎŰɘŬ: ɞ ȺůɤŰŮɟɘəɧɠ ȷɜɘɢɜŮɡŰɐɠ, ɖ ŮůɩŰŮɟɖ ŭɘɎŰŬɝɖ, 

ŬɜɘɢɜŮɨŮɘ Űɖɜ əɑɜɖůɖ űɞɟŰɘůɛɏɜɤɜ ůɤɛŬŰɘŭɑɤɜ, əŬɗɩɠ ŬɡŰɎ ŬˊɞɛŬəɟɨɜɞɜŰŬɘ Ŭˊɧ Űɞ 

ůɖɛŮɑɞ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ. Ƀɘ əŬŰŬɔɟŬűɧɛŮɜŮɠ Űɟɞɢɘɏɠ ˊɞɡ ŬɜɘɢɜŮɨɞɜŰŬɘ Ŭˊɧ Űɘɠ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ůɤɛŬŰɘŭɑɤɜ-ŬɜɘɢɜŮɡŰɐ ɤɠ ɏɜŬ ˊɚɐɗɞɠ ŭɘŬəɟɘŰɩɜ ůɖɛŮɑɤɜ 

ŬˊɞŰŮɚɞɨɜ Űɞ ˊɟɩŰɞ ɓɐɛŬ ůŰɖɜ ŬɜŬɔɜɩɟɘůɖ ɛɏɢɟɘ ˊɟɧŰɘɜɞɠ ɎɔɜɤůŰɤɜ ůɤɛŬŰɘŭɑɤɜ. 

ɇŬ ɗŮɟɛɘŭɧɛŮŰɟŬ ɛŮŰɟɞɨɜ Űɖɜ ŮɜɏɟɔŮɘŬ ɞɡŭɏŰŮɟɤɜ əŬɘ űɞɟŰɘůɛɏɜɤɜ ůɤɛŬŰɘŭɑɤɜ 

ŬɚɚɖɚŮˊɘŭɟɩɜŰŬɠ ɛŮ ŬɡŰɎ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ əŬŰŬɘɔɘůɛɧ ŭŮɡŰŮɟŮɡɧɜŰɤɜ 

ůɤɛŬŰɘŭɑɤɜ. ɇɞ űŬůɛŬŰɧɛŮŰɟɞ ɛɘɞɜɑɤɜ, Űɞ ŮɝɩŰŮɟɞ ŰɛɐɛŬ Űɞɡ ŬɜɘɢɜŮɡŰɐ, 

ˊɟŬɔɛŬŰɞˊɞɘŮɑ Ůˊɘˊɚɏɞɜ ɛŮŰɟɐůŮɘɠ ˊɞɚɨ ŭɘŬˊŮɟŬůŰɘəɩɜ ɛɘɞɜɑɤɜ, ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ɘəŬɜɎ 

ɜŬ ŭɘŬˊŮɟɎůɞɡɜ ŰŬ ŮůɩŰŮɟŬ ůŰɟɩɛŬŰŬ ɢɤɟɑɠ ŬɚɚɖɚŮˊɑŭɟŬůɖ. ɇɏɚɞɠ, Űɞ ůɨůŰɖɛŬ 

ɛŬɔɜɖŰɩɜ əŬɛˊɡɚɩɜŮɘ űɞɟŰɘůɛɏɜŬ ůɤɛŬŰɑŭɘŬ ůŰɞɜ ȺůɤŰŮɟɘəɧ ŬɜɘɢɜŮɡŰɐ əŬɘ ůŰɞ 

ūŬůɛŬŰɧɛŮŰɟɞ ɛɘɞɜɑɤɜȕ ɖ əŬŰŮɨɗɡɜůɖ əɑɜɖůɐɠ Űɞɡɠ əŬɘ ɞ ɓŬɗɛɧɠ əŬɛˊɨɚɤůɖɠ 

ɡˊɞŭŮɘəɜɨɞɡɜ Űɞ űɞɟŰɑɞ əŬɘ Űɖɜ ɞɟɛɐ Űɞɡ ŬɜŰɑůŰɞɘɢŬ. 

 Ƀ ŬɜɘɢɜŮɡŰɐɠ ŭɖɛɘɞɡɟɔŮɑ ŭɡůəɧɚɤɠ ŭɘŬɢŮɘɟɑůɘɛŬ ůŮ ɧɔəɞ ŬəŬŰɏɟɔŬůŰŬ 

ŭŮŭɞɛɏɜŬ: ˊŮɟɑˊɞɡ 25 megabytes ŬɜɎ ɔŮɔɞɜɧɠ, ˊɞɚɚŬˊɚŬůɘŬɕɧɛŮɜŬ Ůˊɑ 40 

ŮəŬŰɞɛɛɨɟɘŬ ŭɘŬůŰŬɡɟɩůŮɘɠ ŭŮůɛɩɜ ŬɜɎ ŭŮɡŰŮɟɧɚŮˊŰŬ ůŰɞ əɏɜŰɟɞ Űɞɡ ŬɜɘɢɜŮɡŰɐ, 

ˊŬɟɎɔɞɜŰŬɠ ůɡɜɞɚɘəɎ 1 petabyte ŬəŬŰɏɟɔŬůŰɤɜ ŭŮŭɞɛɏɜɤɜ ŬɜɎ ŭŮɡŰŮɟɧɚŮˊŰɞ. ȰŰůɘ, 

ɢɟŮɘɎɕŮŰŬɘ ɏɜŬ ůɨůŰɖɛŬ ůəŬɜŭŬɚɘůɛɞɨ ɩůŰŮ ɜŬ ŮˊɘɚɏɔŮɘ Ůɜ ŭɡɜɎɛŮɘ ŮɜŭɘŬűɏɟɞɜŰŬ 

ɔŮɔɞɜɧŰŬ ˊɟɞɠ ŬˊɞɗɐəŮɡůɖ ůŮ ˊɟŬɔɛŬŰɘəɧ ɢɟɧɜɞ ɏŰůɘ ɩůŰŮ ɜŬ ŮɚŬɢɘůŰɞˊɞɘŮɑŰŬɘ ɖ 

ŮˊɑŭɟŬůɖ ŭɘŮɟɔŬůɘɩɜ ɡˊɞɓɎɗɟɞɡ. ɇɞ ůɨůŰɖɛŬ ůəŬɜŭŬɚɘůɛɞɨ Űɞɡ ATLAS 

ɢɟɖůɘɛɞˊɞɘŮɑ Ŭˊɚɏɠ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɖɜ ŬɜŬɔɜɩɟɘůɖ Űɤɜ ˊɘɞ ŮɜŭɘŬűŮɟɧɜŰɤɜ 

ɔŮɔɞɜɧŰɤɜ ŰŬ ɞˊɞɑŬ ŭɘŬŰɖɟɞɨɜŰŬɘ ɔɘŬ ˊŮɟŬɘŰɏɟɤ ŬɜɎɚɡůɖ. ɇɞ ůɨůŰɖɛŬ ŬˊɧəŰɖůɖɠ 

ŭŮŭɞɛɏɜɤɜ ɚŬɛɓɎɜŮɘ əŬɘ ŬˊɞɗɖəŮɨŮɘ ŰŬ ŭŮŭɞɛɏɜŬ Űɞɡ ɔŮɔɞɜɧŰɞɠ Ŭˊɧ ŰŬ ŮɘŭɘəɎ 

ɖɚŮəŰɟɞɜɘəɎ ŬɜɎɔɜɤůɖɠ Űɤɜ ŬɜɘɢɜŮɡŰɩɜ. ɇɞ ɡˊɞɚɞɔɘůŰɘəɧ ˊɚɏɔɛŬ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ 

ŮəŰŮŰŬɛɏɜŬ ɔɘŬ Űɖɜ ŬɜŬəŬŰŬůəŮɡɐ ɔŮɔɞɜɧŰɤɜ, ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖɜ ˊŬɟɎɚɚɖɚɖ 

ŮˊŮɝŮɟɔŬůɑŬ ůŮ ŭɑəŰɡŬ ɡˊɞɚɞɔɘůŰɩɜ ůŮ ɧɚɞ Űɞɜ əɧůɛɞ. 

 ȰɜŬ ɛŮɔɎɚɞ ˊɟɧɓɚɖɛŬ ůŰɞɜ ŬɜɘɢɜŮɡŰɐ ATLAS ŮɑɜŬɘ Űɞ ɛŮɔɎɚɞ ɡˊɧɓŬɗɟɞ 

ŬəŰɘɜɞɓɞɚɑŬɠ  ˊɟɞŮɟɢɧɛŮɜɞ Ŭˊɧ Űɘɠ ůɡɔəɟɞɨůŮɘɠ ůŰɞ ůɖɛŮɑɞ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ. ȷɡŰɧ 

Űɞ ɡˊɧɓŬɗɟɞ ˊɟɞəŬɚŮɑ ŭɘɎűɞɟŬ ˊɟɞɓɚɐɛŬŰŬ, ɧˊɤɠ ɓɚɎɓɖ ůŰɞɡɠ ŬɜɘɢɜŮɡŰɏɠ ˊɡɟɘŰɑɞɡ 

əŬɘ ůŰŬ ɖɚŮəŰɟɞɜɘəɎ ŬɜɎɔɜɤůɖɠ, ɔɐɟŬɜůɖ Űɤɜ ɡˊɞŬɜɘɢɜŮɡŰɩɜ, ŮɜŬˊɞɗɏůŮɘɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ ˊɞɡ Ŭɚɚɞɘɩɜɞɡɜ ŰŬ ɖɚŮəŰɟɞɜɘəɎ ůɐɛŬŰŬ ɐ əŬŰŬůŰɟɏűɞɡɜ ŰŬ 

ŮɝŬɟŰɐɛŬŰŬ, əŬɘ ůɐɛŬŰŬ ɡˊɞɓɎɗɟɞɡ ˊɞɡ ˊɟɞəŬɚɞɨɜ ŮůűŬɚɛɏɜɞɡɠ əŬɘ ŰɡɢŬɑɞɡɠ 

ůəŬɜŭŬɚɘůɛɞɨɠ. ũɘŬ Űɞɜ ˊŮɟɘɞɟɘůɛɧ Űɤɜ ůɡɜŮˊŮɘɩɜ ŬɡŰɩɜ, ɞ ATLAS ɢɟɖůɘɛɞˊɞɘŮɑ 

ůɢŮŭɧɜ 3000 Űɧɜɞɡɠ ɗɤɟɎəɘůɖɠ ůŮ ˊɞɚɡůŰɟɤɛŬŰɘəɧ ůɢŮŭɘŬůɛɧ, ŮəɛŮŰŬɚɚŮɡɧɛŮɜɞɠ 

Űɘɠ ŬˊɞɟɟɞűɖŰɘəɏɠ ɘəŬɜɧŰɖŰŮɠ ŭɘŬűɞɟŮŰɘəɩɜ ɡɚɘəɩɜ. 
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 ɆŰɞ ˊɟɩŰɞ əŮűɎɚŬɘɞ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɘŬ ŮɘůŬɔɤɔɐ ůŰɞɡɠ ůəɞˊɞɨɠ əŬɘ Űɘɠ 

űɡůɘəɏɠ ɛŮɚɏŰŮɠ Űɞɡ LHC. ɇɞ ŭŮɨŰŮɟɞ əŮűɎɚŬɘɞ ˊŮɟɘɔɟɎűŮɘ Űɘɠ ŭɘŬŭɘəŬůɑŮɠ ˊɞɡ 

Ŭűɞɟɞɨɜ Űɘɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ Űɤɜ ŭɘŬűɧɟɤɜ ůɤɛŬŰɘŭɑɤɜ ɛŮ Űɖɜ ɨɚɖ, ɞɘ ɞˊɞɑŮɠ ɛˊɞɟŮɑ 

ɜŬ ɞŭɖɔɐůɞɡɜ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ɜɏɤɜ ůɤɛŬŰɘŭɑɤɜ. ɀɘŬ ŬɜɎɚɡůɖ Űɖɠ ŭɘɎŰŬɝɖɠ Űɞɡ 

LHC ŭɘŮɝɎɔŮŰŬɘ ůŰɞ ŰɟɑŰɞ əŮűɎɚŬɘɞ əŬɘ ɛɘŬ ˊŮɟɘɔɟŬűɐ Űɖɠ ɞɟɔŬɜɞɚɞɔɑŬɠ əŬɘ Űɖɠ 

ŮˊŮɝŮɟɔŬůɑŬɠ ŭŮŭɞɛɏɜɤɜ Űɞɡ ŬɜɘɢɜŮɡŰɐ ATLAS ŬəɞɚɞɡɗŮɑ ůŰɞ ŰɏŰŬɟŰɞ əŮűɎɚŬɘɞ. ɇɞ 

əŮűɎɚŬɘɞ 5 ˊŬɟɞɡůɘɎɕŮɘ Űɞ ɚɞɔɘůɛɘəɧ MCNP, ɓŬůɘůɛɏɜɞ ůŰɖ ɛɏɗɞŭɞ Monte Carlo, 

Űɞ ɞˊɞɑɞ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɖ ůɢŮŭɑŬůɖ əŬɘ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɤɜ ŭɘŬűɧɟɤɜ 

ɡˊɞŬɜɘɢɜŮɡŰɩɜ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ. ȼ ˊŮɟɘɔɟŬűɐ Űɞɡ ɡˊɞɓɎɗɟɞɡ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ Űɤɜ 

ˊŮɟɘɞɢɩɜ ɗɤɟɎəɘůɖɠ ɔɘŬ Űɖɜ ˊŮɟɘəɞˊɐ Űɤɜ ůɡɜŮˊŮɘɩɜ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůŰɞɡɠ 

ɡˊɞŬɜɘɢɜŮɡŰɏɠ əŬɘ ůŰɞ ůɨůŰɖɛŬ ůəŬɜŭŬɚɘůɛɞɨ ŬɜŬɚɨɞɜŰŬɘ ůŰɞ ȾŮűɎɚŬɘɞ 6. ɇɞ 

ŰŮɚŮɡŰŬɑɞ əŮűɎɚŬɘɞ ˊŮɟɘɏɢŮɘ Űɖ ɛŮɗɞŭɞɚɞɔɑŬ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ əŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

ɔɘŬ Űɞɡɠ ɡˊɞŬɜɘɢɜŮɡŰɏɠ Űɞɡ ATLAS. ȾɎˊɞɘŮɠ ŮˊɘˊɟɧůɗŮŰŮɠ ˊɟɞůɞɛɞɘɩůŮɘɠ Ŭˊɚɩɜ 

ɔŮɤɛŮŰɟɘɩɜ, əŬɗɩɠ əŬɘ ɞ MCNP əɩŭɘəŬɠ ɔɘŬ Űɞɜ ŬɜɘɢɜŮɡŰɐ ATLAS 

ůɡɛˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ůŰŬ ˊŬɟŬɟŰɐɛŬŰŬ.  

 

ȿȺɂȺȽɆ ȾȿȺȽȹȽȷ: ŬɜɘɢɜŮɡŰɐɠ ATLAS, LHC, ŮůɤŰŮɟɘəɧɠ ŬɜɘɢɜŮɡŰɐɠ, ɗŮɟɛɘŭɧɛŮŰɟɞ, 

űŬůɛŬŰɧɛŮŰɟɞ ɛɘɞɜɑɤɜ, ůɨůŰɖɛŬ ůəŬɜŭŬɚɘůɛɞɨ, ɡˊɧɓŬɗɟɞ ŬəŰɘɜɞɓɞɚɑŬɠ, ɗɤɟɎəɘůɖ, 

ŮˊɘŭɟɎůŮɘɠ ŬəŰɘɜɞɓɞɚɑŬɠ, ɛɏɗɞŭɞɠ Monte Carlo, ɚɞɔɘůɛɘəɧ MCNP. 
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II.  ABSTRACT 

ATLAS is one of two general-purpose detectors at the Large Hadron Collider 

(LHC) at CERN. It investigates a wide range of physics, from the search for the Higgs 

boson to extra dimensions and particles that could make up dark matter. The ATLAS 

detector consists of a series of ever-larger concentric cylinders around the interaction 

point where the proton beams from the LHC collide. It can be divided into four major 

sections: ɇhe Inner Detector, the innermost component, tracks the motion of charged 

particles as they move away from the interaction point. The tracks measured by 

recording particle/detector interactions at a multitude of discrete points, form the first 

step in identifying the unknown particles. The calorimeters measure the energy of 

both neutral and charged particles by interacting with them, resulting in creating 

cascades of secondary particles. The Muon Spectrometer, the outermost component of 

the detector, makes additional measurements of highly penetrating muons, which are 

capable of passing through the inner layers without interaction. Finally, the magnet 

systems bend charged particles in the Inner Detector and the Muon Spectrometer; 

their direction of motion and degree of curvature become indicative of their charge 

and momentum, respectively.  

The detector generates unmanageably large amounts of raw data: about 25 

megabytes per event, multiplied by 40 million beam crossings per second in the center 

of the detector, producing a total of 1 petabyte of raw data per second. Thus, a trigger 

system is needed in order to select potentially interesting events for storage in real-

time, so as to avoid being overwhelmed by background processes. The ATLAS 

trigger system uses simple information to identify the most interesting events to retain 

for detailed analysis. The data acquisition system receives and buffers the event data 

from the detector-specific readout electronics. Grid computing is being extensively 

used for event reconstruction, allowing the parallel use of computer networks 

throughout the world. 

A major problem at the ATLAS detector is the huge radiation background, 

coming from the collisions at the interaction point. This background causes several 

problems such as radiation damage to silicon detectors and readout electronics, ageing 

of the subdetectors, radiation deposits that disrupt electronic signals or destroy 

components, and background signals resulting in spurious and random triggers. For 

the limitation of these consequences, ATLAS uses almost 3000 tonnes of shielding in 

a multilayer design, taking advantage of the absorbing capacities of different 

materials. 

In the first chapter an introduction on the purposes and the physics studies of 

the LHC is presented. The second chapter describes the processes regarding the 

interactions of the various particles with matter, which may lead to the creation of 

new particles. An analysis of the LHC machine is carried out in the third chapter and 

a description of the ATLAS detector instrumentation and data processing follows in 

the fourth chapter. Chapter 5 presents the MCNP software, based on the Monte Carlo 

method, which is used for the design and the simulation of the various subdetectors of 
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the experiment. The description of the radiation background and the shielding regions 

needed to curb the radiation effects in the subdetectors and the trigger system are 

analyzed in Chapter 6. The last chapter contains the methodology of the simulation 

and the results for the ATLAS subdetectors. Some additional simulations of simple 

geometries, as well as the MCNP code for the ATLAS detector are included in the 

appendices. 

 

KEYWORDS: ATLAS detector, LHC, inner detector, calorimeter, muon 

spectrometer, trigger system, radiation background, shielding, radiation impact, 

Monte Carlo method, MCNP software. 
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III . ȺɈɉȷɅȽɆɇȽȺɆ 
 

ȷɟɢɘəɎ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ŮˊɘɓɚɏˊɞɜŰɎ ɛɞɡ, ȺɡɎɔɔŮɚɞ ũŬɕɐ, ˊɞɡ 

ɛŮ ŮɛˊɘůŰŮɨɗɖəŮ ůŰɖɜ ŬɜɎɗŮůɖ ŬɡŰɐɠ Űɖɠ ŮɟɔŬůɑŬɠ. ȼ ɓɞɐɗŮɘŬ ˊɞɡ ɛɞɡ ˊɟɞůɏűŮɟŮ, ɖ 

ŮɛˊɘůŰɞůɨɜɖ Űɞɡ əŬɘ ɖ ůɡɜŮɢɐɠ ɡˊɞůŰɐɟɘɝɐ Űɞɡ ɛŮ ɓɞɐɗɖůŬɜ ůŮ ˊɞɚɨ ɛŮɔɎɚɞ ɓŬɗɛɧ 

əŬɗô ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ Ůəˊɧɜɖůɖɠ ŬɡŰɐɠ Űɖɠ ŮɟɔŬůɑŬɠ, ŬəɧɛŬ əŬɘ ůŰŬ ůɖɛŮɑŬ 

ŮəŮɑɜŬ ˊɞɡ ˊɑůŰŮɡŬ ɧŰɘ ŭŮ ɗŬ ŰŬ əŬŰŬűɏɟɤ. 

ȽŭɘŬɑŰŮɟɖ Ůɡɔɜɤɛɞůɨɜɖ ɞűŮɑɚɤ ůŰɖ ȸɘɞɚɏŰŬ ũəɑəŬ, ɢɤɟɑɠ Űɖ ůɡɜŭɟɞɛɐ Űɖɠ 

ɞˊɞɑŬɠ ɗŬ ɐŰŬɜ ˊɞɚɨ ŭɨůəɞɚɖ ɖ ŮɝɞɘəŮɑɤůɐ ɛɞɡ ɛŮ Űɞɜ əɩŭɘəŬ əŬɘ Űɞ ˊŮɟɘɓɎɚɚɞɜ 

Űɞɡ ɚɞɔɘůɛɘəɞɨ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐůŬɛŮ. ȼ ɎɛŮůɖ ɓɞɐɗŮɘɎ Űɖɠ, ɞɘ ůɡɛɓɞɡɚɏɠ əŬɘ ɖ 

ŮˊɘɓɟɎɓŮɡůɖ ˊɞɡ ɛɞɡ ˊɟɞůɏűŮɟŮ ůɡɜɏɓŬɚŬɜ ŬˊŮɟɘɧɟɘůŰŬ ůŰɖɜ ɞɚɞəɚɐɟɤůɖ ŬɡŰɞɨ 

Űɞɡ ɏɟɔɞɡ. ɆŰɞ ɗɏɛŬ Űɞɡ ɚɞɔɘůɛɘəɞɨ ɗŬ ɐɗŮɚŬ Ůˊɑůɖɠ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɖ ȹɩɟŬ 

ȸŬůɘɚɞˊɞɨɚɞɡ, ɖ ɞˊɞɑŬ ɛŮ Űɘɠ ɔɜɩůŮɘɠ əŬɘ Űɖɜ ŮɛˊŮɘɟɑŬ Űɖɠ ůɡɜɏɓŬɚŮ ůŰɖɜ Ůˊɑɚɡůɖ 

ˊɞɚɚɩɜ Ŭˊɞɟɘɩɜ ɞɘ ɞˊɞɑŮɠ ɛŮ ŮɛˊɧŭɘɕŬɜ ɜŬ ůɡɜŮɢɑůɤ.  

ɇɏɚɞɠ, ŬɝɑɕŮɘ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɡɠ Ŭɜɗɟɩˊɞɡɠ ŮəŮɑɜɞɡɠ ˊɞɡ ɛŮ Űɞɜ ŭɘəɧ Űɞɡɠ 

Űɟɧˊɞ ɛŮ ŮɛɣɨɢɤůŬɜ əŬɘ ɛŮ ůŰɐɟɘɝŬɜ əŬŰɎ Űɖɜ Ůəˊɧɜɖůɖ ŬɡŰɐɠ Űɖɠ ŮɟɔŬůɑŬɠ. ɆŰɞ 

ˊɚŮɡɟɧ ɛɞɡ ůŰɎɗɖəŮ ɘŭɘŬɑŰŮɟŬ ɖ ɀŬɟɑŬ ɛŮ Űɖɜ ɞˊɞɑŬ ŭɞɡɚɏɣŬɛŮ ɛŬɕɑ ˊɎɜɤ ůŰɞɜ 

əɩŭɘəŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɖɜ ŮɟɔŬůɑŬ ŬɡŰɐ əŬɘ ˊŮɟɎůŬɛŮ ˊɞɚɚɏɠ ɩɟŮɠ 

ˊɟɞůˊŬɗɩɜŰŬɠ ɜŬ əŬŰŬɚɐɝɞɡɛŮ ůŰɞ əŬɚɨŰŮɟɞ ŭɡɜŬŰɧ ŬˊɞŰɏɚŮůɛŬ. Ⱥˊɘˊɚɏɞɜ, ɞűŮɑɚɤ 

ɏɜŬ ŮɡɢŬɟɘůŰɩ ůŰɞ ɆŰŬɛɎŰɖ ˊɞɡ ɛŮ ɓɞɐɗɖůŮ ůŮ ˊɞɚɨ ɛŮɔɎɚɞ ɓŬɗɛɧ əŬɘ ɛŮ 

ɡˊɞůŰɐɟɘɝŮ ŬˊŮɟɘɧɟɘůŰŬ ɧɚɞ ŬɡŰɧ Űɞ ŭɘɎůŰɖɛŬ.  
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IV . ȺȾɇȺɇȷɀȺɁȼ ɄȺɅȽȿȼɊȼ 
 

1. ȺɅȺɈɁȺɆ ɆɇɃɁ ȺɄȽɇȷɉɈɁɇȼ LHC  

ɇɞ ȾŬɗɘŮɟɤɛɏɜɞ ɄɟɧŰɡˊɞ Űɖɠ ůɤɛŬŰɘŭɘŬəɐɠ űɡůɘəɐɠ ˊŮɟɘɔɟɎűŮɘ ɧɚŬ ŰŬ 

ɔɜɤůŰɎ ůŰɞɘɢŮɘɩŭɖ ůɤɛŬŰɑŭɘŬ əŬɘ Űɘɠ ɛŮŰŬɝɨ Űɞɡɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛɏůɤ Űɟɘɩɜ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ: Űɞɡ ɖɚŮəŰɟɞɛŬɔɜɖŰɘůɛɞɨ, Űɖɠ ŬůɗŮɜɞɨɠ ˊɡɟɖɜɘəɐɠ əŬɘ Űɖɠ 

ɘůɢɡɟɐɠ ˊɡɟɖɜɘəɐɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ. ɆɨɛűɤɜŬ ɛŮ Űɞ ȾŬɗɘŮɟɤɛɏɜɞ ɄɟɧŰɡˊɞ 

ɡˊɎɟɢɞɡɜ ŰɟɑŬ Ůɑŭɖ ůŰɞɘɢŮɘɤŭɩɜ ůɤɛŬŰɘŭɑɤɜ: ɚŮˊŰɧɜɘŬ, əɞɡɎɟə əŬɘ űɞɟŮɑɠ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ (ɛˊɞɕɧɜɘŬ ɓŬɗɛɑŭŬɠ). ȾɎɗŮ ůɤɛŬŰɑŭɘɞ ŭɘŬɗɏŰŮɘ ɏɜŬ ŬɜŰɑůŰɞɘɢɞ 

ŬɜŰɘůɤɛŬŰɑŭɘɞ. ɇŬ ɚŮˊŰɧɜɘŬ əŬɘ ŰŬ əɞɡɎɟə Ŭɜɐəɞɡɜ ůŰŬ űŮɟɛɘɧɜɘŬ, ɏɢɞɜŰŬɠ 

ɖɛɘŬəɏɟŬɘɞ ůˊɘɜ, əŬɘ ɡˊŬəɞɨɞɡɜ ůŰɖ ůŰŬŰɘůŰɘəɐ Fermi ï Dirac. ɇŬ ɚŮˊŰɧɜɘŬ 

ŭɘŬɗɏŰɞɡɜ ŬəɏɟŬɘɞ ɖɚŮəŰɟɘəɧ űɞɟŰɑɞ əŬɘ ŭɘŬɢɤɟɑɕɞɜŰŬɘ ůŮ ŰɟŮɘɠ ɔŮɜɘɏɠ, əŬɗŮɛɑŬ Ŭˊɧ 

Űɘɠ ɞˊɞɑŮɠ ŬˊŬɟŰɑɕŮŰŬɘ Ŭˊɧ ɏɜŬ ɚŮˊŰɧɜɘɞ (e, ɛ əŬɘ Ű) ɛŮ ɛɞɜŬŭɘəɐ ŭɘŬűɞɟɎ Űɖɜ 

ŬɡɝŬɜɧɛŮɜɖ ɛɎɕŬ, ɛŬɕɑ ɛŮ ɏɜŬ ŬɜŰɑůŰɞɘɢɞ ɜŮŰɟɑɜɞ (ɜe, ɜɛ əŬɘ ɜŰ). ɇŬ əɞɡɎɟə 

ŭɘŬɗɏŰɞɡɜ əɚŬůɛŬŰɘəɧ ɖɚŮəŰɟɘəɧ űɞɟŰɑɞ (+2|e|/3 ɐ ī|e|/3). ɈˊɎɟɢɞɡɜ ɏɝɘ óɔŮɨůŮɘɠô 

əɞɡɎɟə əŬɘ Ůˊɑůɖɠ ŭɘŬɢɤɟɑɕɞɜŰŬɘ ůŮ ŰɟŮɘɠ ɔŮɜɘɏɠ. ȷəɧɛɖ ŰŬ əɞɡɎɟə ŬˊɞŰŮɚɞɨɜŰŬɘ 

Ŭˊɧ ɏɜŬ Ůə Űɤɜ Űɟɘɩɜ ŭɡɜŬŰɩɜ óɢɟɤɛɎŰɤɜô (əɧəəɘɜɞ, ɛˊɚŮ ɐ ˊɟɎůɘɜɞ), Ůɜɩ ŰŬ ŬɜŰɘ ï 

əɞɡɎɟə Ŭˊɧ ŬɜŰɘ ï óɢɟɩɛŬŰŬô. ȼ ɘůɢɡɟɐ ˊɡɟɖɜɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛɏůɤ ŬɜŰŬɚɚŬɔɐɠ 

ɔɚɞɡɞɜɑɤɜ ŮɜɩɜŮɘ ŰŬ əɞɡɎɟə ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɞ ůɢɖɛŬŰɘůɛɧ Ŭŭɟɞɜɑɤɜ, ŰŬ ɞˊɞɑŬ 

ŭɘŬɢɤɟɑɕɞɜŰŬɘ ůŮ ɛŮůɧɜɘŬ əŬɘ ɓŬɟɡɧɜɘŬ. Ƀɘ űɞɟŮɑɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɛŮŰŬɝɨ Űɤɜ 

űŮɟɛɘɞɜɑɤɜ ŮɑɜŬɘ ůɤɛŬŰɑŭɘŬ ŬəŮɟŬɑɞɡ ůˊɘɜ ˊɞɡ ɡˊŬəɞɨɞɡɜ ůŰɖ ůŰŬŰɘůŰɘəɐ 

BoseEinstein. ȼ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐ ŭɨɜŬɛɖ, Űɖɜ ɞˊɞɑŬ ˊŮɟɘɔɟɎűŮɘ ɖ əɓŬɜŰɘəɐ 

ɖɚŮəŰɟɞŭɡɜŬɛɘəɐ, ŭɘŬŭɑŭŮŰŬɘ ɛɏůɤ Űɤɜ űɤŰɞɜɑɤɜ ɛŮŰŬɝɨ ɖɚŮəŰɟɘəɎ űɞɟŰɘůɛɏɜɤɜ 

ůɤɛŬŰɘŭɑɤɜ. ȼ ŬůɗŮɜɐɠ ŬɚɚɖɚŮˊɑŭɟŬůɖ, ˊŮɟɘɔɟŬűɧɛŮɜɖ Ŭˊɧ Űɖɜ ɖɚŮəŰɟɞŬůɗŮɜɐ 

ɗŮɤɟɑŬ, ŭɘŬŭɑŭŮŰŬɘ ɛɏůɤ ɛŮɔɎɚɖɠ ɛɎɕŬɠ ɛˊɞɕɧɜɘŬ ɓŬɗɛɑŭŬɠ ɛŮ ůˊɘɜ 1 (WÑ əŬɘ Z). ȼ 

ɘůɢɡɟɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɖ əɓŬɜŰɘəɐ ɖɚŮəŰɟɞŭɡɜŬɛɘəɐ əŬɘ 

ŭɘŬŭɑŭŮŰŬɘ ɛɏůɤ ɞəŰɩ ɎɛŬɕɤɜ ɔɚɞɡɞɜɑɤɜ. 

 

1.1. ɇɃ ɀɄɃȻɃɁȽɃ HIGGS ȾȷȽ ȷȿȿȺɆ ȺɅȺɈɁȺɆ ɆɇɃɁ LHC 

 

             Ƀ Űɟɧˊɞɠ ɛŮ Űɞɜ ɞˊɞɑɞ ŰŬ ůɤɛŬŰɑŭɘŬ ŬˊɞəŰɞɨɜ ɛɎɕŬ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɞ 

ɛɖɢŬɜɘůɛɧ Brout ï Englert ï Higgs, ɞ ɞˊɞɑɞɠ ˊɟɞɦˊɞɗɏŰŮɘ Űɖɜ ɨˊŬɟɝɖ Ůɜɧɠ 

ɛˊɞɕɞɜɑɞɡ ɛŮ ɛɖŭŮɜɘəɧ ůˊɘɜ. ɇɞ ɛˊɞɕɧɜɘɞ Higgs ˊŬɟŬŰɖɟɐɗɖəŮ ůŰŬ ˊŮɘɟɎɛŬŰŬ 

ATLAS əŬɘ CMS ɛŮ ɛɎɕŬ 126 GeV/c2 əŬɘ ɢɟɧɜɞ ɕɤɐɠ 1.6Ĭ10ī22 s. ɇɞ ɛˊɞɕɧɜɘɞ 

Higgs ɛˊɞɟŮɑ ɜŬ ˊŬɟŬɢɗŮɑ ɛŮ ŰɏůůŮɟɘɠ Űɟɧˊɞɡɠ:  

¶ ɆɨɜŰɖɝɖ ɔɚɞɡɞɜɑɤɜ: gg Ÿ H  

¶ ɆɨɜŰɖɝɖ ɛˊɞɕɞɜɑɞɡ űɞɟɏŬ (VBF): qq ←Ÿ qq ←H  

¶ ɆɡɜŭŮŭŮɛɏɜɖ ˊŬɟŬɔɤɔɐ ɛŮ ɛˊɞɕɧɜɘŬ űɞɟɏŬ (Higgs Strahlung): qή←Ÿ WH ɐ qή←Ÿ 

ZH  
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¶ ɆɡɜŭŮŭŮɛɏɜɖ ˊŬɟŬɔɤɔɐ ɛŮ ɓŬɟɏŬ əɞɡɎɟə : ήή←Ÿ Qὗ←H ɐ gg Ÿ Qὗ←H  

 

ɄɘɗŬɜɏɠ ŭɘŬůˊɎůŮɘɠ ɔɘŬ Űɞ Higgs:  

¶ ɕŮɨɔɞɠ űŮɟɛɘɞɜɑɞɡ ï ŬɜŰɘűŮɟɛɘɞɜɑɞɡ  

¶ ɕŮɨɔɞɠ ɓŬɟɏɤɜ ɛˊɞɕɞɜɑɤɜ ɓŬɗɛɑŭŬɠ  

¶ ɕŮɨɔɞɠ ɔɚɞɡɞɜɑɤɜ (ŬɜŰɑůŰɟɞűɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ůɨɜŰɖɝɖɠ ɔɚɞɡɞɜɑɤɜ)  

¶ ɕŮɨɔɞɠ űɤŰɞɜɑɤɜ  

 

Ⱥˊɘˊɚɏɞɜ ɏɟŮɡɜŮɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŰɞɜ LHC. ɀɑŬ Ŭˊɧ ŬɡŰɏɠ ŮɑɜŬɘ ɖ 

ɛŮɚɏŰɖ Űɖɠ ɡˊŮɟůɡɛɛŮŰɟɑŬɠ (SUSY), ɖ ɞˊɞɑŬ ˊɘɗŬɜɞɚɞɔŮɑŰŬɘ ɧŰɘ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ 

ůŰɖɜ Ůɜɞˊɞɑɖůɖ Űɤɜ ɗŮɛŮɚɘɤŭɩɜ ŭɡɜɎɛŮɤɜ. ɆɨɛűɤɜŬ ɛŮ Űɖ ɗŮɤɟɑŬ ŬɡŰɐ, əɎɗŮ 

ůɤɛŬŰɑŭɘɞ ŭɘŬɗɏŰŮɘ ɏɜŬ ɓŬɟɨŰŮɟɞ ɡˊŮɟůɡɛɛŮŰɟɘəɧ ŰŬɑɟɘ, ɛŮ Űɞ ɞˊɞɑɞ ŭɘŬűɏɟŮɘ ɤɠ 

ˊɟɞɠ Űɞ ůˊɘɜ əŬŰɎ İ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ŰŬ űŮɟɛɘɧɜɘŬ ɜŬ ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŮ ɛˊɞɕɧɜɘŬ əŬɘ 

ŬɜŰɑůŰɟɞűŬ. ȺɎɜ ɖ ɗŮɤɟɑŬ ŮɑɜŬɘ ůɤůŰɐ, əɎˊɞɘŬ Ŭˊɧ ŰŬ ŮɚŬűɟɨŰŮɟŬ ɡˊŮɟůɡɛɛŮŰɟɘəɎ 

ůɤɛŬŰɑŭɘŬ ˊɟɏˊŮɘ ɜŬ ˊŬɟŬŰɖɟɖɗɞɨɜ ůŰɞɜ LHC. ȷəɧɛɖ, ɛŮɚŮŰɎŰŬɘ ɖ ŬůɡɛŮŰɟɑŬ ɨɚɖɠ 

ï ŬɜŰɘɨɚɖɠ ůŰɞ ůɨɛˊŬɜ. ȾŬŰɎ Űɖ ɛŮɔɎɚɖ ɏəɟɖɝɖ, ɑůŮɠ ˊɞůɧŰɖŰŮɠ ɨɚɖɠ əŬɘ ŬɜŰɘɨɚɖɠ 

ɗŮɤɟŮɑŰŬɘ ɧŰɘ ŮɑɢŬɜ ŭɖɛɘɞɡɟɔɖɗŮɑ. ɄŬɟɧɚŬ ŬɡŰɎ, ɞŰɘŭɐˊɞŰŮ ůŰɞ ůɨɛˊŬɜ ŬˊɞŰŮɚŮɑŰŬɘ 

ůɢŮŭɧɜ ŬˊɞəɚŮɘůŰɘəɎ Ŭˊɧ ɨɚɖ, ůɡɜŮˊɩɠ ɛɘŬ Ŭˊɧ Űɘɠ ɛŮɔŬɚɨŰŮɟŮɠ ˊɟɞəɚɐůŮɘɠ ŮɑɜŬɘ ɜŬ 

ŬɜŬəŬɚɡűɗŮɑ ɖ ŬɘŰɑŬ Űɖɠ ŬůɡɛɛŮŰɟɑŬɠ ŬɡŰɐɠ. ɇɏɚɞɠ, ɛŮɚŮŰɎŰŬɘ ɛɘŬ ɘŭɘŬɑŰŮɟɖ ɛɞɟűɐ 

Űɖɠ ɨɚɖɠ, Űɞ ˊɚɎůɛŬ əɞɡɎɟə ï ɔɚɞɡɞɜɑɤɜ. ȿɑɔɞ ɛŮŰɎ Űɖ ɛŮɔɎɚɖ ɏəɟɖɝɖ, Űɞ ůɨɛˊŬɜ 

əŬŰŬəɚɨůŰɖəŮ Ŭˊɧ ɏɜŬ ˊɞɚɨ ɕŮůŰɧ ˊɡəɜɧ ɛɑɔɛŬ ˊɞɘəɑɚɤɜ ůɤɛŬŰɘŭɑɤɜ ˊɞɡ əɘɜɞɨɜŰŬɜ 

əɞɜŰɎ ůŰɖɜ ŰŬɢɨŰɖŰŬ Űɞɡ űɤŰɧɠ. ɇɞ ɛɑɔɛŬ ŬɡŰɧ ŬˊɞŰŮɚɞɨɜŰŬɜ əŬŰɎ əɨɟɘɞ ɚɧɔɞ Ŭˊɧ 

əɞɡɎɟə əŬɘ ɔɚɞɡɧɜɘŬ ŬůɗŮɜɩɠ ůɡɜŭŮŭŮɛɏɜŬ ɛŮŰŬɝɨ Űɞɡɠ. ũɘŬ Űɖɜ ŬɜŬˊŬɟŬɔɤɔɐ Űɤɜ 

ůɡɜɗɖəɩɜ ˊɞɡ ŮˊɘəɟŬŰɞɨůŬɜ ůŰɞ ˊɟɩɘɛɞ ůɨɛˊŬɜ ɞ LHC ˊɟŬɔɛŬŰɞˊɞɘŮɑ ɛŮŰɤˊɘəɏɠ 

ůɡɔəɟɞɨůŮɘɠ ɛŮŰŬɝɨ ɓŬɟɏɤɜ ɘɧɜŰɤɜ. 

 

2. ȷȿȿȼȿȺɄȽȹɅȷɆȼ ȷȾɇȽɁɃȸɃȿȽȷɆ ɀȺ ɇȼɁ Ɉȿȼ 

ȼ ɚŮɘŰɞɡɟɔɑŬ əɎɗŮ ŬɜɘɢɜŮɡŰɘəɞɨ ůɡůŰɐɛŬŰɞɠ ɓŬůɑɕŮŰŬɘ ůŰɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ 

ŭɘŮɟɢɧɛŮɜɤɜ ůɤɛŬŰɘŭɑɤɜ ɛŮ Űɞ ɡɚɘəɧ Űɞɡ ŬɜɘɢɜŮɡŰɐ. ɇɞ ˊɟɞɥɧɜ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ 

ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ɖɚŮəŰɟɘəɧ ůɐɛŬ. ȼ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɓŬɟɏɤɜ űɞɟŰɘůɛɏɜɤɜ 

ůɤɛŬŰɘŭɑɤɜ ɛŮ Űɖɜ ɨɚɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůɤ Űɖɠ ŭɨɜŬɛɖɠ Coulomb əɡɟɑɤɠ ɛŮ ŰŬ 

ˊŮɟɘűŮɟŮɘŬəɎ ɖɚŮəŰɟɧɜɘŬ əŬɘ ůŮ ɛɘəɟɧŰŮɟɞ ɓŬɗɛɧ ɛŮ Űɞɜ ˊɡɟɐɜŬ Űɞɡ ŬŰɧɛɞɡ. ȼ 

ŬˊɩɚŮɘŬ ŮɜɏɟɔŮɘŬɠ ŮɜŰɧɠ Űɞɡ ɡɚɘəɞɨ ŮɑɜŬɘ ɏɜŬ ůŰŬŰɘůŰɘəɧ űŬɘɜɧɛŮɜɞ ˊɞɡ ŬəɞɚɞɡɗŮɑ 

Űɖɜ əŬŰŬɜɞɛɐ Landau. Ƀɘ Ůˊɘɛɏɟɞɡɠ ɛɖɢŬɜɘůɛɞɑ ŬˊɩɚŮɘŬɠ ŮɜɏɟɔŮɘŬɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ:  

¶ ȹɘɏɔŮɟůɖ: ɏɜŬ ŬŰɞɛɘəɧ ɖɚŮəŰɟɧɜɘɞ ŬˊɞəŰɎ ŮɜɏɟɔŮɘŬ ɘəŬɜɐ ɔɘŬ Űɖ ɛŮŰɎɓŬůɐ 

Űɞɡ ůŮ ɛɘŬ ŬɜɩŰŮɟɖ ŮɜŮɟɔŮɘŬəɐ ůŰɎɗɛɖ.  

¶ Ƚɞɜɘůɛɧɠ: ˊŬɟɧɛɞɘŬ ɛŮ Űɖ ŭɘɏɔŮɟůɖ, ɏɜŬ ɖɚŮəŰɟɧɜɘɞ ŬˊɞəŰɎ ŮɜɏɟɔŮɘŬ ɘəŬɜɐ ɜŬ 

Űɞɡ ŮˊɘŰɟɏɣŮɘ ɜŬ ŮɔəŬŰŬɚŮɑɣŮɘ Űɞ ɎŰɞɛɞ ůŰɞ ɞˊɞɑɞ ˊɟɞɖɔɞɡɛɏɜɤɠ ɐŰŬɜ ŭɏůɛɘɞ, 
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ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ɕŮɨɔɞɡɠ ɗŮŰɘəɞɨ ɘɧɜŰɤɠ əŬɘ ŮɚŮɨɗŮɟɞɡ 

ɖɚŮəŰɟɞɜɑɞɡ.  

¶ ȷəŰɘɜɞɓɞɚɑŬ Cherenkov: ůɡɛɛŮŰɏɢŮɘ ɚɘɔɧŰŮɟɞ ůŰɖɜ ŬˊɩɚŮɘŬ ŮɜɏɟɔŮɘŬɠ, ɧɛɤɠ 

ŮɑɜŬɘ ɛŮɔɎɚɖɠ ůɖɛŬůɑŬɠ ɔɘŬ Űɞɜ əŬɗɞɟɘůɛɧ Űɖɠ ŰɟɞɢɘɎɠ Ůɜɧɠ űɞɟŰɘůɛɏɜɞɡ 

ůɤɛŬŰɘŭɑɞɡ. ȺəˊɏɛˊŮŰŬɘ ɧŰŬɜ ɏɜŬ űɞɟŰɘůɛɏɜɞ ůɤɛŬŰɑŭɘɞ ˊŮɟɜɎ ɛɏůŬ Ŭˊɧ ɏɜŬ 

ŭɘɖɚŮəŰɟɘəɧ ɛɏůɞ ɛŮ ŰŬɢɨŰɖŰŬ ɛŮɔŬɚɨŰŮɟɖ Űɖɠ űŬůɘəɐɠ ŰŬɢɨŰɖŰŬɠ Űɞɡ űɤŰɧɠ 

ůŰɞ ɛɏůɞ ŬɡŰɧ. ɇɞ űɞɟŰɘůɛɏɜɞ ůɤɛŬŰɑŭɘɞ ůŮ ŰɟɞɢɘɎ ŮəˊɏɛˊŮɘ ůűŬɘɟɘəɎ 

ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɎ əɨɛŬŰŬ ɛɏůɤ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ ɖɚŮəŰɟɘəɩɜ ŭɘˊɧɚɤɜ əŬŰɎ Űɖ 

ŭɘɏɚŮɡůɖ Űɞɡ ůɤɛŬŰɘŭɑɞɡ.  

¶ ȷəŰɘɜɞɓɞɚɑŬ ɛŮŰɎɓŬůɖɠ: ŮəˊɏɛˊŮŰŬɘ ɧŰŬɜ ɏɜŬ ůɤɛŬŰɑŭɘɞ ŭɘŬůɢɑɕŮɘ Űɖ 

ŭɘŬɢɤɟɘůŰɘəɐ ŮˊɘűɎɜŮɘŬ ŭɨɞ ɛɏůɤɜ ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ ŭɘɖɚŮəŰɟɘəɏɠ ɘŭɘɧŰɖŰŮɠ. ȼ 

ŬɚɚŬɔɐ Űɖɠ ŭɘɖɚŮəŰɟɘəɐɠ ůŰŬɗŮɟɎɠ əŬŰɎ ɛɐəɞɠ Űɖɠ ŰɟɞɢɘɎɠ Űɞɡ ůɤɛŬŰɘŭɑɞɡ 

ˊɟɞəŬɚŮɑ ŬůɡɜɏɢŮɘŬ Űɞɡ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ ůŰɖ ŭɘŬɢɤɟɘůŰɘəɐ ŮˊɘűɎɜŮɘŬ.  

ɇŬ ŰŬɢɏŬ ɖɚŮəŰɟɧɜɘŬ ɡˊɧəŮɘɜŰŬɘ ůŮ ɛɘəɟɧŰŮɟɖ ŬˊɩɚŮɘŬ ŮɜɏɟɔŮɘŬɠ əŬɘ ɖ ŰɟɞɢɘɎ 

Űɞɡɠ ŮɑɜŬɘ ŰɡɢŬɑŬ əŬɘ ɛɖ ɔɟŬɛɛɘəɐ ɧŰŬɜ ŭɘɏɟɢɞɜŰŬɘ ɛɏůŬ Ŭˊɧ ŬˊɞɟɟɞűɖŰɘəɎ ɡɚɘəɎ. Ƀɘ 

əɨɟɘɞɘ ɛɖɢŬɜɘůɛɞɑ ŬˊɩɚŮɘŬɠ ŮɜɏɟɔŮɘŬɠ ŮɑɜŬɘ:  

¶ ɆəɏŭŬůɖ ɛŮ ˊŮɟɘűŮɟŮɘŬəɎ ɖɚŮəŰɟɧɜɘŬ: ɚɧɔɤ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ Coulomb, 

űŬɘɜɧɛŮɜŬ ŭɘɏɔŮɟůɖɠ əŬɘ ɘɞɜɘůɛɞɨ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ŬˊɩɚŮɘŬ 

ŮɜɏɟɔŮɘŬɠ əŬɘ Ŭˊɧəɚɘůɖ Ŭˊɧ Űɖɜ Ŭɟɢɘəɐ ŰɟɞɢɘɎ. ȺɎɜ ɖ Ŭɟɢɘəɐ ŮɜɏɟɔŮɘŬ Űɞɡ 

Ŭɟɢɘəɞɨ ɖɚŮəŰɟɞɜɑɞɡ ŮɑɜŬɘ ŬɟəŮŰɎ ɛŮɔɎɚɖ, ɛˊɞɟɞɨɜ ɜŬ ˊɟɞəɚɖɗɞɨɜ 

ŭŮɡŰŮɟŮɨɞɜŰŮɠ ɘɞɜɘůɛɞɑ. 

¶ ȷəŰɘɜɞɓɞɚɑŬ ˊɏŭɖůɖɠ (bremsstrahlung): ŬˊɞŰŮɚŮɑ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐ 

ŬəŰɘɜɞɓɞɚɑŬ ˊŬɟŬɔɧɛŮɜɖ Ŭˊɧ Űɖɜ ŮˊɘɓɟɎŭɡɜůɖ Ůɜɧɠ űɞɟŰɘůɛɏɜɞɡ ůɤɛŬŰɘŭɑɞɡ 

(ɖɚŮəŰɟɧɜɘɞ) ɧŰŬɜ ŮəŰɟɏˊŮŰŬɘ ɚɧɔɤ Ůɜɧɠ Ɏɚɚɞɡ űɞɟŰɘůɛɏɜɞɡ ůɤɛŬŰɘŭɑɞɡ 

(ŬŰɞɛɘəɧɠ ˊɡɟɐɜŬɠ). ȿɧɔɤ Űɖɠ ŭɘŬŰɐɟɖůɖɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ, ɖ əɘɜɖŰɘəɐ ŮɜɏɟɔŮɘŬ 

ˊɞɡ ɢɎɜŮŰŬɘ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ɏɜŬ űɤŰɧɜɘɞ.  

¶ ɆəŮŭɎůŮɘɠ Moller əŬɘ Bhabha: ŮɛˊŮɟɘɏɢɞɡɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ 

ˊɟɞůˊɘˊŰɧɜŰɤɜ ɖɚŮəŰɟɞɜɑɤɜ ɐ ˊɞɕɘŰɟɞɜɑɤɜ ɛŮ ŬŰɞɛɘəɎ ɖɚŮəŰɟɧɜɘŬ. ɆŰɖɜ 

əɓŬɜŰɘəɐ ɢɟɤɛɞŭɡɜŬɛɘəɐ, ɖ ůəɏŭŬůɖ Moller ˊŮɟɘɔɟɎűŮɘ Űɖɜ Ɏˊɤůɖ ŭɨɞ 

ɖɚŮəŰɟɞɜɑɤɜ, Ůɜɩ ɖ ůəɏŭŬůɖ Bhabha ˊŮɟɘɔɟɎűŮɘ Űɖɜ ɏɚɝɖ ɛŮŰŬɝɨ ɖɚŮəŰɟɞɜɑɞɡ 

əŬɘ ˊɞɕɘŰɟɞɜɑɞɡ.  

Ƀɘ ɛɖɢŬɜɘůɛɞɑ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ Űɤɜ űɤŰɞɜɑɤɜ ɞŭɖɔɞɨɜ ůŰɖ ɛŮŰŬűɞɟɎ ŮɜɏɟɔŮɘŬɠ 

űɤŰɞɜɑɞɡ, ɛŮɟɘəɐɠ ɐ ɞɚɘəɐɠ, ůŰŬ ŬŰɞɛɘəɎ ɖɚŮəŰɟɧɜɘŬ Űɞɡ ɛɏůɞɡ, ɖ ɞˊɞɑŬ ŮɛűŬɜɑɕŮŰŬɘ 

ɤɠ əɘɜɖŰɘəɐ ŮɜɏɟɔŮɘŬ. Ƀɘ ɛɖɢŬɜɘůɛɞɑ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ŮɑɜŬɘ:  

¶ Ɇɨɛűɤɜɖ ůəɏŭŬůɖ (Rayleigh): Űɞ ŮɘůŮɟɢɧɛŮɜɞ űɤŰɧɜɘɞ ŬˊɞɟɟɞűɎŰŬɘ əŬɘ 

ŮˊŬɜŮəˊɏɛˊŮŰŬɘ Ŭɛɏůɤɠ ɢɤɟɑɠ ŬˊɩɚŮɘŬ ŮɜɏɟɔŮɘŬɠ, ˊŬɟɎ ɛɧɜɞ ŬɚɚŬɔɐ 

əŬŰŮɨɗɡɜůɖɠ.  
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¶ ȷůɨɛűɤɜɖ ůəɏŭŬůɖ (ūɤŰɞɖɚŮəŰɟɘəɧ űŬɘɜɧɛŮɜɞ): ŬűɞɟɎ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ 

űɤŰɞɜɑɤɜ ŮɜɏɟɔŮɘŬɠ ůɡɜɐɗɤɠ ɛɘəɟɧŰŮɟɖɠ Űɞɡ 1 MeV ɛŮ ŬŰɞɛɘəɎ ɖɚŮəŰɟɧɜɘŬ. ȼ 

ŮɜɏɟɔŮɘŬ Űɞɡ ŬˊɞɟɟɞűɩɛŮɜɞɡ űɤŰɞɜɑɞɡ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ Űɖɠ 

ŮɜɏɟɔŮɘŬɠ ůɨɜŭŮůɖɠ Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ. ȹɖɛɘɞɡɟɔŮɑŰŬɘ ɏɜŬ ŮɝŬɔɧɛŮɜɞ 

űɤŰɞɖɚŮəŰɟɧɜɘɞ əŬɘ ɏɜŬ ɘɞɜɘůɛɏɜɞ ɎŰɞɛɞ ůŰɞɜ ŬˊɞɟɟɞűɖŰɐ, Űɞ ɞˊɞɑɞ ɏɢŮɘ ɏɜŬ 

əŮɜɧ ůŰɘɠ ůŰɞɘɓɎŭŮɠ Űɞɡ.  

¶ ɆəɏŭŬůɖ Compton: ˊŮɟɘɔɟɎűŮɘ Űɖɜ ŬɜŮɚŬůŰɘəɐ ůəɏŭŬůɖ Ůɜɧɠ űɤŰɞɜɑɞɡ ůŮ 

ɔɤɜɑŬ ɗ Ŭˊɧ ɏɜŬ ŬŰɞɛɘəɧ ɖɚŮəŰɟɧɜɘɞ ůɡɜɐɗɤɠ ŬůɗŮɜɩɠ ůɡɜŭŮŭŮɛɏɜɞ ůŰɞ ɎŰɞɛɞ. 

ȰɜŬ ˊɞůɧ əɘɜɖŰɘəɐɠ ŮɜɏɟɔŮɘŬɠ űɤŰɞɜɑɞɡ ɛŮŰŬɓɘɓɎɕŮŰŬɘ ůŰɞ ɖɚŮəŰɟɧɜɘɞ, Űɞ 

ɞˊɞɑɞ ɛŮŰɎ Űɖ ůəɏŭŬůɖ əɘɜŮɑŰŬɘ ɡˊɧ ɔɤɜɑŬ ű ůŮ ůɢɏůɖ ɛŮ Űɞɜ Ŭɟɢɘəɧ ɎɝɞɜŬ Űɞɡ 

űɤŰɞɜɑɞɡ.  

¶ ȹɑŭɡɛɖ ɔɏɜŮůɖ: ɏɜŬ űɤŰɧɜɘɞ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ɕŮɨɔɞɠ ɖɚŮəŰɟɞɜɑɞɡ ï 

ˊɞɕɘŰɟɞɜɑɞɡ. ȷˊŬɘŰŮɑŰŬɘ ɛɘŬ ŮɚɎɢɘůŰɖ ŮɜɏɟɔŮɘŬ, ɑůɖ ɛŮ Űɞ ŭɘˊɚɎůɘɞ Űɖɠ ɛɎɕŬɠ 

ɖɟŮɛɑŬɠ Űɞɡ ɖɚŮəŰɟɞɜɑɞɡ (1.02 MeV), Ůɜɩ ˊɘɗŬɜɐ ˊŮɟɑůůŮɘŬ ŮɜɏɟɔŮɘŬɠ 

ŭɘŬɜɏɛŮŰŬɘ ɘůɧˊɞůŬ ůŰŬ Ůˊɘɛɏɟɞɡɠ ůɤɛŬŰɑŭɘŬ ɛŮ Űɖ ɛɞɟűɐ əɘɜɖŰɘəɐɠ ŮɜɏɟɔŮɘŬɠ. 

ɀŮŰɎ Űɖ ŭɑŭɡɛɖ ɔɏɜŮůɖ, Űɞ ˊɞɕɘŰɟɧɜɘɞ ɢɎɜŮɘ ŮɜɏɟɔŮɘŬ əŬɘ ŮɝŬɦɚɩɜŮŰŬɘ Ŭűɞɨ 

ˊɟɞůŮɔɔɑůŮɘ ɏɜŬ ɖɚŮəŰɟɧɜɘɞ.  

ɇŬ ɜŮŰɟɧɜɘŬ, ɤɠ ŬűɧɟŰɘůŰŬ ůɤɛŬŰɑŭɘŬ, ŭŮ ɛˊɞɟɞɨɜ ɜŬ əŬɛűɗɞɨɜ ɐ ɜŬ 

ŮˊɘŰŬɢɡɜɗɞɨɜ Ŭˊɧ ɛŬɔɜɖŰɘəɧ ˊŮŭɑɞ, əŬɘ Ůˊɑůɖɠ ŮɑɜŬɘ ŬŭɨɜŬŰɖ ɖ ŬɜɑɢɜŮɡůɐ Űɞɡɠ ɛɏůɤ 

ɘɞɜɘůɛɞɨ Űɤɜ ɡɚɘəɩɜ ɛɏůŬ Ŭˊɧ ŰŬ ɞˊɞɑŬ ŭɘɏɟɢɞɜŰŬɘ. ȼ ˊɘɗŬɜɧŰɖŰŬ ŬɚɚɖɚŮˊɑŭɟŬůɐɠ 

Űɞɡ ŮɑɜŬɘ ɛɘəɟɐ əɘ ɏŰůɘ ɛˊɞɟɞɨɜ ɜŬ ŰŬɝɘŭŮɨɞɡɜ ɛŬəɟɘɎ ɛɏůŬ ůŰɖɜ ɨɚɖ. Ƀɘ əɨɟɘɞɘ 

Űɟɧˊɞɘ ŬɚɚɖɚŮˊɑŭɟŬůɐɠ Űɞɡɠ ɛŮ Űɖɜ ɨɚɖ ŮɑɜŬɘ:  

¶ ȺɚŬůŰɘəɐ ůəɏŭŬůɖ ɜŮŰɟɞɜɑɞɡ ï ˊɡɟɐɜŬ: ŮɑɜŬɘ ɞ əɡɟɘɧŰŮɟɞɠ ɛɖɢŬɜɘůɛɧɠ    

ŬˊɩɚŮɘŬɠ ŮɜɏɟɔŮɘŬɠ ɔɘŬ ɜŮŰɟɧɜɘŬ ŮɜɏɟɔŮɘŬɠ Űɖɠ ŰɎɝŮɤɠ Űɤɜ MeV. ȼ ŮɜɏɟɔŮɘŬ əŬɘ 

ɖ ɞɟɛɐ ůŰɞ ůɨůŰɖɛŬ ɜŮŰɟɞɜɑɞɡ ï ˊɡɟɐɜŬ ŭɘŬŰɖɟŮɑŰŬɘ.  

¶ ȷɜŮɚŬůŰɘəɐ ůəɏŭŬůɖ ɜŮŰɟɞɜɑɞɡ ï ˊɡɟɐɜŬ: Űɞ ɜŮŰɟɧɜɘɞ ŬˊɞɟɟɞűɎŰŬɘ Ŭˊɧ Űɞɜ 

ˊɡɟɐɜŬ əŬɘ Űɞɜ ŭɘŮɔŮɑɟŮɘ. Ƀ ɜɏɞɠ ˊɡɟɐɜŬɠ ŬˊɞŭɘŮɔŮɑɟŮŰŬɘ ɛŮ Űɖɜ Ůəˊɞɛˊɐ Ůɜɧɠ 

ɜŮŰɟɞɜɑɞɡ ɢŬɛɖɚɐɠ ŮɜɏɟɔŮɘŬɠ ůɡɜɞŭŮɡɧɛŮɜɞ Ŭˊɧ űɤŰɧɜɘŬ.  

¶ ɀɖ ŮɚŬůŰɘəɐ ůəɏŭŬůɖ: ɧˊɤɠ ůŰɖɜ ŬɜŮɚŬůŰɘəɐ ůəɏŭŬůɖ, ɧɛɤɠ ŬɜŰɑ ɔɘŬ 

ɜŮŰɟɧɜɘɞ ŮəˊɏɛˊŮŰŬɘ ɏɜŬ ůɤɛɎŰɘɞ ɎɚűŬ.  

¶ ȷˊɞɟɟɧűɖůɖ ɛŮ Ůəˊɞɛˊɐ ɔ: Űɞ ɜŮŰɟɧɜɘɞ ŮɜůɤɛŬŰɩɜŮŰŬɘ ůŰɞɜ ˊɡɟɐɜŬ 

ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɘůɧŰɞˊɞ ůŮ ŭɘŮɔŮɟɛɏɜɖ əŬŰɎůŰŬůɖ, Űɞ ɞˊɞɑɞ ŬˊɞŭɘŮɔŮɑɟŮŰŬɘ ɛŮ 

Ůəˊɞɛˊɐ űɤŰɞɜɑɤɜ.  

¶ ȷˊɞɟɟɧűɖůɖ ɛŮ Ůəˊɞɛˊɐ űɞɟŰɘůɛɏɜɤɜ ůɤɛŬŰɘŭɑɤɜ: ɞ ůɨɜɗŮŰɞɠ ˊɡɟɐɜŬɠ 

ŬˊɞŭɘŮɔŮɑɟŮŰŬɘ ɛŮ Ůəˊɞɛˊɐ ˊɟɤŰɞɜɑɞɡ, ŭŮɡŰŮɟɑɞɡ ɐ ůɤɛŬŰɑɞɡ ɎɚűŬ.  

¶ ȷˊɞɟɟɧűɖůɖ ɛŮ Ůəˊɞɛˊɐ ɜŮŰɟɞɜɑɤɜ: ɔɘŬ ɡɣɖɚɐɠ ŮɜɏɟɔŮɘŬɠ ˊɟɞůˊɑˊŰɞɜŰŬ 

ɜŮŰɟɧɜɘŬ, ɖ ŬˊɞŭɘɏɔŮɟůɖ Űɞɡ ůɨɜɗŮŰɞɡ ˊɡɟɐɜŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɖɜ Ůəˊɞɛˊɐ 

ŭɨɞ ɐ Űɟɘɩɜ ɜŮŰɟɞɜɑɤɜ.  
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¶ Ʉɡɟɖɜɘəɐ ůɢɎůɖ: ɖ Ŭˊɞɟɟɧűɖůɖ ɜŮŰɟɞɜɑɞɡ ɞŭɖɔŮɑ Űɞɜ ˊɡɟɐɜŬ ůŮ ŬůŰŬɗɐ 

əŬŰɎůŰŬůɖ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ˊŬɟŬɔɤɔɐ Ůɜɧɠ ɗɡɔŬŰɟɘəɞɨ ˊɡɟɐɜŬ ɛŬɕɑ ɛŮ ɎɚɚŬ 

ɗɟŬɨůɛŬŰŬ.  

¶ ɆɢɖɛŬŰɘůɛɧɠ Ŭŭɟɞɜɘəɩɜ ˊɘŭɎəɤɜ: ɜŮŰɟɧɜɘŬ ŮɜɏɟɔŮɘŬɠ Ɏɜɤ Űɤɜ 100 MeV 

ůɡɔəɟɞɨɞɜŰŬɘ ɛŮ ˊɡɟɐɜŬ ï ůŰɧɢɞ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ɗɟŬɨůɖ Űɞɡ.  

ȰɜŬɠ Ŭəɧɛɖ ɛɖɢŬɜɘůɛɧɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ŮɑɜŬɘ ɞɘ əŬŰŬɘɔɘůɛɞɑ. ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 

Ůɜɧɠ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɞɨ əŬŰŬɘɔɘůɛɞɨ ɏɜŬ űɤŰɧɜɘɞ ɛŮ ŮɜɏɟɔŮɘŬ ɛŮɔŬɚɨŰŮɟɖ Ůɜɧɠ 

əɟɑůɘɛɞɡ ɞɟɑɞɡ ˊŬɟɎɔŮɘ ɏɜŬ ɕŮɨɔɞɠ e+e - ɛɏůɤ ŭɑŭɡɛɖɠ ɔɏɜŮůɖɠ, Űɞ ɞˊɞɑɞ ɛˊɞɟŮɑ ɜŬ 

ˊŬɟɎɝŮɘ Ůə ɜɏɞɡ űɤŰɧɜɘŬ ɛɏůɤ ŬəŰɘɜɞɓɞɚɑŬɠ ˊɏŭɖůɖɠ, Ŭɜ ɡˊɎɟɢŮɘ ɘəŬɜɐ ŮɜɏɟɔŮɘŬ. ɇŬ 

ɜɏŬ ŬɡŰɎ űɤŰɧɜɘŬ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟɎɝɞɡɜ ɝŬɜɎ ɕŮɨɔɖ e+e - əŬɘ ɖ ŭɘŬŭɘəŬůɑŬ ˊŬɟŬɔɤɔɐ 

ůɤɛŬŰɘŭɑɤɜ ůŰŬɛŬŰɎ ɧŰŬɜ ɖ ŮɜɏɟɔŮɘŬ ˊɏůŮɘ əɎŰɤ Ŭˊɧ ɏɜŬ əɟɑůɘɛɞ əŬŰɩűɚɘ. ȰɜŬɠ 

Ŭŭɟɞɜɘəɧɠ əŬŰŬɘɔɘůɛɧɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůɤ Űɖɠ ɘůɢɡɟɐɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ Ůɜɧɠ 

Ŭŭɟɞɜɑɞɡ ɛŮ Űɞɜ ˊɡɟɐɜŬ Űɤɜ ŬŰɧɛɤɜ Ůɜɧɠ ɡɚɘəɞɨ. ɤɠ ŬˊɞŰɏɚŮůɛŬ ˊŬɟɎɔɞɜŰŬɘ 

űɞɟŰɘůɛɏɜŬ əŬɘ ɛɖ ˊɘɧɜɘŬ, ɜɞɡəɚŮɧɜɘŬ (p,n), strange ɛŮůɧɜɘŬ, ɓŬɟɡɧɜɘŬ əŬɘ űɤŰɧɜɘŬ. 

 

3. ɇɃ ɄȺȽɅȷɀȷ ATLAS  ɆɇɃɁ ȺɄȽɇȷɉɈɁɇȼ LHC  ɆɇɃ CERN 
 

3.1. Ƀ ɀȺũȷȿɃɆ ȺɄȽɇȷɉɈɁɇȼɆ ȷȹɅɃɁȽɋɁ (LHC) 

 

Ƀ ɀŮɔɎɚɞɠ ȺˊɘŰŬɢɡɜŰɐɠ ȷŭɟɞɜɑɤɜ ŮɑɜŬɘ ɞ ɛŮɔŬɚɨŰŮɟɞɠ əŬɘ ɘůɢɡɟɧŰŮɟɞɠ 

ŮˊɘŰŬɢɡɜŰɐɠ ůɤɛŬŰɘŭɑɤɜ ˊŬɔəɞůɛɑɤɠ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɞ ɛŮɔŬɚɨŰŮɟɞ ŰŮɢɜɞɚɞɔɘəɧ 

ŮˊɑŰŮɡɔɛŬ ůŰɞ ˊŮŭɑɞ Űɖɠ űɡůɘəɐɠ ɡɣɖɚɩɜ ŮɜŮɟɔŮɘɩɜ əŬɘ Űɖɠ ŰŮɢɜɞɚɞɔɑŬɠ 

ŮˊɘŰŬɢɡɜŰɩɜ. Ƀ ŮˊɘŰŬɢɡɜŰɐɠ ŮɑɜŬɘ ŰɞˊɞɗŮŰɖɛɏɜɞɠ ɛɏůŬ ůŮ ɛɑŬ ɡˊɧɔŮɘŬ ůɐɟŬɔɔŬ, ɛŮ 

ˊŮɟɑɛŮŰɟɞ 26.7 km, ŭɘɎɛŮŰɟɞ 3.8 m əŬɘ ɓɎɗɞɠ 50 ï 175 m ůŰŬ ɔŬɚɚɞŮɚɓŮŰɘəɎ 

ůɨɜɞɟŬ. 

ɀɑŬ ůɖɛŬɜŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ ɔɘŬ ɏɜŬɜ ŮˊɘŰŬɢɡɜŰɐ ŮɑɜŬɘ ɖ űɤŰŮɘɜɧŰɖŰŬ (L), 

əŬɗɞɟɑɕɞɜŰŬɠ Űɞɜ Ŭɟɘɗɛɧ ůɡɔəɟɞɨůŮɤɜ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟŬɢɗɞɨɜ ŬɜɎ cm 2 əŬɘ ŬɜɎ 

ŭŮɡŰŮɟɧɚŮˊŰɞ, əŬɘ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɖɠ ŭɏůɛɖɠ. ȾŬŰɎ Űɖɜ ɞɜɞɛŬůŰɘəɐ 

ˊŮɟɑɞŭɞ ɚŮɘŰɞɡɟɔɑŬɠ, ɖ űɤŰŮɘɜɧŰɖŰŬ Űɞɡ LHC ŮɑɜŬɘ L = 1034 cm -2 s -1. 

Ƀɘ Ŭŭɟɞɜɘəɞɑ ŮˊɘŰŬɢɡɜŰɏɠ ˊŬɟɞɡůɘɎɕɞɡɜ ˊɞɘəɑɚŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ, ɧˊɤɠ ɖ 

ŭɡɜŬŰɧŰɖŰŬ ŭɘŮɝŬɔɤɔɐɠ ɛŮɚŮŰɩɜ ůŮ ɛŮɔɎɚɞ ŮɜŮɟɔŮɘŬəɧ űɎůɛŬ, Ůɜɩ ɞɘ ŮˊɘŰŬɢɡɜŰɏɠ 

ɖɚŮəŰɟɞɜɑɞɡ ï ˊɞɕɘŰɟɞɜɑɞɡ ŭŮ ɛˊɞɟɞɨɜ ɜŬ ŬɜŰŬˊɞəɟɘɗɞɨɜ ůŰɘɠ ŬˊŬɘŰɐůŮɘɠ Űɞɡ LHC, 

ˊŬɟɎ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɛŮŰɟɐůŮɤɜ ŬəɟɘɓŮɑŬɠ, ɚɧɔɤ Űɖɠ Ůəˊɞɛˊɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ 

ůɨɔɢɟɞŰɟɞɡ. Ƀɘ əɨɟɘɞɘ ůŰɧɢɞɘ Űɞɡ LHC ŮɑɜŬɘ ɖ ŮˊɘŰɎɢɡɜůɖ ˊɟɤŰɞɜɑɤɜ əŬɘ ɓŬɟɏɤɜ   

ɘɧɜŰɤɜ.  

ɄɟɤŰɞɨ Ůɘůɏɚɗɞɡɜ ŰŬ ůɤɛŬŰɑŭɘŬ Űɖɠ ŭɏůɛɖɠ ůŰɞɜ ŰŮɚɘəɧ ŭŬəŰɨɚɘɞ 

ŮˊɘŰŬɢɨɜɞɜŰŬɘ ůŰŬŭɘŬəɎ ɛɏɢɟɘɠ ɧŰɞɡ ɜŬ ŬˊɞəŰɐůɞɡɜ Űɖɜ ŮˊɘɗɡɛɖŰɐ ŮɜɏɟɔŮɘŬ. ɋɠ 

ˊɟɩŰɞ ɓɐɛŬ, ŰŬ ˊɟɤŰɧɜɘŬ ˊɟɞŮɟɢɧɛŮɜŬ Ŭˊɧ ɎŰɞɛŬ ɡŭɟɞɔɧɜɞɡ ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ 

ŬˊɞɔɡɛɜɤɗŮɑ Ŭˊɧ ŰŬ ɖɚŮəŰɟɧɜɘɎ Űɞɡɠ, ŮɘůɏɟɢɞɜŰŬɘ ůŮ ɏɜŬ ɔɟŬɛɛɘəɧ ŮˊɘŰŬɢɡɜŰɐ 

(LINAC2). ȺɝŮɟɢɧɛŮɜŬ Ŭˊɧ ŬɡŰɧɜ, ŰŬ ˊɟɤŰɧɜɘŬ ɏɢɞɡɜ ŬˊɞəŰɐůŮɘ ŮɜɏɟɔŮɘŬ 50 MeV 

əŬɘ əŬŰŮɡɗɨɜɞɜŰŬɘ ˊɟɞɠ Űɞɜ Proton Synchrotron Booster (PSB), ɧˊɞɡ ŮˊɘŰŬɢɨɜɞɜŰŬɘ 
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ůŰŬ 1.4 GeV. ȷˊɧ ŮəŮɑ ŮɘůɎɔɞɜŰŬɘ ůŰɞ Proton Synchrotron (PS) ŬˊɞəŰɩɜŰŬɠ ŮɜɏɟɔŮɘŬ 

26 GeV əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ůŰɞ Super Proton Synchrotron (SPS), ŮɜŰɧɠ Űɞɡ ɞˊɞɑɞɡ 

űŰɎɜɞɡɜ ůŰŬ 450 GeV. ɇɏɚɞɠ, əŬŰŬɚɐɔɞɡɜ ůŰɞɜ LHC, ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ Űɖɜ ŰŮɚɘəɐ 

ŮɜɏɟɔŮɘŬ Űɤɜ 7 TeV ŬɜɎ ŭɏůɛɖ. ũɘŬ ůɨɜŰɞɛŮɠ ɢɟɞɜɘəɏɠ ˊŮɟɘɧŭɞɡɠ Űɞ ˊɟɧɔɟŬɛɛŬ Űɞɡ 

LHC ˊŮɟɘɚŬɛɓɎɜŮɘ ůɡɔəɟɞɨůŮɘɠ ɓŬɟɏɤɜ ɘɧɜŰɤɜ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɞɡ ˊɚɎůɛŬŰɞɠ əɞɡɎɟə 

ï ɔɚɞɡɞɜɑɤɜ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ, ɘɧɜŰŬ ɛɞɚɨɓŭɞɡ ŮˊɘŰŬɢɨɜɞɜŰŬɘ ůŰɞ ɔɟŬɛɛɘəɧ 

ŮˊɘŰŬɢɡɜŰɐ LINAC3 əŬɘ ɏˊŮɘŰŬ ŰɟɞűɞŭɞŰɞɨɜŰŬɘ ůŰɞ LEIR, ɧˊɞɡ ŰŬ ɘɧɜŰŬ 

ŬˊɞɗɖəŮɨɞɜŰŬɘ əŬɘ ɣɨɢɞɜŰŬɘ. 

Ƀɘ ůɡɔəɟɞɨůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɛŮ Űɖ ŭɘŬůŰŬɨɟɤůɖ ůŮ ŰɏůůŮɟŬ ůɖɛŮɑŬ 

ŭɨɞ ŭŮůɛɩɜ ˊɟɤŰɞɜɑɤɜ, ɞɘ ɞˊɞɑŮɠ əɘɜɞɨɜŰŬɘ ůŮ ŬɜŰɑɗŮŰŮɠ əŬŰŮɡɗɨɜůŮɘɠ. Ƀɘ ŭɏůɛŮɠ 

ŭŮɜ ŮɑɜŬɘ ůɡɜŮɢŮɑɠ, ŬɚɚɎ ůŮ ŭɘŬəɟɘŰɎ ˊŬəɏŰŬ ˊɞɡ ˊŮɟɘɏɢɞɡɜ 1.15x1011 ˊɟɤŰɧɜɘŬ, ɩůŰŮ 

ɞɘ ůɡɔəɟɞɨůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŮ ŭɘŬəŮəɟɘɛɏɜŬ ɢɟɞɜɘəɎ ŭɘŬůŰɐɛŬŰŬ (25 ns). Ƀ 

ɞɚɘəɧɠ Ŭɟɘɗɛɧɠ ɔŮɔɞɜɧŰɤɜ ˊɞɡ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ŬɜŮɚŬůŰɘəɏɠ ůɡɔəɟɞɨůŮɘɠ ůŰɖɜ 

ɞɜɞɛŬůŰɘəɐ űɤŰŮɘɜɧŰɖŰŬ ŬɜɏɟɢŮŰŬɘ ůŰŬ 600 ŮəŬŰɞɛɛɨɟɘŬ ŬɜɎ ŭŮɡŰŮɟɧɚŮˊŰɞ.  

ũɘŬ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ŮˊɘŰɎɢɡɜůɖ Űɤɜ ˊɟɤŰɞɜɑɤɜ ůŮ ɡɣɖɚɏɠ ŮɜɏɟɔŮɘŮɠ 

ŬˊŬɘŰŮɑŰŬɘ əŬŰɎɚɚɖɚɞɠ Ůɝɞˊɚɘůɛɧɠ. ɆɡɔəŮəɟɘɛɏɜŬ, ɖ ŮˊɘŰɎɢɡɜůɖ űɞɟŰɘůɛɏɜɤɜ 

ůɤɛŬŰɘŭɑɤɜ ɔɑɜŮŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɩɜ əɞɘɚɞŰɐŰɤɜ, ŭɖɚŬŭɐ 

ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɩɜ əɚɤɓɩɜ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɧ ˊŮŭɑɞ, Űɞ ɞˊɞɑɞ 

ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɛŮ ɔŮɜɜɐŰɟɘŬ. ȾɎɗŮ əɞɘɚɧŰɖŰŬ ůŰɞɜ LHC ŰŬɚŬɜŰɩɜŮŰŬɘ ůŰŬ 400 MHz. 

Ƀɘ ɡˊŮɟŬɔɩɔɘɛɞɘ ɛŬɔɜɐŰŮɠ ŬˊɞŰŮɚɞɨɜ Űɘɠ ˊɘɞ ŮɝŮɚɘɔɛɏɜŮɠ ŰŮɢɜɞɚɞɔɘəɏɠ 

əŬŰŬůəŮɡɏɠ ůŰɞɜ ŮˊɘŰŬɢɡɜŰɐ LHC. ɀɘŬ ɓŬůɘəɐ ŭɞɛɐ Űɞɡ ŮˊɘŰŬɢɡɜŰɐ ŮɑɜŬɘ Űɞ 

ɛŬɔɜɖŰɘəɧ ŭɑˊɞɚɞ, ɛŮ ůəɞˊɧ ɜŬ ŮɝŬɜŬɔəɎůŮɘ Űɘɠ ŭɏůɛŮɠ ůŮ əɡəɚɘəɐ ŰɟɞɢɘɎ. Ƀ 

ŰɞɟɞŮɘŭɐɠ ůɤɚɐɜŬɠ əŮɜɞɨ Űɞɡ ŭɘˊɧɚɞɡ ˊɞɡ ŮɛˊŮɟɘɏɢŮɘ Űɖ ŭɏůɛɖ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɞɜ 

ɢɩɟɞ ɛŮŰŬɝɨ Űɤɜ ˊɧɚɤɜ, ɞɘ ɞˊɞɑɞɘ ŭŮɜ ŮɑɜŬɘ ˊŬɟɎɚɚɖɚɞɘ ɛŮŰŬɝɨ Űɞɡɠ, ŬɚɚɎ 

ŮɛűŬɜɑɕɞɡɜ əɎˊɞɘŬ əɚɑůɖ ɩůŰŮ Űɞ ˊŬɟŬɔɧɛŮɜɞ ˊŮŭɑɞ ɜŬ ɛŮɘɩɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ 

ŬəŰɑɜŬɠ. ɀɘŬ ˊŬɟɎɚɚɖɚɖ ɓŬůɘəɐ ɛɞɜɎŭŬ Űɞɡ ŮˊɘŰŬɢɡɜŰɐ LHC ŮɑɜŬɘ ŰŬ ɡˊŮɟŬɔɩɔɘɛŬ 

ɛŬɔɜɖŰɘəɎ ŰŮŰɟɎˊɞɚŬ, ŰŬ ɞˊɞɑŬ ɚŮɘŰɞɡɟɔɞɨɜ ɤɠ ůɡɔəŮɜŰɟɤŰɘəɧɠ űŬəɧɠ ɩůŰŮ ɞɘ 

ŭɏůɛŮɠ ɜŬ ůɡɜŬɜŰɩŰŬɘ əŮɜŰɟɘəɎ, ŬɡɝɎɜɞɜŰŬɠ Űɖɜ ˊɘɗŬɜɧŰɖŰŬ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ.  

ɇɞ ɓŬůɘəɧ ůɨůŰɖɛŬ ɔɘŬ Űɖɜ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ɡˊŮɟŬɔɩɔɘɛɞɡ ŮˊɘŰŬɢɡɜŰɐ LHC 

ŮɑɜŬɘ Űɞ ůɨůŰɖɛŬ ɣɨɝɖɠ (Cryogenesis) ˊɞɡ ŰɟɞűɞŭɞŰŮɑ ɧɚŬ ŰŬ ɛŬɔɜɖŰɘəɎ ůŰɞɘɢŮɑŬ 

Űɞɡ LHC. ȳɚŬ ŰŬ ɡˊŮɟŬɔɩɔɘɛŬ əŬɚɩŭɘŬ NbTi Űɤɜ ɛŬɔɜɖŰɩɜ ɓɟɑůəɞɜŰŬɘ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ 1,8ÁȾ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɡˊɏɟɟŮɡůŰɞ ɡɔɟɧ ɐɚɘɞ ɤɠ ɛɏůɞ ɣɨɝɖɠ. Ƀɘ 

Ŭɔɤɔɞɑ ŬɡŰɞɑ ˊɟɏˊŮɘ ɜŬ ˊŬɟŬɛŮɑɜɞɡɜ ůŮ ɡˊŮɟŬɔɩɔɘɛɖ əŬŰɎůŰŬůɖ ŬəɧɛŬ əŬɘ ɧŰŬɜ Űɞ 

ŭɘŮɟɢɧɛŮɜɞ ɟŮɨɛŬ ɛŮŰŬɓɎɚɚŮŰŬɘ. ȼ ŭɘŬŰɐɟɖůɖ ŬɡŰɐ ŮɑɜŬɘ ɓŬůɘəɐ ɚɧɔɤ Űɞɡ ɘůɢɡɟɞɨ 

ɛŬɔɜɖŰɘəɞɨ ˊŮŭɑɞɡ.  

ɆŰŬ 4 ůɖɛŮɑŬ ŭɘŬůŰŬɨɟɤůɖɠ Űɤɜ ŭŮůɛɩɜ ɏɢɞɡɜ ŰɞˊɞɗŮŰɖɗŮɑ ŬɜɘɢɜŮɡŰɏɠ. Ƀ 

ATLAS (A Toroidal LHC ApparatuS) əŬɘ ɞ CMS (Compact Muon Solenoid) ŮɑɜŬɘ 

ɔŮɜɘəɞɨ ůəɞˊɞɨ ŬɜɘɢɜŮɡŰɏɠ ɔɘŬ Űɖɜ ɛŮɔɎɚɞɡ űɎůɛŬŰɞɠ ɏɟŮɡɜŬ. ɇɞ ˊŮɑɟŬɛŬ ATLAS 

ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ. To CMS ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŬɜɘɢɜŮɡŰɐ 12000 Űɧɜɤɜ, 

ɓŬůɘůɛɏɜɞ ůŮ ɏɜŬɜ ɡɣɖɚɞɨ ˊŮŭɑɞɡ ůɡɛɓŬŰɘəɧ ɛŬɔɜɐŰɖ. ɇɞ ˊŮɑɟŬɛŬ ALICE 

experiment (A Large Ion Collider Experiment) ŮɘŭɘəŮɨŮŰŬɘ ůŮ ɛŮɚɏŰŮɠ űɡůɘəɐɠ 

ɓŬɟɏɤɜ ɘɧɜŰɤɜ əŬɘ Űɞɡ ˊɚɎůɛŬŰɞɠ əɞɡɎɟə ï ɔɚɞɡɞɜɑɤɜ. ɇɞ ˊŮɑɟŬɛŬ LHCb ŮůŰɘɎɕŮɘ 

ůŮ ɛŮɚɏŰŮɠ ɔɘŬ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ b əɞɡɎɟə əŬɘ ůŰɞɢŮɨŮɘ ůŮ ɛŮŰɟɐůŮɘɠ ůɢŮŰɘəɏɠ ɛŮ Űɖɜ 

ˊŬɟŬɓɑŬůɖ Űɖɠ CP ůɡɛɛŮŰɟɑŬɠ. 
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3.2. ɇɃ ɄȺȽɅȷɀȷ ATLAS 

Ƀ ŬɜɘɢɜŮɡŰɐɠ ATLAS ŬˊɞŰŮɚŮɑ Űɖ ɛŮɔŬɚɨŰŮɟɖ ŬɜɘɢɜŮɡŰɘəɐ ůɡůəŮɡɐ ůŰɞ 

ˊɟɧɔɟŬɛɛŬ Űɞɡ LHC. Ɇəɞˊɧɠ Űɞɡ ŮɑɜŬɘ ɖ ɚɐɣɖ ɛŮŰɟɐůŮɤɜ ůɢŮŰɘəɎ ɛŮ Űɞɜ Űɨˊɞ Űɘɠ 

Űɟɞɢɘɏɠ əŬɘ Űɘɠ ŮɜɏɟɔŮɘŮɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ əŬŰɎ Űɘɠ ůɡɔəɟɞɨůŮɘɠ. 

ȿɧɔɤ Űɤɜ ůɡɜɗɖəɩɜ ůŰɞɜ LHC, ɞɘ ŬɜɘɢɜŮɡŰɏɠ ˊɟɏˊŮɘ ɜŬ ɏɢɞɡɜ ɔɟɐɔɞɟŬ əŬɘ 

ŬɜɗŮəŰɘəɎ ůŰɖɜ ŬəŰɘɜɞɓɞɚɑŬ ɖɚŮəŰɟɞɜɘəɎ, ɘəŬɜɞˊɞɘɖŰɘəɐ ŭɘŬəɟɘŰɘəɐ ɘəŬɜɧŰɖŰŬ 

ŬɜŬűɞɟɘəɎ ɛŮ Űɖɜ ɞɟɛɐ űɞɟŰɘůɛɏɜɤɜ ůɤɛŬŰɘŭɑɤɜ əŬɘ ŬˊɞŭɞŰɘəɐ ŬɜŬəŬŰŬůəŮɡɐ 

Űɟɞɢɘɩɜ, ɗŮɟɛɘŭɧɛŮŰɟŬ ɘəŬɜɎ ɔɘŬ Űɖ ɛɏŰɟɖůɖ əŬɘ Űɖɜ ŬɜŬɔɜɩɟɘůɖ űɤŰɞɜɑɤɜ əŬɘ 

ɖɚŮəŰɟɞɜɑɤɜ, ůɨůŰɖɛŬ ɛɘɞɜɑɤɜ ɘəŬɜɧ ůŰɖɜ ŬɜŬɔɜɩɟɘůɖ ɞɟɛɐɠ əŬɘ ɘəŬɜɧŰɖŰŬ 

Ŭəɟɘɓɞɨɠ ŬɜŬɔɜɩɟɘůɖɠ Űɞɡ űɞɟŰɑɞɡ Űɤɜ ɛɘɞɜɑɤɜ, əŬɘ ˊɞɚɨ ŬˊɞŭɞŰɘəɧ ůɨůŰɖɛŬ 

ůəŬɜŭŬɚɘůɛɞɨ.  

Ƀ ATLAS ŮɑɜŬɘ əɡɚɘɜŭɟɘəɧɠ, ŬˊɞŰŮɚɞɨɛŮɜɞɠ Ŭˊɧ ɞɛɞŬɝɞɜɘəɞɨɠ əɡɚɑɜŭɟɞɡɠ 

ŬɡɝŬɜɧɛŮɜɖɠ ŬəŰɑɜŬɠ, ɛŮ ɛɐəɞɠ 46 m, ɨɣɞɠ 25 m əŬɘ ɓɎɟɞɠ 7000 Űɧɜɞɡɠ. ȺɑɜŬɘ 

ůɡɛɛŮŰɟɘəɧɠ ɤɠ ˊɟɞɠ Űɞ ůɖɛŮɑɞ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ (ȽɅ) əŬɘ ŭɘŬɢɤɟɑɕŮŰŬɘ ůŰɞ 

əɡɚɘɜŭɟɘəɧ ŰɛɐɛŬ əŬɘ ůŮ ůɖɛŮɑŬ əɡəɚɘəɩɜ ŭɑůəɤɜ (end ï caps). ȷɜŬɚɡŰɘəɎ, ɞ 

ATLAS ŬˊŬɟŰɑɕŮŰŬɘ Ŭˊɧ ŰŬ ůɡůŰɐɛŬŰŬ ˊɞɡ ˊŮɟɘɔɟɎűɞɜŰŬɘ Ŭəɞɚɞɨɗɤɠ.  

ɇɞ ůɨůŰɖɛŬ ůɡɜŰŮŰŬɔɛɏɜɤɜ Űɞɡ ATLAS ɡˊŬɔɞɟŮɨŮɘ ɧŰɘ ɞ z ɎɝɞɜŬɠ ŮɑɜŬɘ 

ůɡɜŮɡɗŮɘŬəɧɠ Űɖɠ ŭɏůɛɖɠ, ɞ x əŬŰŮɡɗɨɜŮŰŬɘ ˊɟɞɠ Űɞ əɏɜŰɟɞ Űɞɡ LHC Ůɜɩ ɞ y ˊɟɞɠ ŰŬ 

ŮˊɎɜɤ, r ŮɑɜŬɘ ɖ Ŭɝɞɜɘəɐ ŬˊɧůŰŬůɖ Ŭˊɧ Űɞɜ ɎɝɞɜŬ Űɖɠ ŭɏůɛɖɠ, Ůɜɩ ɖ ɔɤɜɑŬ ű 

ɞɟɑɕŮŰŬɘ ɤɠ ɖ ŬɕɘɛɞɡɗɘŬəɐ əŬɘ ɗ ɖ ˊɞɚɘəɐ.  

Ƀ ůɤɚɐɜŬɠ Űɖɠ ŭɏůɛɖɠ ɢɤɟɑɕŮŰŬɘ ůŮ 5 ˊŮɟɘɞɢɏɠ ɛŮ ŭɘŬűɞɟɎ ůŰɞ ɛɐəɞɠ, ůŰɞ 

ˊɎɢɞɠ əŬɘ ůŰɞ ɡɚɘəɧ Űɞɡ ŰɞɘɢɩɛŬŰɞɠ, əŬɘ ɞɡůɘŬůŰɘəɎ ŬˊɞŰŮɚŮɑ Űɞ ůɡɜŭŮŰɘəɧ ůŰɞɘɢŮɑɞ 

ɛŮŰŬɝɨ Űɞɡ ATLAS əŬɘ Űɞɡ LHC.  

ɇɞ ŮůɩŰŮɟɞ ŬɜɘɢɜŮɡŰɘəɧ ůŰɟɩɛŬ ŮɑɜŬɘ ɞ ŮůɤŰŮɟɘəɧɠ ŬɜɘɢɜŮɡŰɐɠ (ID). Ⱦɨɟɘɞɠ 

ůəɞˊɧɠ Űɞɡ ŮɑɜŬɘ ɖ ŬɜŬɔɜɩɟɘůɖ Űɞɡ Ůɑŭɞɡɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ əŬɘ Űɖɜ ɞɟɛɐ Űɞɡɠ, 

ŮɝŮŰɎɕɞɜŰŬɠ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɐ Űɞɡɠ ɛŮ Űɞ ɡɚɘəɧ Űɞɡ ŬɜɘɢɜŮɡŰɐ ůŮ ŭɘɎűɞɟŬ ůɖɛŮɑŬ, 

ŬɜŬɔɜɤɟɑɕɞɜŰŬɠ Űɞ ɛɞɜɞˊɎŰɘ ˊɞɡ ůɢɖɛŬŰɑɕɞɡɜ əŬŰɎ Űɖ ŭɘɏɚŮɡůɐ Űɞɡɠ. Ƀ ŮůɤŰŮɟɘəɧɠ 

ŬɜɘɢɜŮɡŰɐɠ ˊŮɟɘɓɎɚɚŮŰŬɘ Ŭˊɧ ɖɛɘŬɔɩɔɘɛɞ ɛŬɔɜɐŰɖ 2ɇ ůŰɞ əɏɜŰɟɞ Űɞɡ, ɞ ɞˊɞɑɞɠ 

əŬɛˊɡɚɩɜŮɘ Űɘɠ Űɟɞɢɘɏɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ, ŬˊɞəŬɚɨˊŰɞɜŰŬɠ Űɞ űɞɟŰɑɞ Űɞɡɠ ŬɜɎɚɞɔŬ ɛŮ 

Űɖɜ əŬŰŮɨɗɡɜůɖ Űɖɠ əŬɛˊɨɚɤůɖɠ, əŬɘ Űɖɜ ɞɟɛɐ ŬɜɎɚɞɔŬ Űɞ ɓŬɗɛɧ Űɖɠ əŬɛˊɨɚɤůɖɠ. 

ɇŬ ůɡůŰɐɛŬŰŬ Űɞɡ ŮůɤŰŮɟɘəɞɨ ŬɜɘɢɜŮɡŰɐ ɓŬůɑɕɞɜŰŬɘ ůŮ ŬɜɘɢɜŮɡŰɏɠ ɛɘəɟɞŰŬɘɜɑŬɠ 

ˊɡɟɘŰɑɞɡ. ɇɟɑŬ ŭɘŬűɞɟŮŰɘəɎ ůŰɟɩɛŬŰŬ ůŮ ŬɡɝŬɜɧɛŮɜɖ ŬəŰɑɜŬ ɛˊɞɟɞɨɜ ɜŬ 

ŬɜŬɔɜɤɟɘůŰɞɨɜ: ɞ ŬɜɘɢɜŮɡŰɐɠ pixel, ɞ ɖɛɘŬɔɩɔɘɛɞɠ ŬɜɘɢɜŮɡŰɐɠ Űɟɞɢɘɩɜ əŬɘ ɞ 

ŬɜɘɢɜŮɡŰɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɛŮŰɎɓŬůɖɠ. Ƀɘ ůɡɔəɟɞɨůŮɘɠ ˊɞɡ ŬɜɘɢɜŮɨɞɜŰŬɘ ůŰŬ 

Ůˊɘɛɏɟɞɡɠ ŰɛɐɛŬŰŬ ůɡɜŭɡɎɕɞɜŰŬɘ ɔɘŬ Űɖɜ ŬɜŬəŬŰŬůəŮɡɐ Űɟɞɢɘɩɜ.  

ɇɞ ɗŮɟɛɘŭɧɛŮŰɟɞ Űɞɡ ATLAS ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɞ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɧ əŬɘ Űɞ 

Ŭŭɟɞɜɘəɧ ɗŮɟɛɘŭɧɛŮŰɟɞ, ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ŰɞˊɞɗŮŰɖɛɏɜŬ ɏɝɤ Ŭˊɧ Űɞ ůɤɚɖɜɞŮɘŭɐ 

ɛŬɔɜɐŰɖ ɛŮŰŬɝɨ Űɞɡ ŮůɤŰŮɟɘəɞɨ ŬɜɘɢɜŮɡŰɐ əŬɘ Űɞɡ űŬůɛŬŰɧɛŮŰɟɞɡ ɛɘɞɜɑɤɜ. ɇŬ 

ɗŮɟɛɘŭɧɛŮŰɟŬ əŬɚɞɨɜŰŬɘ ɜŬ ɛŮŰɟɐůɞɡɜ Űɖɜ ŮɜɏɟɔŮɘŬ əŬɘ Űɖ ɗɏůɖ ɖɚŮəŰɟɞɜɑɤɜ əŬɘ 

űɤŰɞɜɑɤɜ ɛŮ ŭŮɘɔɛŬŰɞɚɖɣɑŬ Űɖɠ ŮɜŬˊɞŰɘɗɏɛŮɜɖɠ ŮɜɏɟɔŮɘŬɠ, ɜŬ ŬɜŬɔɜɤɟɑůɞɡɜ 

ůɤɛŬŰɑŭɘŬ, ɜŬ ɡˊɞɚɞɔɑůɞɡɜ Űɖɜ ŮɚɚŮɑˊɞɡůŬ ŮɔəɎɟůɘŬ ɞɟɛɐ Ůɜɧɠ ɔŮɔɞɜɧŰɞɠ, ɧˊɤɠ 
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Ůˊɑůɖɠ əŬɘ Űɖɜ ŮɜɏɟɔŮɘŬ əŬɘ əŬŰŮɨɗɡɜůɖ ˊɘŭɎəɤɜ. Ⱥˊɘˊɚɏɞɜ, ůɡɜŮɘůűɏɟɞɡɜ ůŰɖɜ 

Ůˊɘɚɞɔɐ ɔŮɔɞɜɧŰɤɜ ɔɘŬ Űɞ ůɨůŰɖɛŬ ůəŬɜŭŬɚɘůɛɞɨ. ȿɧɔɤ Űɞɡ ŰŮɟɎůŰɘɞɡ ˊɚɐɗɞɡɠ 

ůɡɔəɟɞɨůŮɤɜ ŬɜɎ ŭɘŬůŰŬɨɟɤůɖ ŭɏůɛɖɠ ůŰɖɜ ɞɜɞɛŬůŰɘəɐ űɤŰŮɘɜɧŰɖŰŬ Űɞɡ LHC, 

ˊŬɟŬŰɖɟŮɑŰŬɘ ɢɤɟɘəɐ əŬɘ ɢɟɞɜɘəɐ ůɡůůɩɟŮɡůɖ (pileup), ůɡɜŮˊɩɠ ŰŬ ɗŮɟɛɘŭɧɛŮŰɟŬ 

ˊɟɏˊŮɘ ɜŬ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ɡɣɖɚɐ Ŭˊɧəɟɘůɖ ŬɜɑɢɜŮɡůɖɠ əŬɘ ɚŮˊŰɞɛŮɟɐ 

ŭɘŬəɟɘŰɘəɐ ɘəŬɜɧŰɖŰŬ. ȳůɞɜ ŬűɞɟɎ Űɞ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɧ ɗŮɟɛɘŭɧɛŮŰɟɞ, ɞ ɟɧɚɞɠ Űɞɡ 

ŮɑɜŬɘ ɜŬ ŬˊɞɟɟɞűɎ Űɖɜ ŮɜɏɟɔŮɘŬ ůɤɛŬŰɘŭɑɤɜ ŰŬ ɞˊɞɑŬ ŬɚɚɖɚŮˊɘŭɟɞɨɜ 

ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɎ ɛŮ ŬɡŰɧ. ɇɞ ŮɜŮɟɔɧ ɡɚɘəɧ Űɞɡ ŮɑɜŬɘ ɡɔɟɧ ȷɟɔɧ, Ůɜɩ Űɞ 

ŬˊɞɟɟɞűɖŰɘəɧ ɀɧɚɡɓŭɞɠ. Ƀ ɀɧɚɡɓŭɞɠ ˊɟɞəŬɚŮɑ əŬŰŬɘɔɘůɛɞɨɠ ůɤɛŬŰɘŭɑɤɜ ɏŰůɘ 

ɩůŰŮ ŰŬ ůɤɛŬŰɑŭɘŬ əŬɗɩɠ ŬɚɚɖɚŮˊɘŭɟɞɨɜ ɛŮ Űɞ ɡɔɟɧ ȷɟɔɧ ɜŬ ˊɟɞəŬɚɞɨɜ ɘɞɜɘůɛɧ 

ɖɚŮəŰɟɞɜɑɤɜ. ɇɞ Ŭŭɟɞɜɘəɧ ɗŮɟɛɘŭɧɛŮŰɟɞ ŬˊɞɟɟɞűɎ Űɖɜ ŮɜɏɟɔŮɘŬ ůɤɛŬŰɘŭɑɤɜ ˊɞɡ 

ŭɘŬˊŮɟɜɞɨɜ Űɞ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɧ ɢɤɟɑɠ ɘůɢɡɟɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ (əɡɟɑɤɠ ŬŭɟɧɜɘŬ).  

ɇɞ űŬůɛŬŰɧɛŮŰɟɞ ɛɘɞɜɑɤɜ ŬˊɞŰŮɚŮɑ Űɞ ŮɝɩŰŮɟɞ ŰɛɐɛŬ Űɞɡ ŬɜɘɢɜŮɡŰɐ, 

ůɢŮŭɘŬůɛɏɜɞ ɔɘŬ Űɖɜ Ŭəɟɘɓɐ ɛɏŰɟɖůɖ Űɖɠ ɞɟɛɐɠ Űɤɜ ɛɘɞɜɑɤɜ, ŰŬ ɞˊɞɑŬ ŭɘŬˊŮɟɜɞɨɜ ŰŬ 

ˊɟɞɖɔɞɨɛŮɜŬ ŰɛɐɛŬŰŬ, ɔɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ əŬɘ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɞ ůŮ ɛɏɔŮɗɞɠ. Ƀɘ Űɟɞɢɘɏɠ 

Űɤɜ ɛɘɞɜɑɤɜ əŬɛˊɡɚɩɜɞɜŰŬɘ ŰŮɢɜɖŰɎ ɛŮ Űɖ ɢɟɐůɖ ɛŬɔɜɖŰɘəɞɨ ˊŮŭɑɞɡ ɛŮ ůəɞˊɧ Űɖ 

ɛɏŰɟɖůɖ Űɖɠ ɞɟɛɐɠ ŰɞɡɠĘ ɧůɞ ɛŮɔŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ ɞɟɛɐ Ůɜɧɠ ɛɘɞɜɑɞɡ, ɖ ŰɟɞɢɘɎ Űɞɡ ɗŬ 

əŬɛˊɡɚɩɜŮŰŬɘ ɚɘɔɧŰŮɟɞ. ɇɏůůŮɟɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ŰŮɢɜɞɚɞɔɑŮɠ ŬˊŬɟŰɑɕɞɡɜ Űɞ 

űŬůɛŬŰɧɛŮŰɟɞ, ůɡɔəŮəɟɘɛɏɜŬ ŭɨɞ ɡˊɞŬɜɘɢɜŮɡŰɏɠ, ŰŬ MDT əŬɘ ŰŬ CSC, əŬɘ ŭɨɞ 

ŰŮɢɜɞɚɞɔɑŮɠ ůəŬɜŭŬɚɘůɛɞɨ, ŰŬ RPC əŬɘ ŰŬ TGC. ɆŰŬ MDT ɖ ŭɘɏɚŮɡůɖ Ůɜɧɠ ɛɘɞɜɑɞɡ 

ˊɟɞəŬɚŮɑ ɘɞɜɘůɛɏɜŬ ɖɚŮəŰɟɧɜɘŬ ɜŬ əŬŰŮɡɗɡɜɗɞɨɜ ˊɟɞɠ Űɞ ɗŮŰɘəɧ ɖɚŮəŰɟɧŭɘɞ, Ůɜɩ 

ɗŮŰɘəɎ ɘɧɜŰŬ ɞɚɘůɗŬɑɜɞɡɜ ˊɟɞɠ Űɞ ŬɟɜɖŰɘəɧ ɖɚŮəŰɟɧŭɘɞ. ɆŰŬ CSC ɖ ŬəɟɑɓŮɘŬ Űɤɜ 

ůɡɜŰŮŰŬɔɛɏɜɤɜ Ůɜɧɠ ŭɘŮɟɢɧɛŮɜɞɡ ɛɘɞɜɑɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮŰɟɩɜŰŬɠ Űɞ ŮɜŬˊɞŰɘɗɏɛŮɜɞ 

űɞɟŰɑɞ ůŰɘɠ ɓŬɗɛɞɜɞɛɖɛɏɜŮɠ əŬɗɞŭɘəɏɠ ɚɤɟɑŭŮɠ ˊɞɡ ŭɘŬɗɏŰɞɡɜ ɛŮ Űɞ ůɢɖɛŬŰɘůɛɧ 

óɢɘɞɜɞůŰɘɓɎŭŬɠô ůŰɞ Ŭɜɞŭɘəɧ əŬɚɩŭɘɞ. ɇɞ ůɨůŰɖɛŬ ůəŬɜŭŬɚɘůɛɞɨ ɛɘɞɜɑɤɜ ŮˊɘɚɏɔŮɘ 

ɛɘɧɜɘŬ ɡɣɖɚɐɠ ɞɟɛɐ. ɀɘŬ əŬɚɐ ˊɟɞůɏɔɔɘůɖ ɔɘŬ Űɖɜ ŮɨɟŮůɖ ŰɟɞɢɘɎɠ Ůɜɧɠ ɛɘɞɜɑɞɡ ŮɑɜŬɘ 

ɛŮ ɢɟɐůɖ Űɖɠ sagitta, ɖ ɞˊɞɑŬ ɞɟɑɕŮŰŬɘ ɤɠ ɖ ɛɏɔɘůŰɖ Ŭˊɧəɚɘůɖ Űɖɠ əɡəɚɘəɐɠ ŰɟɞɢɘɎɠ 

Ŭˊɧ Űɖɜ ŮɡɗŮɑŬ ɔɟŬɛɛɐ. ȼ ŬɜŬəŬŰŬůəŮɡɐ ŰɟɞɢɘɎɠ ŮɑɜŬɘ ŮűɘəŰɐ ɧŰŬɜ əɎɗŮ ɛɘɧɜɘɞ 

ŮɜŰɧɠ ůɡɔəŮəɟɘɛɏɜɞɡ Ůɨɟɞɡɠ ɣŮɡŭɤəɨŰɖŰŬɠ ŭɘŬůɢɑɕŮɘ ŰɞɡɚɎɢɘůŰɞɜ 3 ŬɜɘɢɜŮɡŰɘəɞɨɠ 

ůŰŬɗɛɞɨɠ.  

Ƀ ŬɜɘɢɜŮɡŰɐɠ LUCID, ɏɜŬɠ Ŭˊɧ Űɞɡɠ Ůɛˊɟɧůɗɘɞɡɠ ŬɜɘɢɜŮɡŰɏɠ, ŮɑɜŬɘ ɞ əɨɟɘɞɠ 

ɛŮŰɟɖŰɐɠ űɤŰŮɘɜɧŰɖŰŬɠ Űɞɡ ATLAS əŬɘ ŬɜɘɢɜŮɨŮɘ ɛɖ ŮɚŬůŰɘəɏɠ ůəŮŭɎůŮɘɠ ůŰɖɜ 

ˊɟɧůɗɘŬ ˊŮɟɘɞɢɐ. Ƀ ŭŮɨŰŮɟɞɠ ˊɟɧůɗɘɞɠ ŬɜɘɢɜŮɡŰɐɠ, ɞ ALFA, ůɡɛɛŮŰɏɢŮɘ Ůˊɑůɖɠ ůŰɖ 

ɛɏŰɟɖůɖ űɤŰŮɘɜɧŰɖŰŬɠ. ɇɞ ŰɟɑŰɞ ˊɟɧůɗɘɞ ůɨůŰɖɛŬ, Űɞ ɗŮɟɛɘŭɧɛŮŰɟɞ ɛɖŭŮɜɘəɞɨ 

ɓŬɗɛɞɨ, ˊŬɑɕŮɘ əɡɟɑŬɟɢɞ ɟɧɚɞ ůŰɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ əŮɜŰɟɘəɧŰɖŰŬɠ ůɨɔəɟɞɡůɖɠ 

ɓŬɟɏɤɜ ɘɧɜŰɤɜ.  

ɇɞ ůɨůŰɖɛŬ ůəŬɜŭŬɚɘůɛɞɨ əŬɚŮɑŰŬɘ ɜŬ ŮˊŮɝŮɟɔŬůŰŮɑ əŬɘ ɜŬ ŬˊɞɗɖəŮɨůŮɘ 

ŭŮŭɞɛɏɜŬ, ɖ ˊɞůɧŰɖŰŬ Űɤɜ ɞˊɞɑɤɜ ɧɛɤɠ əŬɚŮɑŰŬɘ ɜŬ ɛŮɘɤɗŮɑ əŬŰɎ ˊŮɟɑˊɞɡ 107 ůŮ 

ůɢɏůɖ ɛŮ ŰŬ ŭŮŭɞɛɏɜŬ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ ůŮ əɎɗŮ ůɨɔəɟɞɡůɖ. ɇɞ ůɨůŰɖɛŬ 

ůəŬɜŭŬɚɘůɛɞɨ Űɞɡ ATLAS ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɟɑŬ ŮˊɑˊŮŭŬ, ɛŮ əɎɗŮ ɡɣɖɚɧŰŮɟɞ 

ŮˊɑˊŮŭɞ ɜŬ ɢɟɖůɘɛɞˊɞɘŮɑ Űɘɠ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ ŬˊɞűɎůŮɘɠ ˊɞɡ ˊɎɟɗɖəŬɜ ůŰɞ 

ˊɟɞɖɔɞɨɛŮɜɞ ŮˊɑˊŮŭɞ, ŮɘůɎɔɞɜŰŬɠ əɎˊɞɘŬ Ůˊɘˊɚɏɞɜ əɟɘŰɐɟɘŬ Ůˊɘɚɞɔɐɠ. ȷˊŬɟŰɑɕŮŰŬɘ 

ůɡɜɞɚɘəɎ Ŭˊɧ Űɞɜ əŮɜŰɟɘəɧ ŮˊŮɝŮɟɔŬůŰɐ ůəŬɜŭŬɚɘůɛɞɨ (CTP), ɞ ɞˊɞɑɞɠ 

ŰɟɞűɞŭɞŰŮɑŰŬɘ Ŭˊɧ ůɐɛŬŰŬ ˊɞɡ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɞ ɡɚɘəɧ Űɞɡ ůəŬɜŭŬɚɘůɛɞɨ Űɤɜ 
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ɗŮɟɛɘŭɧɛŮŰɟɤɜ (L1 Calo) əŬɘ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɛɘɞɜɑɤɜ (L1 Muon). ɇɞ ˊɟɩŰɞ ŮˊɑˊŮŭɞ 

ŮɑɜŬɘ ɓŬůɘůɛɏɜɞ ůŰɞ ɡɚɘəɧ (hardware) ɛŮ ɢɟɐůɖ ŮˊŮɝŮɟɔŬůŰɩɜ əŬɘ ɓŬůɑɕŮŰŬɘ ůŮ 

ɚɞɔɘəɐ ůɤɚɐɜɤůɖɠ, ŭɑɜɞɜŰŬɠ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɚɐɣɖɠ ŬˊɧűŬůɖɠ ŮɜŰɧɠ Űɞɡ ɢɟɧɜɞɡ 

Ŭˊɧəɟɘůɖɠ Űɞɡ ŬɜɘɢɜŮɡŰɐ əŬɘ ŮˊɘŰɟɏˊɞɜŰŬɠ ˊŬɟŬɚɚɖɚɞˊɞɑɖůɖ Űɤɜ ɚŮɘŰɞɡɟɔɘɩɜ ɛŮ 

ɢɟɐůɖ ŭɘŬűɞɟŮŰɘəɩɜ ŮˊŮɝŮɟɔŬůŰɩɜ. ȼ ŬˊɧűŬůɖ ɛˊɞɟŮɑ ɜŬ ɚɖűɗŮɑ ɛɏůŬ ůŮ 2.5 ɛs. ɇɞ 

ŭŮɨŰŮɟɞ ŮˊɑˊŮŭɞ ŮɑɜŬɘ ɓŬůɘůɛɏɜɞ ůŰɞ ɚɞɔɘůɛɘəɧ (software) əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑ 

ˊɟɞɔɟɎɛɛŬŰŬ ˊɞɡ Űɟɏɢɞɡɜ ůŮ ŭɘŬűɞɟŮŰɘəɞɨɠ ɡˊɞɚɞɔɘůŰɏɠ ɛŮ ŭɘŬűɞɟŮŰɘəɞɨɠ 

ŮˊŮɝŮɟɔŬůŰɏɠ Űɞ əŬɗɏɜŬ. ȼ ˊɚɐɟɖɠ ɡˊɞɚɞɔɘůŰɘəɐ ɘůɢɨɠ ɓŬůɑɕŮŰŬɘ ůŮ ˊɞɚɨˊɚɞəɞɡɠ 

Ŭɚɔɞɟɑɗɛɞɡɠ ůəŬɜŭŬɚɘůɛɞɨ ɛŮɘɩɜɞɜŰŬɠ Űɖ ůɡɢɜɧŰɖŰŬ ůəŬɜŭŬɚɘůɛɞɨ ɛŮ ŬɜŰɑůŰɞɘɢɞ 

ɛɏůɞ ɢɟɧɜɞ ŮˊŮɝŮɟɔŬůɑŬɠ 40 ms. ɇɞ ŰɟɑŰɞ ŮˊɑˊŮŭɞ ŮɑɜŬɘ Ůˊɑůɖɠ ɓŬůɘůɛɏɜɞ ůŰɞ 

ɚɞɔɘůɛɘəɧ ɛŮ ɛɏůɞ ɢɟɧɜɞ ŮˊŮɝŮɟɔŬůɑŬɠ ůŰŬ 4 ŭŮɡŰŮɟɧɚŮˊŰŬ.  

ɇŬ ŭŮŭɞɛɏɜŬ Ŭűɞɨ ˊŮɟɎůɞɡɜ Ŭˊɧ Űɞ ůɨůŰɖɛŬ ůəŬɜŭŬɚɘůɛɞɨ ɞŭɖɔɞɨɜŰŬɘ ɔɘŬ 

ŮˊŮɝŮɟɔŬůɑŬ. Ƀ ŰŮɟɎůŰɘɞɠ ɧɔəɞɠ ŭŮŭɞɛɏɜɤɜ əŬɗɘůŰɎ ŬŭɨɜŬŰɖ Űɖ ŭɘŬɢŮɑɟɘůɖ ŮɜŰɧɠ 

Űɤɜ ŮɔəŬŰŬůŰɎůŮɤɜ Űɞɡ CERN əŬɘ ɔɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ɏɢŮɘ ŬɜŬˊŰɡɢɗŮɑ ˊŬɔəɧůɛɘɞ 

ɡˊɞɚɞɔɘůŰɘəɧ ˊɚɏɔɛŬ, Űɞ ɞˊɞɑɞ ŭɘŬɜɏɛŮɘ ŰŬ ŭŮŭɞɛɏɜŬ ůŮ ŰɏůůŮɟŬ ŮˊɑˊŮŭŬ (Tiers). 

ȾɎɗŮ ŮˊɑˊŮŭɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ˊɞɚɚŬˊɚɎ əɏɜŰɟŬ əŬɘ ˊŬɟɏɢŮɘ ŭɘŬűɞɟŮŰɘəɏɠ ɡˊɖɟŮůɑŮɠ. 

ɇɞ Tier 0 ˊŬɟɏɢŮɘ ɚɘɔɧŰŮɟɞ Ŭˊɧ Űɞ 20% Űɖɠ ůɡɜɞɚɘəɐɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ Űɞɡ 

ɡˊɞɚɞɔɘůŰɘəɞɨ ˊɚɏɔɛŬŰɞɠ, ŭɘŬŰɖɟŮɑ backup ŬɜŰɑɔɟŬűŬ əŬɘ ˊɟŬɔɛŬŰɞˊɞɘŮɑ ŰŬ ˊɟɩŰŬ 

ůŰɎŭɘŬ ŬɜŬəŬŰŬůəŮɡɐɠ Űɤɜ Ŭɟɢɘəɩɜ ŭŮŭɞɛɏɜɤɜ. ɇɞ Tier 1 ŭɘŬŰɖɟŮɑ ɏɜŬ ŭŮɨŰŮɟɞ 

ŬɜŰɑɔɟŬűɞ Űɤɜ Ŭɟɢɘəɩɜ ŬɚɚɎ əŬɘ Űɤɜ ŬɜŬəŬŰŬůəŮɡŬůɛɏɜɤɜ ŭŮŭɞɛɏɜɤɜ əŬɘ ŭɘŬɜɏɛŮɘ 

ŰŬ ŭŮŭɞɛɏɜŬ ůŰɞ ŮˊɧɛŮɜɞ ŮˊɑˊŮŭɞ. ɇɞ Tier 2 ŭɘŬɗɏŰŮɘ ˊɎɜɤ Ŭˊɧ 160 əɏɜŰɟŬ 

ˊŬɔəɞůɛɑɤɠ ŬűɘŮɟɤɛɏɜŬ ůŰɖɜ ˊɟɞůɞɛɞɑɤůɖ əŬɘ ŬɜɎɚɡůɖ Ŭˊɧ ˊɚŮɡɟɎɠ ɢɟɐůŰɖ. ɇŬ 

ɛɘəɟɧŰŮɟŬ əɏɜŰɟŬ Űɞɡ Tier 3 ˊɟɞůűɏɟɞɡɜ Űɞˊɘəɐ ˊɟɧůɓŬůɖ ůŮ ɛŮɛɞɜɤɛɏɜɞɡɠ 

ŮˊɘůŰɐɛɞɜŮɠ. 

 

4. ɄɅɃɆɃɀɃȽɋɆȺȽɆ ɀȺ ɇȼ ɀȺŪɃȹɃ MONTE CARLO ȾȷȽ 

ɆɈɀɄȺɅȷɆɀȷɇȷ 

ȷɟɢɘəɎ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛŮɟɘəɏɠ ŭɞəɘɛɏɠ ɛŮ ɢɟɐůɖ Ŭˊɚɩɜ ɔŮɤɛŮŰɟɘɩɜ 

ɩůŰŮ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ ɞɘ ŭɘɎűɞɟŮɠ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ˊɘɗŬɜɧɜ ɜŬ ŮˊɖɟŮɎůɞɡɜ ŰŬ 

ŰŮɚɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ůŮ ɛŮɔŬɚɨŰŮɟŮɠ əŬɘ ˊɘɞ ˊŮɟɑˊɚɞəŮɠ ɔŮɤɛŮŰɟɑŮɠ, ɧˊɤɠ ŬɡŰɐ Űɞɡ 

ŬɜɘɢɜŮɡŰɐ ATLAS.  

Ƀɘ ˊɟɞůɞɛɞɘɩůŮɘɠ ůŮ Ŭɟɢɘəɧ ŮˊɑˊŮŭɞ ŮəŰŮɚɏůɗɖəŬɜ ɛŮ Űɖ ɢɟɐůɖ Ůɜɧɠ Ŭˊɚɞɨ 

əɡɚɑɜŭɟɞɡ ɛŮ ŭɘŬůŰɎůŮɘɠ ɧɛɞɘŮɠ ɛŮ ŬɡŰɏɠ Űɞɡ ŬɜɘɢɜŮɡŰɐ ATLAS (50 m ɛɐəɞɠ əŬŰɎ 

Űɞɜ x ɎɝɞɜŬ əŬɘ ŬəŰɑɜŬ 12.5 m), Ůɜɩ ɤɠ ˊɖɔɐ ŰɞˊɞɗŮŰɐɗɖəŮ ůŰɞ əɏɜŰɟɞ Űɖɠ ŭɘɎŰŬɝɖɠ 

(0,0,0) əɞɓɎɚŰɘɞ ï 60, Űɞ ɞˊɞɑɞ ůŮ ŮˊɑˊŮŭɞ əɩŭɘəŬ MCNP ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɖɜ 

Ůəˊɞɛˊɐ ŭɨɞ űɤŰɞɜɑɤɜ ɛŮ əɞɟɡűɏɠ ůŰŬ 1.173 MeV əŬɘ 1.332 MeV. Ƀ əɨɚɘɜŭɟɞɠ 

ŬɡŰɧɠ ˊŮɟɘɏɢŮɘ ŬɏɟŬ, Ůɜɩ ɖ ˊɟɞůɞɛɞɑɤůɖ ɏŰɟŮɝŮ ɔɘŬ 1 ɚŮˊŰɧ. ȳˊɤɠ ɐŰŬɜ 

ŬɜŬɛŮɜɧɛŮɜɞ, ɖ ɟɞɐ űɤŰɞɜɑɤɜ ůŰɘɠ əɎɗŮŰŮɠ ˊɚŮɡɟɏɠ ɐŰŬɜ ůɢŮŭɧɜ ɑůɖ, ɛŮ ˊɘɗŬɜɏɠ 

ŬˊɞəɚɑůŮɘɠ ɜŬ ɞűŮɑɚɞɜŰŬɘ ůŰɖɜ ŰɡɢŬɘɧŰɖŰŬ ˊɞɡ ŮɘůɎɔŮɘ ɖ ŮűŬɟɛɞɔɐ Űɖɠ ɛŮɗɧŭɞɡ 

Monte Carlo. ɀŮ ɓɎůɖ Űɞɜ əɨɚɘɜŭɟɞ ŬɡŰɧ, Ůˊɘˊɚɏɞɜ ŭɞəɘɛɏɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ, ɛŮ 

ŬɚɚŬɔɐ Űɖɠ əŬŰŬɜɞɛɐɠ Űɖɠ ˊɖɔɐɠ, Űɞɡ Ŭɟɘɗɛɞɨ ŮəˊŮɛˊɧɛŮɜɤɜ űɤŰɞɜɑɤɜ əŬɘ Űɖɠ 
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ŮɜɏɟɔŮɘŬɠ Űɤɜ űɤŰɞɜɑɤɜ ŬɡŰɩɜ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ŬɚɚŬɔɐ Űɤɜ ˊŮɟɘŮɢɞɛɏɜɤɜ ɡɚɘəɩɜ. 

ȸɎůŮɘ Űɤɜ ˊŬɟŬˊɎɜɤ ˊŬɟŬŰɖɟɐɗɖəŬɜ ŰŬ ŬəɧɚɞɡɗŬ:  

 

¶ ȼ ɟɞɐ ůŮ ŮˊɘűɎɜŮɘŬ ɔɘŬ əɨɚɘɜŭɟɞ ˊɞɡ ˊŮɟɘɏɢŮɘ ŬɏɟŬ ŮɝŬɟŰɎŰŬɘ ɏɜŰɞɜŬ Ŭˊɧ Űɞɜ 

Ŭɟɘɗɛɧ Űɤɜ ŮəˊŮɛˊɧɛŮɜɤɜ ůɤɛŬŰɘŭɑɤɜ, Ŭűɞɨ ɖ ɏɝɞŭɞɠ Űɞɡ MCNP ŭɑɜŮɘ ɤɠ 

ŬˊɞŰɏɚŮůɛŬ ɟɞɐ ŬɜɎ ůɤɛŬŰɑŭɘɞ ˊɖɔɐɠ. ȷɜŰɘɗɏŰɤɠ, ɖ ŮɜɏɟɔŮɘŬ Űɤɜ ůɤɛŬŰɑŭɑɤɜ 

ˊɖɔɐɠ ŭŮɜ ŮˊɖɟŮɎɕŮɘ ɘŭɘŬɑŰŮɟŬ Űɖ ɟɞɐ, ɛɞɜɎɢŬ ɛŮŰŬŰɞˊɑɕŮɘ Űɞ űɎůɛŬ Űɖɠ ɟɞɐɠ. 

¶ ɇŬ ˊɖɔŬɑŬ ůɤɛŬŰɑŭɘŬ ɛŮɔŬɚɨŰŮɟɖɠ ŮɜɏɟɔŮɘŬɠ ŭɘŬɛɞɟűɩɜɞɡɜ ɚɘɔɧŰŮɟɞ əŬɛˊɨɚŮɠ 

Űɟɞɢɘɏɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ űŰɎɜɞɡɜ ˊɘɞ ɛŬəɟɘɎ, ɧˊɤɠ ɛˊɞɟŮɑ ɜŬ ŭɘŬˊɘůŰɤɗŮɑ ɛŮ 

Űɖ ɢɟɐůɖ Űɞɡ ɔɟŬűɘəɞɨ ˊŮɟɘɓɎɚɚɞɜŰɞɠ Űɞɡ MCNP (Vised). 

¶ Ƀ Ŭɟɘɗɛɧɠ Űɤɜ ˊɖɔɩɜ Ůˊɑůɖɠ ŮˊɖɟŮɎɕŮɘ ɏɜŰɞɜŬ Űɖ ɟɞɐ, Ŭűɞɨ ˊŬɟɎɔɞɜŰŬɘ 

ˊŮɟɘůůɧŰŮɟŬ ˊɖɔŬɑŬ ůɤɛŬŰɑŭɘŬ. ȼ ɛŮŰŬŰɧˊɘůɖ Űɖɠ ˊɖɔɐɠ ŮɑɜŬɘ ŭɡɜŬŰɧ ɜŬ 

ŮˊɖɟŮɎůŮɘ ɛɧɜɞ Űɘɠ ŮˊɘűɎɜŮɘŮɠ ůŰɘɠ ɞˊɞɑŮɠ ˊɚɖůɘɎɕŮɘ ŮˊɘűɏɟɞɜŰŬɠ ɛŮɔŬɚɨŰŮɟɖ 

ɟɞɐ, ɐ ŬɡŰɏɠ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ŬˊɞɛŬəɟɨɜŮŰŬɘ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɛɘəɟɧŰŮɟɖ ɟɞɐ.  

¶ ɆŮ ɡɚɘəɎ ˊɏɟŬɜ Űɞɡ ŬɏɟŬ, ɖ Ŭɨɝɖůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ ˊɖɔɐɠ ŮˊɖɟŮɎɕŮɘ Űɖɜ 

ŮˊŬɔɧɛŮɜɖ ɟɞɐ ɛŮ ŬɨɝɞɜŰŬ Űɟɧˊɞ. 

 

ȼ ˊɟɞůɞɛɞɑɤůɖ ůɡɜŮɢɑůŰɖəŮ ɛŮ ůɢŮŭɘŬůɛɧ Űɞɡ ŬɜɘɢɜŮɡŰɐ ATLAS 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ əɡɚɘɜŭɟɘəɏɠ ŭɞɛɏɠ, ɛŮ ŭɘŬůŰɎůŮɘɠ əŬɘ ɡɚɘəɎ ˊɞɡ ŮˊɘɚɏɢɗɖəŬɜ ɛŮŰɎ 

Ŭˊɧ ŮɜŭŮɚŮɢɐ ŬɜŬɕɐŰɖůɖ ůŰɖɜ ɡˊɎɟɢɞɡůŬ ɓɘɓɚɘɞɔɟŬűɑŬ əŬɘ ˊɟɞůŬɟɛɞɔɐ Űɤɜ 

ˊɟŬɔɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ ůɨɛűɤɜŬ ɛŮ Űɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ Űɞɡ MCNP. ȷɟɢɘəɎ, 

ůɢŮŭɘɎůŰɖəŬɜ ɞɘ ˊɏɜŰŮ ˊŮɟɘɞɢɏɠ Űɞɡ ůɤɚɐɜŬ Űɖɠ ŭɏůɛɖɠ ůɡɛɛŮŰɟɘəɎ ɤɠ ˊɟɞɠ Űɞ 

ůɖɛŮɑɞ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ, Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑ Űɞ əɏɜŰɟɞ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ əŬɘ ůɖɛŮɑɞ 

ůɡɛɛŮŰɟɑŬɠ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɔɨɟɤ Ŭˊɧ Űɞ ůɤɚɐɜŬ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŮ ŬɡɝŬɜɧɛŮɜɖ 

ŬˊɧůŰŬůɖ əŬɘ ŬəŰɑɜŬ ɞɘ ɡˊɧɚɞɘˊŮɠ ɡˊɞˊŮɟɘɞɢɏɠ Űɞɡ ATLAS: ɞ ŮůɤŰŮɟɘəɧɠ 

ŬɜɘɢɜŮɡŰɐɠ, ŰŬ ɗŮɟɛɘŭɧɛŮŰɟŬ, Űɞ ůɨůŰɖɛŬ ɛɘɞɜɑɤɜ, ɞɘ ɡˊŮɟŬɔɩɔɘɛɞɘ ɛŬɔɜɐŰŮɠ əŬɘ ɞɘ 

ˊŮɟɘɞɢɏɠ ɗɤɟɎəɘůɖɠ. ȼ ɔŮɤɛŮŰɟɑŬ ŬɡŰɐ ˊŮɟɘɓɎɚɚŮŰŬɘ Ŭˊɧ ɞɟɗɞɔɩɜɘɞ 

ˊŬɟŬɚɚɖɚŮˊɑˊŮŭɞ ˊɞɡ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɘɠ ŭɘŬůŰɎůŮɘɠ Űɖɠ əɞɘɚɧŰɖŰŬɠ ŮɜŰɧɠ Űɖɠ 

ɞˊɞɑŬɠ ɏɢŮɘ ŰɞˊɞɗŮŰɖɗŮɑ ɞ ŬɜɘɢɜŮɡŰɐɠ.  

ɀŮŰɎ Űɞ ůɢŮŭɘŬůɛɧ Űɞɡ ŬɜɘɢɜŮɡŰɐ ŭɞəɘɛɎɕɞɜŰŬɘ ŭɘɎűɞɟŮɠ ˊɖɔɏɠ ɞɘ ɞˊɞɑŮɠ ɜŬ 

ɛˊɞɟɞɨɜ ɜŬ ŭɩůɞɡɜ ɘəŬɜɞˊɞɘɖŰɘəɏɠ Űɘɛɏɠ Űɞɡ ɡˊɞɓɎɗɟɞɡ ůŮ ůɡɔəŮəɟɘɛɏɜŮɠ 

ŮˊɘűɎɜŮɘŮɠ əŬɘ ůɡɔəɟɘɜɧɛŮɜŮɠ ɛŮ ŮˊɑůɖɛŮɠ ɛŮŰɟɐůŮɘɠ ɜŬ Ŭˊɞəɚɑɜɞɡɜ ɧůɞ Űɞ ŭɡɜŬŰɧɜ 

ɚɘɔɧŰŮɟɞ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ŭɞəɘɛɎůŰɖəŮ Űɧůɞ ůɖɛŮɘŬəɐ ˊɖɔɐ ɧůɞ əŬɘ əɡɚɘɜŭɟɘəɐ 

əŬŰɎ ɛɐəɞɠ Űɞɡ ůɤɚɐɜŬ Űɖɠ ŭɏůɛɖɠ. ȼ ŮɜɏɟɔŮɘŬ Űɤɜ ˊɖɔŬɑɤɜ űɤŰɞɜɑɤɜ ŰɏɗɖəŮ ůŰŬ 

100 MeV, əŬɗɩɠ ŬɡŰɐ ŬˊɞŰŮɚŮɑ ɛɘŬ ůɢŮŰɘəɎ ɡɣɖɚɐ ŮɜɏɟɔŮɘŬ ɔɘŬ űɤŰɧɜɘŬ ɡˊɞɓɎɗɟɞɡ 

ɩůŰŮ ɜŬ ɛɖɜ ɏɢɞɡɛŮ ŬˊɩɚŮɘŬ ˊɚɖɟɞűɞɟɑŬɠ. Ⱥˊɘˊɚɏɞɜ, ŰŬ 100 MeV ŬˊɞŰŮɚɞɨɜ Űɞ 

ŬɜɩŰŬŰɞ ɧɟɘɞ ŮɜɏɟɔŮɘŬɠ ˊɞɡ ŮˊɘŰɟɏˊŮɘ Űɞ MCNP ɢɤɟɑɠ ŮɝŮɘŭɘəŮɡɛɏɜŮɠ ɢŮɘɟɞəɑɜɖŰŮɠ 

ŰɟɞˊɞˊɞɘɐůŮɘɠ Űɤɜ űɡůɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ. Ƀɘ ŭɞəɘɛɏɠ ůŰɞ 

ɔɟŬűɘəɧ ˊŮɟɘɓɎɚɚɞɜ ɏŭŮɘɝŬɜ ɧŰɘ ŰŬ ůɤɛŬŰɑŭɘŬ ŭɡůəɞɚŮɨɞɜŰŬɘ ɜŬ űŰɎůɞɡɜ ůŮ 

ɛŬəɟɘɜɏɠ ˊŮɟɘɞɢɏɠ Űɞɡ ŬɜɘɢɜŮɡŰɐ ɚɧɔɤ ŬˊɧůŰŬůɖɠ əŬɘ ŬˊɞɟɟɞűɖŰɘəɧŰɖŰŬɠ Űɤɜ 

ˊŬɟŮɛɓŬɚɚɧɛŮɜɤɜ ɡɚɘəɩɜ. ũɘŬ ɚŮˊŰɞɛŮɟŮɑɠ ɛŮŰɟɐůŮɘɠ ŰɞˊɞɗŮŰɐɗɖəŬɜ ŬɘůɗɖŰɐɟŮɠ ůŮ 

ŭɘɎűɞɟŮɠ ˊŮɟɘɞɢɏɠ Űɞɡ ŬɜɘɢɜŮɡŰɐ ɖ ɞˊɞɑŮɠ ɏɢɞɡɜ ɛŮɚŮŰɖɗŮɑ ŭɘŮɝɞŭɘəɎ ůŮ 

ˊɟɞɖɔɞɨɛŮɜŮɠ ˊɟɞůɞɛɞɘɩůŮɘɠ. ȾɎɗŮ əŮɚɑ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ ɛˊɞɟŮɑ ɜŬ ˊɟɞůŭɑŭŮɘ 
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ŭɘŬűɞɟŮŰɘəɐ óɓŬɟɨŰɖŰŬô (importance) ůŰŬ ůɤɛŬŰɑŭɘŬ ˊɞɡ ŮɘůɏɟɢɞɜŰŬɘ ůŮ ŬɡŰɧĘ ůŮ 

ˊŮɟɘɞɢɏɠ ˊɞɡ ɖ ŬɜɑɢɜŮɡůɐ Űɞɡɠ əŬɗɑůŰŬŰŬɘ ŭɨůəɞɚɖ, ɖ ˊɘɗŬɜɧŰɖŰŬ Ůˊɘɓɑɤůɐɠ Űɞɡɠ 

ɛˊɞɟŮɑ ɜŬ ŬɡɝɖɗŮɑ ɛŮ Ŭɨɝɖůɖ Űɞɡ importance, ɧˊɤɠ əŬɘ ˊɟɞŰŮɑɜŮŰŬɘ ůŰɞ ŮɔɢŮɘɟɑŭɘɞ 

Űɞɡ MCNP. ȼ ˊɟɞůɞɛɞɑɤůɖ ŬɡŰɐ ɏŰɟŮɝŮ ɔɘŬ 24 ɩɟŮɠ, ɢɟɧɜɞɠ ŬɟəŮŰɧɠ ɩůŰŮ ɜŬ 

ɛŮɘɤɗŮɑ ůɖɛŬɜŰɘəɎ Űɞ ůŰŬŰɘůŰɘəɧ ůűɎɚɛŬ Űɤɜ ɛŮŰɟɐůŮɤɜ əŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɜŬ 

ŮɑɜŬɘ ŬɝɘɧˊɘůŰŬ, Ůɜɩ Űɞ importance ɗŮɤɟɐɗɖəŮ ůŮ əɎɗŮ əŮɚɑ ɑůɞ ɛŮ Űɞ 1 (ŬɜŬɚɞɔɘəɐ 

ˊɟɞůɞɛɞɑɤůɖ). Ƀɘ ɛŮŰɟɐůŮɘɠ ˊŬɟŬŰɖɟɐɗɖəŬɜ ɧŰɘ ɐŰŬɜ ŬɟəŮŰɎ əɞɜŰɎ ůŮ ŬɡŰɏɠ Űɤɜ 

ˊɟɞɖɔɞɨɛŮɜɤɜ ɛŮɚŮŰɩɜ, ɛŮ ŬɜŮəŰɏɠ ŬˊɞəɚɑůŮɘɠ. ɆɡɜŮˊɩɠ, Ůɜ ůɡɜŮɢŮɑŬ ˊɎɟɗɖəŬɜ 

ɛŮŰɟɐůŮɘɠ əŬɘ ůŮ ɎɚɚŬ ůɖɛŮɑŬ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ, ůɡɔəŮəɟɘɛɏɜŬ ůŰŬ ŭɘɎűɞɟŬ əŮɚɘɎ Űɤɜ 

ɡˊɞŬɜɘɢɜŮɡŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ, Űɤɜ ɛŬɔɜɖŰɩɜ əŬɘ Űɤɜ ˊŮɟɘɞɢɩɜ ɗɤɟɎəɘůɖɠ. ȼ ɟɞɐ 

ɛŮɘɤɜɧŰŬɜ ůŰŬŭɘŬəɎ ˊɟɞɢɤɟɩɜŰŬɠ ˊɟɞɠ ŮɝɩŰŮɟŬ ůɖɛŮɑŬ, Ůɜɩ ůŮ ŭɘɎűɞɟŬ ůɖɛŮɑŬ Űɖɠ 

ɗɤɟɎəɘůɖɠ ɛɖŭŮɜɘɕɧŰŬɜ, ɔŮɔɞɜɧɠ ˊɞɡ ŮˊɘɓŮɓŬɘɩɜŮɘ ɧŰɘ ɞɘ ɛŮŰɟɐůŮɘɠ ɟɞɩɜ ůŰŬ əŮɚɘɎ 

ŮɑɜŬɘ ɚɞɔɘəɏɠ. ȹɞəɘɛɎůŰɖəŮ ŬəɧɛŬ, ɔɘŬ ɚɧɔɞɡɠ ˊɚɖɟɧŰɖŰŬɠ, əŬɘ ɖ ɛɖ ŬɜŬɚɞɔɘəɐ 

ˊɟɞůɞɛɞɑɤůɖ. ɄɟɩŰŬ, ɛŮŰɎ Ŭˊɧ ɛɘŬ ůɨɜŰɞɛɖ ŭɞəɘɛɐ ˊɎɟɗɖəŬɜ ɞɘ ɛŮŰɟɐůŮɘɠ 

ˊɚɖɗɡůɛɞɨ űɤŰɞɜɑɤɜ ůŮ əɎɗŮ əŮɚɑ. ɀŮ ɓɎůɖ Űɖɠ Űɘɛɏɠ ŬɡŰɏɠ ɡˊɞɚɞɔɑůŰɖəŮ ɞ ɚɧɔɞɠ 

ˊɚɖɗɡůɛɩɜ əɎɗŮ ŮůɤŰŮɟɘəɐɠ ˊŮɟɘɞɢɐɠ ůŮ ůɢɏůɖ ɛŮ ɛɘŬ ɔŮɘŰɞɜɘəɐ ˊɘɞ ŮɝɤŰŮɟɘəɐ, 

ŭɑɜɞɜŰŬɠ ɛɘŬ Űɘɛɐ, ɛŮ ůŰɟɞɔɔɡɚɞˊɞɑɖůɖ Űɖɠ ɞˊɞɑŬɠ ɚŬɛɓɎɜɞɡɛŮ Űɞ ɜɏɞ importance. ȼ 

ˊɟɞůɞɛɞɑɤůɖ ŬɡŰɐ ɏŰɟŮɝŮ Ůˊɑůɖɠ ɔɘŬ 24 ɩɟŮɠ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ɟɞɩɜ űɤŰɞɜɑɤɜ 

ůŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ŮˊɘűɎɜŮɘŮɠ ɐŰŬɜ ɓŮɚŰɘɤɛɏɜɞ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ŬɜŬɚɞɔɘəɐ 

ˊɟɞůɞɛɞɑɤůɖ, ɧɛɤɠ ůŮ əɎˊɞɘŮɠ ˊŮɟɘˊŰɩůŮɘɠ ˊŬɟɞɡůɑŬůŮ ɛŮɔɎɚŮɠ ŬˊɞəɚɑůŮɘɠ. 

ȷəɞɚɞɨɗɤɠ, ˊɎɟɗɖəŬɜ ɛŮŰɟɐůŮɘɠ ůŮ əŮɚɘɎ ɧˊɤɠ əŬɘ ůŰɖɜ ŬɜŬɚɞɔɘəɐ ˊɟɞůɞɛɞɑɤůɖ, 

ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ˊɞɚɨ ɛɘəɟɏɠ ŬˊɞəɚɑůŮɘɠ Ŭˊɧ Űɖɜ ŬɜŬɚɞɔɘəɐ. ɄɘɗŬɜɧɜ, ɏɜŬɠ 

ɓŮɚŰɘɤɛɏɜɞɠ Űɟɧˊɞɠ ɡˊɞɚɞɔɘůɛɞɨ Űɞɡ importance ɔɘŬ ŰŬ əŮɚɘɎ, ɚŬɛɓɎɜɞɜŰŬɠ ɡˊô ɧɣɘɜ 

ˊŮɟɘůůɧŰŮɟŬ ɔŮɘŰɞɜɘəɎ əŮɚɘɎ əŬɘ ɧɢɘ ɛɧɜɞ ɏɜŬ, ɜŬ ɏŭɘɜŮ ŬəɟɘɓɏůŰŮɟŮɠ ɛŮŰɟɐůŮɘɠ.  

Ⱥˊɘˊɚɏɞɜ ɓŮɚŰɘɩůŮɘɠ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ˊŬɟŬŰɖɟɖɗɞɨɜ ɛŮ ɛɘŬ ŬəɟɘɓɏůŰŮɟɖ 

ˊɟɞůɏɔɔɘůɖ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ Űɞɡ ŬɜɘɢɜŮɡŰɐ əŬɘ ɛŮ ŮəŰɏɚŮůɖ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ ɔɘŬ 

ˊŮɟɘůůɧŰŮɟɞ ɢɟɧɜɞ. Ƀ ˊŮɟɘɞɟɘůɛɧɠ ůŰɖ ůɨɜɗŮůɖ ɛɘɔɛɎŰɤɜ əŬɘ əɟŬɛɎŰɤɜ Ŭˊɧ Űɞ 

MCNP ɡˊɐɟɝŮ ɏɜŬɠ Ůˊɘˊɚɏɞɜ ɚɧɔɞɠ ŬˊɞəɚɑůŮɤɜ Ŭˊɧ ɎɚɚŮɠ ˊɟɞůɞɛɞɘɩůŮɘɠ. ɄŬɟɧɚŬ 

ŬɡŰɎ, ŰŬ ůűɎɚɛŬŰŬ ŭŮɜ ŮɑɜŬɘ ˊɞɚɨ ɛŮɔɎɚŬ əŬɘ ɤɠ ɛŮɚɚɞɜŰɘəɐ ɏɟŮɡɜŬ ɗŬ ɛˊɞɟɞɨůŬɜ 

ɜŬ ŮɚŬɢɘůŰɞˊɞɘɖɗɞɨɜ ɛŮ ŭɞəɘɛɏɠ ůŰɖ ɛŮŰŬɓɞɚɐ ŭɘŬűɧɟɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ 

ˊɟɞůɞɛɞɑɤůɖɠ. 
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1. INTRODUCTION  

 

1.1. THE STANDARD MODEL 

The Standard Model of particle physics (SM) describes all of the known 

fundamental particles, along with their interactions, via three out of the four 

interactions of nature: electromagnetism, the weak interaction and the strong 

interaction. Gravity is not yet included in the Standard Model as it plays no significant 

role at the energy scale of particle physics.  

According to the Standard Model, there are three kinds of elementary 

particles: leptons, quarks and the force mediators (gauge bosons). An antiparticle 

corresponds to each of the elementary particles. Leptons and quarks are fermions, 

having a spin of İ , and they obey the Fermi ï Dirac statistics, so the Pauli exclusion 

principle does not allow the occupation of any single quantum state by more than one 

particle of a given type. 

The leptons carry integral electric charge and are divided into three 

generations, each composed by the charged lepton (e, ɛ and Ű ) differing only in mass 

(mass is increasing in every generation with respect to the previous one) and its 

neutrino partner (ɜe, ɜɛ and ɜŰ respectively). [1] 

 

Generation Lepton Mass (MeV) Charge 

I e 0.511 -1 

ɜe < 0.26 Ͻ 10-3 0 

II  ɛ 105.69 -1 

ɜɛ < 0.19 0 

III  Ű 1776.99 -1 

ɜŰ < 18.2 0 

 

Table 1.1: Generations of Leptons. [1] 

 

 

The quarks carry fractional electric charges, +2|e|/3 or ī|e|/3. There are six 

flavours of quarks divided into three generations of increasing mass. Quarks can carry 

one of three possible ócoloursô (red, blue or green), while anti ï quarks carry anti ï 

colors, and they are grouped by the strong force, via gluon exchange, in order to form 

hadrons. The hadrons are categorized into two families, mesons and baryons. Mesons 

are composed of a quarkïantiquark pair with integer spin, while baryons are 

composed of a triplet of quarks with half-integer spin. [2] 
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Generation Quark Mass (GeV) Charge 

I Up (u) < 2.3 Ͻ10-3 +2/3 

Down (d) 4.8 Ͻ 10-3 -1/3 

II  Charm (c) 1.275 Ñ 0.025 +2/3 

Strange (s) (95 Ñ 5)  Ͻ10-3 -1/3 

III  Top (t) 173.2 Ñ 0.7 +2/3 

Bottom (b) 4.18 Ñ 0.03 -1/3 
 

Table 1.2: Generations of quarks. [1] 

 

The mediators of the interactions between fermions are integer spin particles 

that obey to Bose-Einstein statistics, which allows the occupation of a single quantum 

state by a large number of identical particles. The electromagnetic force, described by 

Quantum Electrodynamics (QED), is carried by spin-1 photons and acts between 

electrically charged particles. The weak interaction, described by the Electroweak 

Theory (EWT), is responsible for nuclear ɓ-decays, and absorption and emission of 

neutrinos, and has three massive gauge bosons with spin 1, WÑ and Z. The gauge 

bosons of the strong interaction, described by Quantum Chromodynamics (QCD), are 

the eight massless, spin-1 gluons (g). The graviton (G), a purely theoretical spin-2 

boson, is considered to be the gauge boson for gravity. [2] 

 

Boson Mass (GeV) Charge Interaction 

G < 7 Ͻ 10-41 0 gravitational 

ɔ 0 0 electromagnetic 

WÑ 80.4 Ñ1 weak 

Z 91.2 0 weak 

g 0 0 strong 

 

Table 1.3: Six bosons for the four fundamental forces. [1] 

 

 

1.2. LHC PHYSICS 

The study of nature is based on the production and screening of rare 

procedures, the presence of which can be more frequent if higher energies are 

provided. By producing more collisions, more interesting facts that might give 

confirmation on theoretical studies can occur. 

The Large Hadron Collider (LHC) has been designed in order to answer 

essential questions of the Standard Model that are described below. 
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1.2.1. THE HIGGS BOSON 

The mechanism that describes how the particles gain mass has been 

incorporated in the SM via the the Brout ï Englert ï Higgs mechanism. This 

mechanism requires the existence of a spin zero boson, the Higgs boson, which has 

been observed by the ATLAS and CMS experiments. For a Higgs boson with a mass 

of 126 GeV/c2 the SM predicts a mean life time of about 1.6Ĭ10ī22 s. [3]  

At the LHC, the Higgs boson can be produced in the following ways: [1],[4],[5],[6]  

¶ Gluon fusion: gg Ÿ H 

Gluon fusion is the dominant production mode. If the collided particles are hadrons 

such as the proton or antiproton then it is most likely that two of the gluons binding 

the hadron together collide. The easiest way to produce a Higgs particle is if the two 

gluons combine to form a loop of virtual quarks. this process is more likely for heavy 

particles, since the coupling of particles to the Higgs boson is proportional to their 

mass.  

 

¶  Vector boson fusion (VBF): qήŸ qήH 

VBF is the next more important production mode. When two fermions or 

antifermions collide, they exchange a virtual W or Z boson, which emits a Higgs 

boson. The colliding fermions do not need to be the same type.  

 

¶  Associated production with vector bosons (Higgs Strahlung): qήŸ WH or 

qήŸ ZH 

If an elementary fermion collides with an anti-fermion the two can merge to form a 

virtual W or Z boson, which, if it carries sufficient energy, can then emit a Higgs 

boson. At the LHC this process is only the third largest, because the LHC collides 

protons with protons. 

 

¶ Associated production with heavy quarks: ήήŸ QὗH or gg Ÿ QὗH 

The final process that is commonly considered is by far the least. It involves two 

colliding gluons, which each decay into a heavy quarkïantiquark pair. A quark and 

antiquark from each pair can then combine to form a Higgs particle. 
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Figure 1.1 : Main production mechanisms of the Standard Model Higgs at LHC: (a) gluon ï 

gluon fusion (b) vector boson fusion (c) associated production with W/Z and (d) associated 

production with heavy quarks. [1] 

 

The Higgs decays in different modes and the branching ratio of each depends 

on the Higgs mass. The decay modes can be divided into the decays to fermions and 

the decays to bosons.  

A possible Higgs decay is by splitting into a fermionïantifermion pair. Higgs 

is more likely to decay into heavy fermions than light fermions, because the mass of a 

fermion is proportional to the strength of its interaction with the Higgs. In the low 

mass region, where mH Ò 130 GeV, the most common but not easily accessible decay 

is into a bottomïantibottom quark pair (56.1%), while the second most common 

fermion decay (6%) at that mass is a tauïantitau pair, qqH O  Ű+Ű-. The taus can 

subsequently decay into pairs of leptons, hadrons or mixed. 

Higgs also can split into a pair of massive gauge bosons. For mH > 130 GeV, 

the most possible Higgs decay is into a pair of W bosons (23.1%). The W bosons can 

subsequently decay either into a quark and an antiquark or into a charged lepton and a 

neutrino. However, the W bosons decays into quarks are difficult to distinguish from 

the background, and the decays into leptons cannot be fully reconstructed, because 

neutrinos are impossible to detect in particle collision experiments. A cleaner signal is 

given by decay into a pair of Z-bosons (2.9%), if each of the bosons subsequently 

decays into a pair of easy detectable charged leptons (electrons or muons). 

Massless gauge bosons, photons or gluons, do not couple directly to the Higgs 

boson but through loops involving massive charged and/or colored particles which 

couple to the Higgs boson. The most common such process is the decay into a pair of 

gluons through a loop of virtual heavy quarks. This process, which is the reverse of 

the gluon fusion process, happens approximately 8.5% of the time. Much rarer is the 

decay into a pair of photons mediated by a loop of W bosons or heavy quarks, which 

happens only twice for every thousand decays. However, this process is very relevant 
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for experimental searches for the Higgs boson, because the energy and momentum of 

the photons can be measured very precisely, giving an accurate reconstruction of the 

mass of the decaying particle. [5],[6] 

 
Figure 1.2: The branching ratios of the SM Higgs as a function of its mass. [1] 

 

 

1.2.2. SUPERSYMMETRY 

According to Supersymmetry Theory (SUSY), which may can lead to the 

unification of the fundamental forces, every particle has its heavier symmetric pair. 

The particles differ from their respective supersymmetric ones as to the spin by İ, 

resulting in tranforming the fermions of the Standard Model into supersymmetry 

bosons and vice versa. If supersymmetric particles were included in the Standard 

Model, the interactions of its three forces ï electromagnetism and the strong and weak 

nuclear forces ï could have the exact same strength at very high energies, as in the 

early universe. If this theory is correct, some of the lightest supersymmetric particles 

may be observed at LHC. [7],[52] 

 

1.2.3. THE MATTER-ANTIMATTER ASYMMETRY  PROBLEM (CP VIOLATION ) 

The Big Bang should have created equal amounts of matter and antimatter in 

the early universe. Nevetheless, everything in universe from the smallest life forms on 

Earth to the largest stellar objects, is made almost entirely of matter. Comparatively, 

there is not much antimatter to be found, so one of the greatest challenges in physics 

is to figure out the reason of the asymmetry between matter and antimatter. [51] 
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1.2.4. STUDY OF QUARK ï GLUON PLASMA 

For a few millionths of a second, shortly after the Big Bang, the universe was 

filled with an astonishingly hot, dense soup made of all kinds of particles moving at 

near the speed of light. This mixture was dominated by quarks and by gluons, that 

normally ñglueò quarks together. In those first moments of extreme temperature, 

however, quarks and gluons were bound only weakly, free to move on their own in 

the so called quark-gluon plasma. To recreate conditions similar to those of the 

primordial universe, powerful accelerators like LHC make head-on collisions between 

massive ions, such as gold or lead nuclei. In these heavy-ion collisions the hundreds 

of protons and neutrons in two such nuclei smash into one another at energies of 

upwards of a few trillion electronvolts each. [50] 
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2. INTERACTIONS OF PARTI CLES WITH MATTER  
 

The operation of every detection system relies on radiation interactions with 

the detection medium [9] and the product of this interaction transforms into an electric 

signal. The interaction process depends on the type and the energy of the incident 

particles. Radiation can be separated into radiation of charged particles that 

continuously interact with the electrons of the medium via Coulomb force and 

particles without charge. The first category includes the radiation of heavy charged 

particles and accelerated electrons, while the second includes neutrons, X-rays and 

gamma rays.  

 

2.1. INTERACTION OF HEAVY CHARGED PARTICLES 

The interaction of heavy charged particles mainly with the negative charge of 

the electrons of the absorber and lesser with the atomic nucleus occurs through 

electromagnetic interactions (Coulomb force). The distance between the atoms and 

the particle orbit determines whether the impulse on the electrons due to Coulomb 

interaction forces these electrons to transition from their initial state to a higher bound 

energy state (excitation) or in the continuum where they are no longer bound 

(ionization). Further energy loss mechanisms are nuclear interactions, braking 

radiation, Cherenkov radiation and transition radiation. As a result of these 

mechanisms the passing particle decelerates and is finally absorbed by the material. [9] 

Consider a particle of mass ɀ moving with velocity v and an immobilized free 

electron of mass me at rest, v1 the particle velocity after the percussion and v2 the 

electron velocity. The kinetic energy and momentum of the system are maintained, so: 
[8] 

 
2 2 2

1 2        v v vM = M +M           (1) 

                 1 2eMv Mv m v= +                  (2) 

Based on these expressions the final velocities are: 

        
1

2  
e

Mv Mv
v

m

-
=    (3)        and        1

( )
     e

e

M m v
v

M m

-
=

+
    (4) 

      

Figure 2.1: Before and after collision [9]  
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After the collision, the particles are moving along the initial line of the 

incident charged particle. By using the relation (4) the maximum transferred energy 

is:  

       
2 2

max 1 2

41 1

2 2 ( )

e

e

Mm E
Q Mv Mv

M m
= - =

+
                          (5) 

 

Proton kinetic energy (MeV) Qmax (MeV) Maximum percentage 

energy transfer (MeV) 

0.1 0.00022 0.22 

1 0.0022 0.22 

10 0.0219 0.22 

100 0.229 0.23 

1000 3.33 0.33 

10000 136 1.4 

100000 1.06 Ͻ 104 10.6 

1000000 5.38 Ͻ 105 53.8 

10000000 9.21 Ͻ 106 92.1 
 

Table 2.1: Maximum possible energy transfer during proton ï electron collision. [8] 

 

In the case of non ï relativistic energies, it is apparent that the maximum 

energy the charged particles losses in every interaction is small comparing to its initial 

energy, so it needs many interactions until it yields all of its energy and then stop. 

Each of these interactions will not contribute significantly to change the direction of 

the charged particle, which interacts simultaneously with many electrons. These 

electrons push the particle in a different direction each, so eventually the particle 

trajectory is almost a straight line. In the case of relativistic energies for the charged 

particle (mass ɀ) of momentum ɀɓɔc, the maximum transferred energy is: 

 

                                    

2 2

2

2

2

2
1

e
max

e e

m v
Q

m m

M M

g

g
=

+ +

 

 

ɔ = 1 / ρ  ‍ ,  ɓ =  v
c

 and c the speed of light. [11] 

 

 

 

 

 



 

-39- 

 

2.1.1. STOPPING POWER DUE TO COULOMB INTERACTIONS 

The mean rate of energy loss of heavy charged particles via Coulomb 

interactions per unit length, called stopping power, is given by the Bethe ï Bloch 

equation: 

 

2 2 22
2 2 2max

2 2

21
2 [ ln 2 2 ]

2

e
a e e

m c QdE Z z c
S N r m c

dx A I z

b g
p r b d

b
=- = - - -

 

2 ὔ́ὶά ὧ πȢρυσυ MeVϽ cm2 /g 

 

ɁA Avogadroôs number = 6.022 Ͻ 1023 mol-1 

electron radius re = 2.817 Ͻ 10-13 cm 

me electron mass, mec
2 = 0:510998918MeV 

Ƚ mean excitation energy (eV) 

ȷ atomic mass of absorber (gϽmol-1) 

Ȼ atomic number of absorber 

Qmax maximum transferred energy  

ɟ density of the absorber 

z charge of incident particle in units of electron 

charge  

ɓ =  v
c

, v velocity of incident particle 

ɔ = 1 / ρ  ‍  

ŭ density effect correction to ionization energy 

loss 

C shell correction factor 

 

The mean ionization energy is calculated using semi-empirical formula 

derived from experimental measurements: 

 

          
7

12
I

eV
Z Z
= +          and           1.199.76 58.8

I
Z eV

Z

-= +   

The density correction factor ŭ is considerable in high energies for ɉ = 

log10(ɓɔ) is given by the following expression: 

ŭ = 

π                                                  ὢ ὢ
τȢφπυς   ὅ ὥὢ ὢ          ὢ ὢ  ὢ 

τȢφπυς ὅ                            ὢ  ὢ
 

The parameters ὅ, ὢȟὢ, Ŭ and m are depending on the absorber. 

The shell correction factor C is significant in low energies, in cases that the 

velocity of the incident particle is lower than the speed of bounded electrons, so that 
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they cannot be considered as immobilized in comparison to the incident particle. 

Considering ɖ = ɓɔ Ó 0.1 an empirical formula for C is: 

C(I,ɖ) = (0.422377 ɖ -2 + 0.0304043 ɖ -4 ï 0.00038106 ɖ-6) Ͻ 10-6 Ƚ2 

          + (3.85019 ɖ -2 ï 0.1667989 ɖ -4 + 0.00157955 ɖ-6) Ͻ 10-9 Ƚ3. [10] 

 

The Bethe ï Bloch equation for materials of intermediate Z and 0.1 < ɓɔ < 

1000 gives accurate results. For non ï relativistic particles with the same charge in the 

same material the stopping power varies inversely with the particle energy. For 

different charged particles moving with the same speed into the same material the 

energy loss is defined mainly from the factor z2. The Bethe ï Bloch equation diverges 

for low energies of charged particles because the charge exchange between the 

particle and the absorber becomes more important, as the positive charged particles 

are taking in electrons decreasing the stopping power until they become neutral. 
[10],[11] 

 

Figure 2.2: Measurement of stopping power in liquid (bubble chamber) hydrogen, gaseous 

helium, carbon, aluminum, iron, tin, and lead (radiative effects, relevant for muons and pions, 

are not included, but they are becoming significant for muons in iron for ɓɔ > 1000, and at 

lower momenta for muons in higher-Z absorbers). Except in hydrogen, particles with the 

same velocity have similar rates of energy loss in different materials, although there is a slow 

decrease in the rate of energy loss with increasing Z. [11] 
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2.1.2. ENERGY LOSS 

Most of the relativistic particles (muons, cosmic rays) have mean rates of 

energy loss near the minimum possible value and so they are called minimum 

ionizing particles ï MIPs.  

The particles may simply penetrate the material. Thus, low energy loss occurs 

for small values of absorption thickness, allowing all the particles of the initial beam 

to reach the detector. This will apply until the length that the absorption thickness is 

equal to the shortest orbit and if this length increases, a large decrease of the detected 

particles is observed. The maximum distance which the particles of a particular 

energy can penetrate within a material is called particle range for this material and this 

particle energy. The mean range R of particles of given energy Ⱥ0 represents the value 

of the thickness in which the number of the detected particles is equal to half of the 

emitted particles and it can be found by the integration of dE / dx : 

 

 

0

0

1( )
E

dE
R dE

dx

-=ñ  

The value of the thickness that no particle is detected is called projected range Re. [9]  

 
Figure 2.3: Number of particles in a material as a function of thickness x. [9] 

 

 

The energy loss of a charged particle within a material is a statistical 

phenomenon in which the width of the energy distribution is a measure of energy 

dispersion (Energy Struggling). The amount of the transferred energy to any collision 

is following the Landau distribution: 
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Figure 2.4: Landau distribution. The distribution shows a tail in the high energy loss 

region, due to rare energetic ŭ electrons. [10] 

 

The parameter ɚ expresses the divergence from the most possible value: 

 

p
l

x

DE-DE
=  

ȹȺ real energy loss at a layer of thickness x, 

ȹȺp the most probable energy loss at a layer of thickness x,  

and the mean energy loss ɝ = 2́ Ɂȷὶάὧᾀ   ɟx = kxɟ, ɟ density (g/cm3) and x 

thickness of the absorber (cm). 

The general formula for the most probable energy loss: 
 

ȹȺp = 

2 2 2
22

{ln( ) ln 0.2 ( )}em c

I I

g b x
x b d bg+ + - -   

 

Experimentally the actual energy loss distribution is often broader than 

expected by Landau distribution. The most probable loss ȹEp increases in a first 

approximation as x(Ŭ + lnx), and the ratio w/ȹȺp decreases with increasing x (where 

w is the full width at half maximum). By increasing the density of the absorber the 

energy loss distribution approaches Gauss distribution.  

For thin absorbers the deposited energy can be given by this expression: 

 

( )
dE

x
dx

DE=-  

( )
dE

dx
 the mean value of the stopping power within the absorber. [11] 
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Figure 2.5: Left: Straggling functions in silicon for 500 MeV pions, normalized to unity at 

the most probable value ȹȺp/x. Right: Most probable energy loss in silicon, scaled to the 

mean loss of a minimum ionizing particle, 388 eV/ɛm (1.66 MeV gī1 cm2). [11] 

 

In a compound of various elements i the energy loss is: 

 [ ]i

i i

dE dE
f

dx dx
=ä  

f i the fragment of the i ï th element and [ ] i

dE

dx
 the mean energy loss of this 

element. [11] 

 

 

 

2.1.3. EXCITATION  

During excitation an atomic electron acquires an energy which brings the atom 

to an elevated (excited) state.  

X + p O  X* + p  

 

The atom eventually returns to its stable state, usually accompanied with 

photon emission. A molecule may have many characteristic ways of excitation. [12],[15] 

 

2.1.4. IONIZATION 

An ionization takes place when an electron-ion pair is created. For this to 

happen, the energy of the passing particle should be above a threshold equal to the 
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ionization potential of the medium. When the ionization is caused by the incident 

particle itself, it is called primary ionization. If the electron of the pair gains energy 

above the threshold it ionizes further, and produces secondary ionization. If the atoms 

are very closely to a charged passing particle trajectory, there is the possibility that the 

emitted electron has enough energy to cause further secondary ionizations after the 

detachment from the atom. Through these electrons of limited range (ŭ rays), the 

kinetic energy of the charged particle is transferred indirectly to the atomic electrons. 

The ion pairs tend to form clusters around the particle trajectory. Ionizations may 

continue until the threshold for ionizing reactions is reached. 

The number of primary produced ionization pairs is roughly linearly increasing with 

the atomic number following Poissonian distribution. The probability of having k 

pairs in one event with n the average number of primary interactions is: 

 
!

k
n n

k

n
P e

k

-=   

The total number of pairs produced as the sum of primary and secondary ionizations 

is given by: 

 T

i

E
n

W

D
=   

æE is the energy lost and Wi the effective energy for the creation of one electron-ion 

pair. [12],[15] 

 

 

2.1.5. CHERENKOV RADIATION  

The Cherenkov radiation emission hardly contributes to energy loss, but it is 

of outmost importance as it is used to determine the parameters of the orbit of a 

charged particle. It is emitted when a charged particle is passing through a dielectric 

medium at a speed greater than the phase velocity of light in this medium: 

  v= ɓc Ó vű ᵼ  
vv

c c

j
²  ᵼ ̡  җ 

1

n
 

n = n(ɚ) the index of refraction for this element and 1/n the threshold velocity 

for the production of Cherenkov radiation.  

The charged particle in orbit within the dielectric medium creates spherical 

electromagnetic waves as follows: The molecular dipoles of the dielectric material 

orientate when the charged particle is passing by, and after it has elapsed they 

redirect, resulting in an amount of excess polarization energy that is emitted in the 

form of a spherical electromagnetic pulse. As the particle moves it produces 
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consecutive pulses along its path. The reinforcing contribution of these waves creates 

an electromagnetic wave front, the light cone of Cherenkov radiation, with the 

symmetry axis of the particle trajectory. 

 

Figure 2.6: On the top left: production of spherical waves from particles with 

velocity less than c, wherein successive pulses do not contribute anywhere. On the top right: 

at a speed equal to c, when the contribution consists in the point of the particle. In the figure 

below, the contribution of the waves in a cone during the emission of Cherenkov radiation for 

velocity greater than c. The radiation front is a coherent surface. [59] 

 

When two particles are close to one another, at a distance less than one 

wavelength, the electromagnetic fields may contribute reinforcingly, affecting 

Cherenkov radiation emission. 

The angle ɗc of Cherenkov radiation according to the direction of the particle 

is given by the following relation: 

cosɗc = 1/nɓ  ɐ tanɗc = 2 2 1n b-    12(1 )
nb

-  for small angles ɗc. 

The number of the emitted Cherenkov photons per unit track length and per 

unit wavelength for particle of charge ze is: 

 

2 2

2 2 2

2 1
(1 )
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d N z

dxd n
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l l b l
= -  

Ŭ = ρρσχȢπσφ  the fine structure constant. 



 

-46- 

 

For a narrow range of frequencies [f1, f2] in which the dependence of the 

refractive index from the frequency and wavelength can be omitted, the relation for 

the energy loss per unit length is: 
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This relation suggests reliance on velocity: 

2
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Therefore, the number of photons decreases with the square of the mass for a 

given momentum. Based on this conclusion it is possible to separate two relativistic 

particles of same momentum and different mass, since the heavier and therefore 

slower particle will emit less Cherenkov light. [11],[16],[59] 

 

 

2.1.6. TRANSITION RADIATION  

The transition radiation is emitted when a charged particle penetrates the 

interface of two media with different electrical properties. The change of the dielectric 

constant of the media along the particle path causes discontinuity of the electric field 

at the interface. The usual case concerns an electron that crosses the interface between 

vacuum (Ů=1) and a conductor (ŮO Њ). This problem can be overcome by replacing 

the conductor with the positive particle - 'image' of the incident, to eventually 

transform into the problem of the conflict of two charged particles. [20] 

 

Figure 2.7: The radiation is produced by the sudden change in velocity due to the collision of 

the particle with its oppositely charged image and is indicated by a dotted line. [20] 
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2.2. INTERACTIONS OF FAST ELECTRONS 

The electrons e- and positrons e+ are very similar, with slight variations in their 

interactions with matter. When a positron loses all its energy, it tends to approach an 

electron, targeting the production of two photons of the same energy which are 

traveling in opposite directions through the process of pair production. The electrons 

when they lose all their energy are converted into atomic electrons due to the absence 

of positrons in matter. Consequently, referring to energy loss of electrons the 

mechanisms in fact concern energy loss of both electrons and positrons. 

Compared to heavy particles, fast electrons have less energy loss and their 

trajectory is random and nonlinear while passing through absorbing materials. [9] 

 

  

 

 

 

 

Figure 2.8: Left: Electron trajectories and Right: alpha trajectories in a Cloud Chamber.[10]
 

 

The electrons as they pass through a material lose their energy mainly either 

via inelastic scattering with regional electrons or via braking radiation 

(Bremsstrahlung). 

 

 

2.2.1. SCATTERING WITH REGIONAL ELECTRONS 

During the inelastic scattering of electrons excitation and ionization 

phenomena due to Coulomb field are noted, resulting in energy loss and deviation 

from their initial trajectory. If the initial energy of the initial electron is large enough, 

then the resulting electron by ionization may have sufficient energy to induce 

secondary ionization. The electrons that cause secondary ionization are called delta 

particles. Due to the low mass of the electrons can be considered to remain after the 

collision without deflected, and in addition, the maximum allowable transfer kinetic 

energy because of identical particles is ῴ =ῴ /2. These two factors require the 

adjustment of the Bethe - Bloch equation for the energy loss per unit length, with ɓ 

ḳv / c:  
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2.2.2. BRAKING RADIATION (BREMSSTRAHLUNG) 

During the inelastic collisions with the nuclei, electrons lose their energy due 

to braking radiation (Bremsstrahlung radiation). Bremsstrahlung is electromagnetic 

radiation produced by the deceleration of a charged particle (electron) when deflected 

by another charged particle (atomic nucleus). Due to energy conservation the lost 

kinetic energy of the moving particle loses kinetic energy is converted into a photon.  

The energy loss via Bremsstrahlung is given by the relation: 
4

2 4 2

( 1) 2 4
( ) (4ln )

137 3
r

e e

dE NEZ Z e E

dx m c m c

+
- = - 

For very energetic electrons and absorbents of large atomic numbers energy 

losses due to radiation are important. For typical electron energies, photons created by 

Bremsstrahlung are quite weak and reabsorbed within a short distance from the point 

of creation.  

 

Figure 2.9: Bremsstrahlung [13] 

From the energy loss relation: 

0

0

0

1 x
XdE dE

E dx E E e
dx dx X

-

- ´ Ý =- Ý =  

where X0 is a constant called radiation length.   

The physical meaning of the radiation length is the mean distance at which a 

high-energy electron reaches 1/e of its initial energy due to Bremsstrahlung and it is 

approximated by (Dahl): 
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In the case of compounds radiation length is expressed as follows: 

 
0

1
i

i

w
XX

=ä   

wi fraction by weight and ɉi radiation length of the i ï th element. [11],[13] 

 

2.2.3. MOLLER AND BHABHA SCATTERING 

Moller and Bhabha involve interactions between incident electrons or 

positrons with atomic electrons. In particular, during Moller scattering two electrons 

enter, exchange a photon and leave (e- + e-  Oe- + e-). 

 

Figure 2.10: Moller scattering.  In quantum chromodynamics (QCD), Moller scattering 

represents the repulsion of the two electrons. [13] 

 

Bhabha scattering involves the interaction between an electron and a positron 

(e+ + e-  Oe+ + e-). In this case there is an extra interaction channel which contributes 

to the cross section because of the possible annihilation and recreation of the electron 

ï positron pair. [13] 

               

Figure 2.11: Bhabha scattering. Left: Feynman diagram for annihilation. Right: Feynman 

diagram for scattering. Bhabha scattering represents the traction between an electron and a 

positron. [13] 
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2.2.4. TOTAL ENERGY LOSS 

The total energy loss of the electron per unit length is given by adding up the 

contributions of the mechanisms above: 

   =  ( )
j j

dE

dx
ä   

where j each of the mechanisms. 

The energy loss is inversely proportional to the energy in the case of excitation 

and ionization, and proportional in the case of braking radiation. The point at which 

the two actions are equalized is called critical energy and depends mainly on the type 

of material. Approximately the critical energy of solid and gas is given by the 

following equations: 

Ὁ  = 
610( )

1.24

MeV

Z+
 

Ὁ  = 
710( )

0.92

MeV

Z+
 

 
Figure 2.12: Critical energies as a function of Z, both for liquids and for solids. [11] 

 

For speeds near the speed of light in vacuum and absorber with atomic number 

Z, an accurate approximation of the loss ratio is: [11] 
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Figure 2.13: Fractional energy loss per radiation length as a function of the e- / e+ energy in 

lead. [11] 

 

 

2.2.5. ELECTRON RANGE 

Fast electrons, as they pass through an absorber are subjected to scatterings 

with the material, so some of them eventually fail to reach the detector, even if the 

absorber is not very thick. The range is greater for electrons that have undergone 

fewer scatterings. In the case of backscaterring, the electron exits from the entry point, 

resulting in full energy deposition therein. [9] 

 

Figure 2.14: The number of electrons that manage to reach the detector after passing through 

the absorber is reduced and so it reaches quickly the number of background electrons. [9] 
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2.3. PHOTON INTERACTIONS 

The main mechanisms of interaction of photons with matter are coherent 

scattering, photoelectric effect, Compton scattering and pair production. These 

processes lead to a transfer of photon energy, partial or total, to the atomic electrons 

of the medium, which appears as kinetic energy.  

Assuming parallel beam consisting of mono ï energetic photons of initial 

intensity Ƚ0 that impinges perpendicularly on plate absorber with thickness x, the 

intensity of the output beam is exponentially reduced, and is given by: 

Ƚ(x) = I0 e -ɛx 

where ɛ = ɛ(Coherent) + ɛ(Photo) + ɛ(Compton) + ɛ(Pair) the total linear attenuation 

coefficient, which expresses the overall probability of a photon detachment from the 

beam per unit length, with the individual terms of the sum to represent the probability 

coefficient per unit length for each of the three processes (partial linear coefficients). 

Furthermore, ů is the total cross section per atom and N the atomic density. The total 

linear attenuation coefficient depends on the photon energy of the beam. [9],[10],[11] 

 

 

Figure 2.15: Attenuation of the intensity of the passing beam depending on the thickness of 

the material. [9]
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Figure 2.16: Mass attenuation coefficients 
A

i

i

N

A
sä ( ůi the atomic cross section for each 

process and A the atomic weight) for a gas mixture of Ar+7%CO2. (XCOM database) [45] 

 

Additionally, ɛ = 1/ɚ, where ɚ is the mean free path within the absorber: 

ɚ = 
᷿ Ͻ

᷿
 

 

Figure 2.17: The mean free path ɚ for various adsorbents as a function of photon energy. The 

remaining intensity I after passing through a material of thickness x is Ƚ(x) = I 0 e ïx/ɚ. [11] 
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2.3.1. COHERENT SCATTERING ï RAYLEI GH 

In coherent scattering the incident photon is absorbed and re-emitted 

immediately without energy loss, only change of direction. This kind of scattering is 

possible at very low energies and specifically for the cross section the following 

expression applies:  

ůcoh  θ

2

g

Z

E
 

Ⱥɔ photon energy. The cross section ůcoh increases for Ⱥɔ < 0.1 MeV and Ȼ > 

80. [13] 

 

Figure 2.18: Raylight scattering [13] 

 

 

2.3.2. INCOHERENT SCATTERING - PHOTOELECTRIC EFFECT 

This mechanism includes the interaction of photons with energy usually less 

than 1 MeV with the atomic electrons. The peak at 0.1 MeV in the cross sections 

diagram is due to the coincidence with the binding energy of the K - electron layer. A 

photo - electron absorbs all the energy of the photon acquiring kinetic energy: 

Ⱥə = Ⱥɔ ï Ⱥj 

where Ⱥɔ = hf  is the photon energy and Ej the binding energy of the atom into 

a layer. Apparently, the energy of the absorbed photon must be greater than the 

electron binding energy. Apart from the exported photo ï electron, an ionized atom is 

created in the absorber, which has a vacancy amongst its layers. The vacancy is 

replenished either by rearranging the electron layers of the atom or by capturing a free 

electron. 
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Figure 2.19: Representation of the photoelectric phenomenon [2] 

 

By increasing the energy of the incident photon the likelihood of the 

phenomenon gets weaker. In the case of photon energy similar to the electron binding 

energy of a shell, the electron detachment is most likely to occur in this cell, and less 

likely in shells of lower energy. The cross section of the photoelectric phenomenon 

can be estimated as: 

 

ůphoto =  

2
5 4 3.5( )em c

Z
Eg

a  ᶿ

5

3.5

Z

Eg
 

which tends to increase for Ⱥɔ <1 MeV.   

The rearrangement of electrons in order to fill the gap because of the 

detachable electron is accomplished either via X-ray emission or via Auger 

phenomenon. The atomic number of the element and the sublayer in which the 

rearrangement happens determine which of the two phenomena will occur. 

In the case of X-ray emission (X-ray fluorescence) the electron 

rearrangements are followed by photon emission in the X ï ray region. Photon energy 

is equal to the energy difference between the layers the electron moved. 

In the Auger effect filling a hole from the extraction of an electron in the inner 

layer of the atom is accompanied by an electron emission from the same atom. When 

an electron of the inner layer is detached, then an electron from a higher energy level 

can fill the hole, resulting in excess energy. This energy is sometimes released by the 

emission of a photon, but sometimes, it is transferred to another electron (Auger 

electron), which leaves the atom. In light elements decay through Auger phenomenon 

is more likely. The new holes are covered from electron transitions from upper cells 

until the ionized atom results in a situation where further transitions cannot take place. 

In many cases the combination of the two phenomena is possible. [10],[13] 

 
Figure 2.20: Auger phenomenon [2] 
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2.3.3. COMPTON SCATTERING 

The Compton scattering occurs in energies similar to the electron rest energy, 

and describes the inelastic scattering of a photon at an angle ɗ of an atomic electron, 

usually weakly linked to the atom. A portion of the kinetic energy of the photon is 

transferred to the electron, which after scattering moves in a direction of an angle ű 

compared with the initial axis of the photon. The energy of the scattered electron has a 

wide range, because any scattering angle is possible. [10],[13] 

For the cross section of Compton scattering: 

ůcompton  θ
Z

Eg
 

 

 

Figure 2.21: Compton scattering representation [2] 

 

By applying the conservation laws of energy and momentum for the Compton 

scattering to the following conclusions are resulted: 

¶ Wavelength shift of the scattered photon by the amount:  

 

 

mec
2 electron rest energy, ɚŰ the wavelength after scattering and ɚŬ the wavelength 

before scattering. The frequency of the scattered electron only depends on the 

scattering angle. [2],[10] 

¶ Energy of the scattered photon: 

 
1 (1 cos )

E
E hf

a

gt

g t
a q

= =
+ -

  

where 2

e

hf

m c

aa=   

 

¶ Kinetic energy of recoil electron: 
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For angle ɗ = 180ɞ the kinetic energy gets maximum, while for ɗ = 0ɞ minimizes.  

 

¶ Relation of ű and ɗ angles: 
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q a
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q
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¶ Differential cross section of photons scattered per electron for Compton 

scattering, (cm-2/electron) by Klein and Nishina: 
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Figure 2.22: Angular distribution of the scattered photons. [2] 

 

 

2.3.4. PAIR PRODUCTION 

During the process of pair production o photon converts into an electron ï 

positron pair after interacting with the electric field of a nucleus. A minimum energy, 

equal to twice the electron rest mass, ie 1.02 MeV, is required in order to achieve the 

creation of this particle pair. Possible excess energy is splitted equally to the produced 

particles in the form of kinetic energy. This phenomenon dominates at high energies 

and its cross section is:  

Ű = ůpair =
0

7 1

9 XrA
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N
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Figure 2.23: A photon of sufficient energy creates an electron - positron pair and then the 

positron annihilates in a pair of photons with equal energy. [10] 

 

The quantity Ű = ůpair (Nȷɟ/ȷ) =  , where ɉ0 the mean radiation length 

before absorption, as it calculated for the case of braking radiation, gives the 

possibility of pair production per unit length. Therefore, absorption of photons with 

pair production is given as: 

0
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( ) (0) (0)

x

XxI x I e I et
-

-= =  

So, mean radiation length X0 for pair production expresses the χω of mean 

free path for e+ e- production (Lpair) by a high energy photon. 

The momentum of the produced pair is almost parallel to the momentum of 

the original photon presenting a minimal deviation. The lateral deflection that the e+ e- 

pair of critical energy acquires, since they travel a distance ɉ0, is called Moliere 

radius and is given by the relation: 

RM = 
2

0

21 7

c

MeV A
X g cm

E Z

-º Ö  

 After the pair production the positron loses energy and annihilates after 

approaching an electron. At higher energies the energy loss of the positron is achieved 

by ionizing and braking radiation, until it reaches the point where the energy is low 

enough to annihilate. [10],[11] 
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Figure 2.24: Probability P that a photon interaction will lead to e+ e- pair production. For 

photon attenuation length ɚ= Lpair the probability that the photon will lead to pair production 

in an absorber of thickness x is P[1 ï e-x/ɚ]. [11] 

 

 

2.4. NEUTRON INTERACTIONS 

Neutrons are electrically neutral subatomic particles which together with 

protons constitute atomic nuclei. The absence of electrical charge makes impossible 

their acceleration or their focus with magnet system, and also prohibits the direct 

detection through their ionization track, since they cannot ionize the materials they 

pass through. However, they can participate in nuclear interactions even at low 

energies because they can easily penetrate the Coulomb nuclear barrier. [10] 

Neutrons outside the nucleus, called free neutrons are unstable and decay into 

a proton, an electron and an electron antineutrino via the weak interaction: 

 

n O  p + Ὡ  + ὺ + Q 

 

 

Figure 2.25: Feynman diagram for neutron decay. [14] 
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The possibility of neutron interactions with certain nuclei depends on the type 

of the material and the neutron energy. Neutron cross section is very small, so they 

can travel far enough in matter without any interaction compared to other particles.

 Neutron energy can determine with some probability the type of reaction that 

will take place with a certain nucleus. Even for a large energy range, the 

characteristics of the interaction mechanisms for specific types of nuclei are 

unchanged. Hence, neutrons can be discriminated into the following categories with 

respect to their energy: 

 

Thermal Ⱥ Ḑ kT Ḑ1/40 eV 

Cold / Ultracold Ⱥ Ḑ meV / ɛeV 

Epithermal 0.1 eV < E < 100 keV 

Fast 100 keV < E < 100 MeV 

High energy  Ⱥ >100 MeV 
 

Table 2.2: Categories of neutrons [14] 

 

The main ways of neutron interaction with matter is the scattering and 

absorption. High energy neutrons are likely to react through scattering, but by 

reduction of their energy at levels of eV, the probability of absorption increases.  

 

 

2.4.1. SCATTERING 

The energy of neutrons passing through medium is degraded by nuclear 

collisions (inelastic and elastic collisions). In elastic collisions the colliding nucleus 

receives a portion of the neutron energy as kinetic. During the non-elastic collisions 

energy of the incident neutron should be such as to achieve the induction of the 

nucleus, which occurs in energies in levels of MeV. 

¶ Elastic neutron ï nucleus scattering  

The elastic scattering is the main mechanism of energy loss for neutrons of 

MeV energy levels and during this process the energy and momentum of the neutron - 

nucleus system are conserved. The amount of energy that a neutron transfers to the 

target nucleus depends on the angle of conflict and their mass difference. One 

mechanism of elastic scattering is the composite elastic scattering, when the neutron 

is initially absorbed by the nucleus, resulting in a new nucleus in an excited state, and 

then the decay of the nucleus, when a neutron is emitted, returning to the initial 

unexcited state. A second mechanism is the dynamic elastic scattering in which the 

neutron approximates the nucleus without incorporating by making a sort of elastic 

collision. 

For nucleus with atomic mass number ȷ and neutron scattering angle ɗ, ɗs 

expressed in laboratory system and ɗc in center of mass system, ȺŬ neutron energy 
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before scattering ȺŰ neutron energy after scattering, the general formula for the elastic 

scattering in laboratory system is: 
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For energies in laboratory system and the angle ɗ considered in the center of 

mass system, the energy relation gives: 
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 If neutron energy is greater than 10 MeV, energy at which neutrons show 

their wave nature, scattering is independent of angle ɗ. Each neutron is scattered more 

than once, so in the second scattering neutrons are not mono ï energetic anymore. 

 The relation between the angles in the center of mass system is the following: 

 

ὧέί—  
΅ὧέί— ρ

ὃ ςὃὧέί— ρ
 

For very heavy nuclei (ȷ>200) both laboratory and center of mass systems coincide. 

¶ Inelastic neutron ï nucleus scattering 

During this process the neutron is instantaneously absorbed by the nucleus and 

stimulates it. The new nucleus decays partly by the emittance of a lower-energy 

neutron and then, complete decay is achieved by direct emission of one or more 

photons. The photon emission requires a minimum energy of the incident neutron, at 

least as much energy of the first excited level of the nucleus (Ⱥ1). In the laboratory 

system the minimum kinetic energy of the neutron for successful inelastic scattering is 

calculated by: 

ῴ  = 
 
 E1 

Neutrons after inelastic scattering have less energy and their direction changes 

considerably. 

¶ Non elastic scattering 

The procedure is similar to inelastic scattering, except that the exiting particle 

isnôt a neutron but usually particle alpha. The new nucleus is often stimulated and 

decays by emission of ɔ photons. Non elastic scattering is more likely at higher 

neutron energies, above 5 MeV. [10] 
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2.4.2. ABSORPTION 

In the absorption process, the neutron is captured by the nucleus. During decay 

the nucleus can emit ɔ photons, charged particles (protons, alpha particles), or cleaved 

into two or more fragments. 

¶ Absorption with ɔ emission (radioactive incorporation) 

It is the most common case of absorption, most likely for low kinetic energy 

neutrons (in the order of keV), where the contested neutron is incorporated in the 

nucleus, creating an isotope at an excited state. During the decay one or more photons 

are produced but without particle emission:  

 

n + ὢ  O ὢ  ɔ 

 

¶ Absorption with charged particle emission  

In the case of neutrons of high kinetic energy, the produced composite nucleus 

during its decay is possible to produce nucleons with frequent examples of the proton 

emission (n, p), deuterium (n, d) or alpha particle (n, Ŭ).  

 

¶ Absorption with emission of several neutrons 

For very high energy neutrons nuclear reactions can lead to emission of two 

(required energies 7 ï 10 MeV) or three neutrons (11 ï 30 MeV). In order to produce 

two neutrons, firstly an inelastic scattering of the neutron with the nucleus is 

performed, bringing the nucleus at an excited state and then, the now partially excited 

nucleus decays with emission of one more neutron. For the three neutron producing 

reaction, firstly the steps for producing two neutrons are performed, as previously 

described, leaving the nucleus in an excited state, which requires the emission of a 

third neutron to return to the non-excited state.  

 

¶ Nuclear fission 

The process of fission is likely to occur through the absorption of a neutron or 

photon of energy beyond the fission energy threshold by a target nucleus. After 

uptake of neutron or photon the nucleus transits to a non-steady state. Besides 

emitting daughter nuclei and other fragments, a large amount of energy of about 200 

MeV is released. 
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Figure 2.26: Fission process [68] 

¶ Hadron jet production 

The nuclear reaction involving neutrons with energy about 100 MeV, which 

collide with target nuclei, results in the fragmentation of nuclei, i.e. cutting into 

nucleon complexes in nuclei fragments. The most commonly produced hadrons result 

in hadron jets. [10] 

 

 

2.4.3. NEUTRON DECELERATION 

The determination of the efficiency of a nucleus for neutron deceleration, the 

parameter ɝ is used, which can estimate the mean number of elastic and isotropic 

scatterings until a neutron of initial energy ȺŬ decelerates in an energy ȺŰ by losing 

energy by a constant percentage per scattering for a particular material. The mean 

value of energy loss is: 
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The mean logarithmic energy loss is given by: 
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ɝ takes high values for light nuclei (for hydrogen ɝ = 1), while in larger mass 

numbers is approximated as follows: [18] 
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The mean value of ln Ὁ is reduced by ɝ in every impingement əŬɘ and after n 

scatterings: 

lnὉ = lnὉ  ï nɝ 

This approach gives good results for a neutron of energy of MeV, but at lower 

energies, where their speed is comparable with the thermal motions of the target 

atoms, a statistical model offers a precise description (Maxwell distribution). [14],[17] 

 

Figure 2.27: Maxwell distribution of neutron energy spectrum with distribution 

function
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2.5. ELECTROMAGNETIC SHOWERS 

A photon or electron of energy higher to a critical energy threshold Ⱥc that 

enters a material can cause cascade of secondary electrons and photons via braking 

radiation and pair production. The initial ɔ photon of energy Ⱥ0 produces an e+ e- pair, 

which can produce new photons via braking radiation if they have high enough 

energy. These new photons can produce again e+ e- pairs and particle generation stops 

when the energy falls below the critical threshold. Then, the particles lose their energy 

via ionization and excitation. The length into which the production of a new 

generation of electrons by photons and a new generation of photons by electrons 

defines the radiation length of the propagation medium ɉ0.  
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Figure 2.28: Electromagnetic shower [13] 

 

The energy deposition per unit time for an electromagnetic cascade is well described 

using the Gamma distribution: 
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¶ t = x / X0 (distance in units of  radiation length), 

¶ tmax = (Ŭ - 1) / b = lny + Cj, j = e, ɔ,  

¶ y = E/Ec (energy in units of critical energy), where Ce = - 0.5 for cascades 

caused by electrons and Cɔ =+0.5 for cascades by photons. [11],[19] 

 
 

Figure 2.29: Values of the parameter b for the energy depositions of incident electrons of 

energies 1 Ò Ⱥ0 Ò 100GeV (same for incident photons). Based on the value of b corresponding 

to each case and the system of equations, the parameter Ŭ can also be evaluated. [11] 
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2.6. HADRONIC SHOWERS 

A hadronic shower is generated via the strong interaction of a hadron with the 

nuclei of the atoms of the material, when the hadron incidents having high energy. At 

first interaction about half of the energy of the hadron is transferred to secondary 

particles. During the interactions between nuclei, more than one nucleons participate, 

resulting in predominantly charged or not pions (ˊ+,ˊ-,ˊ0), in a ratio of about 2:1, 

followed in importance by nucleons (p,n), strange mesons and baryons (kaons, ȿ0 

etc), and photons. The pions have high energies and almost parallel direction to the 

incident particle. For energies below a certain threshold neutral pions decay into two ɔ 

rays (́ 0 ᴼ ɔ + ɔ), which generate electromagnetic showers. Charged pions have larger 

decay length and they can be disrupted or interact. If they interact, they produce 2/3 

charged pions and 1/3 neutral pions. For very high energies and large decay length 

they can only interact due to time expansion, while the low-energy pions decay into 

muons and muon neutrinos (́+  Oɛ+ + ɜɛ əŬɘ ˊ-  Oɛ- + ’ ).  

The energy remaining in a secondary nucleon interacts after traveling the 

mean interaction length, resulting in the production of secondary mesons. Some 

secondary mesons after their interaction generate additional showers. The process of 

shower production continues until the point at which the hadron energy becomes 

lower than the energy threshold. [16],[19] 

 

 

2.7. MUON ENERGY LOSS AT HIGH ENERGIES 

At high energies, the radiation phenomena tend to become greater than the 

ionization of all charged particles. So, these phenomena are the dominant way for 

energy loss of energetic muons that exist in cosmic rays or produced by accelerators, 

having critical energy of hundreds GeV. Such processes are characterized by small 

cross sections, large energy fluctuations and are related to the creation of cascades. 

The average rate of muon energy loss can be described by the relation: 

 ( ) ( )
dE

E E b E
dx

a- = + Ö  

where Ŭ(Ⱥ) is the energy loss duo to ionization as given by the Bethe ï Bloch 

equation for charged particles and b(Ⱥ) is the sum of the contributions from the e+ e- 

pair production, the braking radiation and photonuclear procedures. Considering that 

these slowly changing functions are stable, the mean range x0 for a muon of initial 

energy Ⱥ0 is given as: 
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where Eɛc = Ŭ(Eɛc) / b(Eɛc) expresses the energy at which the loss due to radiation 

phenomena and ionization is the same. [11] 

 

Figure 2.30: Contributions in fractional muon energy loss from the various energy 

loss phenomena. [11] 
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3. THE LARGE HADRON COLLIDER  

 

The LHC (Large Hadron Collider) is the world's largest and most powerful 

particle accelerator and the most complex technological achievement in the field of 

High Energy Physics and Accelerator technology. The accelerator is located inside a 

circular underground tunnel having a perimeter of 26.7 km and a depth of 50 - 175 m 

at frenchswiss borders. This tunnel with a diameter of 3.8 m was constructed between 

1984-1989 to host the large electron positron accelerator (Large Electron Positron 

Collider - LEP), which was in operation until 2000. [21],[53] 

 

 
Figure 3.1: The LHC tunnel [21] 

 

3.1. LUMINOSITY 

The number of collisions is given by the equation  = L [cm-2s-1]ů[cm2], 

where L is the luminosity and ů the cross-section. Luminosity is considered to be one 

of the most important parameters of an accelerator, giving the number of collisions 

that can be produced in a detector per cm2 and per second. The total cross-section for 

the proton - proton collision at 7 TeV is 110 mbarn. The absolute luminocity depends 

on the parameters of the beam and is given by the following equation: 

 

L = 
 

 

fr the rotational frequency in the LHC, nb the number of packets in the interaction 

point (IP), n1 and n2 the number of particles each of the two crossing ópacketsô 

contains,  ÁÎÄ   is the size of the beam at the interaction point horizontally and 

vertically. The LHC luminosity does not remain constant during the experiment, but is 

reduced due to the attenuation of the intensity by beam collisions. At the designed 

operation of the LHC, the luminosity is about L = 1034 cm-2s-1. [21],[23] 
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3.2. THE LHC COMPLEX AND PROTON ACCELERATION 

The electron - positron accelerators are suitable for strict controls and precise 

measurements but can not respond to the actions required at the LHC due to the 

electromagnetic radiation produced when charged particles are accelerated 

perpendicular to the axis (synchrotron radiation), as in the case of particle 

accelerators. The hadronic accelerators offer various advantages over the electron 

accelerators such as the ability to conduct studies on a wide range of energy without 

the necessary fine-tuning. The hadronic conflicts are the only way to study parton - 

parton collisions (including gluon - gluon collisions). The nominal LHC energies can 

achieve the desired values of cross sections of new natural processes.  

 One of the main goals of the LHC is to accelerate protons and heavy ions. 

Before entering the LHC ring the beam particles gradually accelerated so as to finally 

obtain the appropriate energy. Initially protons from hydrogen atoms that have been 

'stripped' from their electrons by an electric field application are entering a linear 

accelerator, the LINAC2, from which protons are extracted with energy of 50 MeV. 

These protons are directed to the Proton Synchrotron Booster (PSB) where they are 

accelerated to 1.4 GeV and then they are introduced into the Proton Synchrotron (PS) 

at which they reach 26 GeV. Finally, they get into the Super Proton Synchrotron 

(SPS) where they acquire energy of 450 GeV and they end up at the LHC, reaching 

the maximum energy of 7 TeV per bunch. The required filling time of the accelerator 

with proton bunches is about 4 minutes and 20 sec, while the time needed to reach the 

final energy of 7 TeV is 20 min. The bunches are circulated for 10 hours. 

The program of the LHC for short periods each year include collisions of 

heavy ions (lead - Pb) to study plasma quark - gluons. Lead ions are accelerated by 

the linear accelerator LINAC3 and fed into LEIR (Low Energy Ion Ring) that stores 

and cools the ions. [7],[21] 
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 Figure 3.2: The full LHC acceleration complex with the four big experiments. [21] 

 

3.3. LHC P ï P COLLISIONS 

The LHC produces collisions by crossing two proton beams moving in 

opposite directions within the ring at four intersection points. The beams are not 

continuous but are moving into bunches so that interactions between the two beams 

occur at discrete time intervals. Each beam includes 2808 bunches and each bunch 

1.15x1011 protons. Between each consecutive bunch there will be 7.48 m, resulting in: 

26659 / 7.48å3550 bunches into the total circumference. 

It is necessary to be enough space to get a correct sequence of bunches inected 

into the ring and to be able to insert new bunches when non ï useful ones are 

extracted. 

 The total energy of the collision is of the order of 14 TeV. In this energy 

protons will move at 0.999999991c = 299792455 m/s speed, so a proton will take 90 

ms to traverse the full perimeter of the accelerator. Each bunch will go around 

299792455/26659 = 11245 laps/s, so during the 20 minutes needed to reach the final 

energy 11245 Ͻ 20 Ͻ 60 Ͻ 26.7 = 3.6 Ͻ108 km. The time between bunches (bunch spacing 

ï BC) is: 

t = distance / velocity = 7.48/299792455 = 24.95 ns. 
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Thus, the interactions between the bunches occur with a time difference of 

more than 25 ns. Each bunch gets squeezed down using magnetic lenses to 16x16 ɛm 

section at an interaction point (IP), where collisions take place. The probability of one 

particular proton in a bunch hitting a particular proton in the other bunch depends on 

the rate of the proton size (d2 with då 1 fm) and the cross sectional size of the bunch 

(ů2 with ů = 16 microns) in the IP. Then: 

Probability = (dproton)
2 / ů2 ᵼ 

Probability = (10-15)2 / (16*10-6)2  å 4*10-21 

 

Therefore, if N is the number of protons per bunch, the number of interactions will be: 

Probability Ͻ N2 = (4 Ͻ 10-21) Ͻ ( 1.15x1011)2  å 50 interactions per crossing. 

But ust a fraction of these interactions are inelastic scatterings that give rise to 

particles at sufficient high angles with respect to the beam axis. The total p ï p cross 

section is approximately 110 mbarns, counting the contributions from: 

inelastic = 60 mbarn 

single diffractive = 12 mbarn 

elastic = 40 mbarn 

 

Inelastic event rate at nominal luminosity is: 

Nevent/sec = L  Ͻ  ůevent ᵼ 

1034   Ͻ [(60 Ͻ 10-3) Ͻ 10-24]= 600 million/s 

 

With 11245 crosses per second: 

11245 Ͻ   2808 = 31.6 millions crosses, the average crossing rate. 

 

and so: 

600 / 31.6 å 20 inelastic events per crossing, therefore, 20 effective collisions 

per crossing. Most of the protons that didnôt collide are moving forward. Considering 

3550 bunches: 

11245  Ͻ  3550 = 40 million crosses ᵼ 40 MHz. 

In every bunch passing, some of the protons collide at very high energies, 

giving primary vertices. At maximum luminosity more than 20 primary vertices are 

expected (pileup vertices). From these primary vertices secondary vertices are created 

and so on. The less energetic primary vertices are not taken into account. [54],[55],[56] 
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Figure 3.3: The larger is the crossing angle ɗc, the smaller is the area of overlap and 

therefore the possibility of collision is smaller. While ůz is constant over the machine (~7.5 

cm), ůx varies and assumes its minimum in the Interaction Points. [54] 

 

 

3.4.  RF CAVITIES 

A radiofrequency (RF) cavity is a metallic chamber that contains an 

electromagnetic field. Its primary purpose is to accelerate charged particles. RF 

cavities can be structured like beads on a string, where the beads are the cavities and 

the string is the beam pipe of a particle accelerator, through which particles travel in a 

vacuum. 

To prepare an RF cavity to accelerate particles, an RF power generator 

supplies an electromagnetic field. The RF cavity is molded to a specific size and 

shape so that electromagnetic waves become resonant and build up inside the cavity. 

Charged particles passing through the cavity feel the overall force and direction of the 

resulting electromagnetic field, which transfers energy to push them forwards along 

the accelerator. 

The field in an RF cavity is made to oscillate (switch direction) at a given 

frequency, so timing the arrival of particles is important. On the Large Hadron 

Collider (LHC), each RF cavity is tuned to oscillate at 400 MHz. [69] 

 

 
Figure 3.4: RF cavities [66] 
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3.5. MAGNETS 

The LHC consists of sophisticated superconducting magnets. 

Superconductivity is defined as the property of certain materials to conduct electricity 

with almost no resistance, when in the environment of very low temperature of about 

1.9 K. Thus, it becomes possible to pass large amount of current through 

superconducting wires of relatively small diameter. The basic structural element of 

the accelerator is the magnetic dipole. Between the poles a toroidal vacuum tube of 

the dipole containing the bundle is placed. The poles are inclined to each other to 

reduce the generated field with increasing radius. A series of plates in order to 

minimize convection composes the electromagnet iron core. Furthermore, a hysteresis 

loop is required to reduce losses. The required magnetic field is generated by the 

passage of the core magnetic flux through the gap of the poles. The gap in the iron 

core is required to compensate the different thermal shrinkage of core and coils during 

cooling from room temperature to 1.9 K. Each dipole magnet weighs about 35 tons. 

We distinguish two crossings of vacuum tubes of the accelerated particles and 

coils lines of each at the following image. They are surrounded by iron as it is a 

suitable magnetic flux crossing material to assist in maintaining the forces in the 

conductors When the coils are oozed by a large amount of power they must be kept 

under pressure to prevent movement and deformation. 

 

 
Figure 3.5: Superconducting dipole magnet. The diameter of each coil is 50 mm and the 

distance of the particle tubingsô shafts is180 mm. Each coil is consisted of cells that are oozed by 

current with growing density. [7] 

 

 

Another basic element of the LHC is the superconducting magnetic 

quadrupoles, which show a similar construction to that of the dipoles. A quadrupole 

magnet acts as a condenser lens in a plane and as decentralized in the other. The two 

coils of quadrupole share the same core, but its dimensions, as well as developing 
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forces, are smaller. Unlike magnetic dipoles, the coils of quadrupole are oozed by 

current of variable frequence. The length of the magnetic quadrupole is about twice 

the length of the dipole magnet because it contains additionally supplementary and 

magnets of higher polarity (six and eight poles). 
 

 
Figure 3.6: Superconducting quadrupole [67] 

 

The system consists of 9593 magnets. 1232 dipole magnets coerces the 

bundles in a circular orbit and 392 quadrupole magnets ensure that the beams are 

centralized, increasing the likelihood of particle interaction of the two beams. The 

acceleration of the beams is controlled by radio frequency cavities (RF cavities) to 

400 MHz. Magnets consisting of niobium-titanium coils (Nb - Ti) giving fields as 

8.33 T with current 12 kA. [7],[23] 

 

 

3.6. CRYOGENIC SYSTEM 

The existence of a cooling system for maintaining the magnets in the operating 

temperature of 1.9 K is required. For this purpose five cryogenic islets for cooling the 

magnets and the linking pipes are manufactured. Cooling is performed using super-

fluid helium because of its high thermal conductivity, making the LHC the largest 

cryogenic system in the world. Totally 120 tons of helium are used, of which 90 

tonnes are for magnet cooling and the restof it serves pipe and cryogenic islands 

cooling. 

Cooling is accomplished in three stages. Initially helium (He) is passed to the 

cooling stations, wherein by channelling 10000 tons of liquid nitrogen its temperature 

is reduced at 80 K. Thereafter, the helium temperature reaches 4.5K in the cooling 

stations. 140kW of cooling power is transferred to the ring. At this temperature the 

helium supplied to the magnets. Finally, the cooling system drops the helium 

temperature of 1.9 K as desired. [7] 
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3.7. SUPERCONDUCTING CABLES 

The cables consist of 36 strands of superconducting wire, each strand with a 

diameter of 0.825 mm, and consists of 6300 superconducting filaments made of 

niobium - titanium alloy (NbTi). Each of the filaments is 0.006 mm thick and has a 

thin high-purity copper layer around it. In the superconducting state copper behaves 

as an insulating material (below -263o C), while at non-superconducting state 

functions as a conductor. Superconducting cables weight 1200 tonnes at a total length 

of 7600 km. The current flowing through the wires of the dipole magnets is 11700 A. 

[7] 

 

 

Figure 3.7: Superconducting cables [7] 

         

Figure 3.8: Strands (left) and filaments (right). [7] 

 

 

3.7. LHC EXPERIMENTS 

At the meeting points of the beams four detectors are placed. ATLAS (A 

Toroidal LHC ApparatuS) and CMS (Compact Muon Solenoid) are general purpose 

detectors designed for a wide range of natural studies, including studies of the 

Standard Model and the new physics. Both aim at achieving maximum luminosity of 

L = 1034 cm-2s-1 for proton ï proton collisions. The ATLAS experiment will be 

discussed below. The CMS comprises a detector of 12000 tons based on a big high 

field superconducting magnet. The ALICE experiment (A Large Ion Collider 

Experiment) specializes in heavy-ion physics and the study of plasma properties of 

quark - gluons, which is estimated that existed in the primordial universe, and aims to 
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provide answers in open questions of quantum chromodynamics. The LHCb 

experiment focuses on the properties of b - quarks and measurements for the violation 

of CP symmetry. The degree of violation of CP symmetry can not explain the amount 

of matter in the universe and the source of answers considered to be the study of the 

possible decay modes of B and D mesons. [7]
 

 

 

Figure 3.9: Schematic representation of the underground path of the LHC, with an average 

depth of approximately 100m, with the respective positions of the four experiments. [2] 
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4. THE ATLAS  EXPERIMENT AT THE LHC  

The ATLAS detector is the largest detecting apparatus of the LHC program. 

Its goal is to take measurements on the type, the orbits and energies of particles 

produced in the collisions. Because the conditions in the LHC, the detectors should 

have fast and radiation-resistant electronics, satisfactory resolution in momentum of 

charged particles and efficient track reconstruction, a calorimeter capable of 

recognizing and measure of photons and electrons, accompanied by a hadronic 

calorimeter of full coverage, a muon system effective in momentum recognition in a 

wide range and the ability of accurate identification of muon charge, very efficient 

triggering a sufficient background deduction and wide acceptability in pseudorapidity 

of  almost full azimuthal angular coverage. The pseudorapidity is a spatial coordinate 

that describes the angle between the vector of the momentum of a particle with the 

beam axis, defined as:  

ɖ= - ln[tan(2ɗ)]  

where ɗ the angle between the particle momentum p and the beam axis. [2],[7],[21] 

 
Figure 4.1: Pseudorapidity as a function of the angle ɗ. [7] 

The ATLAS detector is cylindrical, consisting of concentric cylinders with 

increasing radius, 46 m long, 25 m high and weighs 7000 tons.[24]It is lengthwise 

symmetrical to the interaction Point (IP). The basic distinction can be made between 

the cylindrical (barrel) region, where the individual structures form cylindrical layers, 

and in the area where the detectors form circular discs (end - cap region). The 

experimental design allows the observation of phenomena associated with massive 

particles that could not be observed at lower energies. [2],[7] 
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Figure 4.2: The ATLAS cavern [25] with dimensions 35 x 55 x 40 m [58] 

 

 The beams of protons produced at the LHC interact in the center of the 

detector, allowing the possible production of particles. Any form the resulting 

physical processes or particles have, ATLAS is able to detect them, and therefore is 

characterized as a general purpose detecting system. The high energy of the LHC and 

the increased number of collisions makes the maintenance of mechanical parts in high 

radiation areas particularly difficult. [2] 

 

 
Figure 4.3: The ATLAS experiment. The different parts of the detector are noted. [21] 
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Figure 4.4: ATLAS cross section showing particle paths in each detecting layer. [64] 

 

4.1. COORDINATION SYSTEM 

 

Figure 4.5: The ATLAS right handed coordination system with z in beam direction. [2] 

 

Each measured quantity into the detector is based on this coordinate system: [2] 

¶ The ATLAS coordinate system is right-handed. 

¶ The interaction point (IP) is at the beginning of the coordinate system. 

¶ The z axis is collinear to the beam. 

¶ The x axis points towards the center of the LHC. 

¶ The y-axis points upwards. 

¶ The xy plane (transverse) is perpendicular to the direction of the beam. 

¶ The A/C side of the detector is the side with positive/negative z respectively. 

¶ r is the radial distance to the beam axis. 

¶ ű is the azimuthal angle. 

¶ ɗ is the polar angle. 
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¶ Rapidity is defined as y =  ln ( 
  

 
 ), where Ⱥ and ὴ is the energy and 

momentum along the z axis.  

¶ In the limit in which the particle is moving near the speed of light, or its mass 

is almost zero, the pseudorapidity is numerically close to rapidity. 

Pseudorapidity together with the angle ű determine each position into the 

detector. 

¶ The ȹR distance on the ɖű plane is defined as ȹR = ῳ– ῳ• , where ɖ and 

ű are Pseudorapidity and azimuthal angle respectively. 

 

 

4.2. THE BEAMLINE VACUUM SYSTEM 

The beam vacuum system represents the main interface between the ATLAS 

experiment and the LHC machine. The beampipe in the inner detector region, made of 

beryllium, runs from the interaction region to about z = Ñ 355 cm. The wall of this 

beampipe is 0.8 mm thick, and its inner radius is about 29 mm. At z = Ñ 355 cm, there 

is a short 10 cm long aluminum section. The beampipe material then changes to 

stainless steel. It remains to the previous dimensions until z = Ñ 1046.5 cm, where it 

flares to an inner radius of 40 mm and thickness of 1 mm by z = Ñ 1050.7 cm.  At z = 

Ñ 1434.2 cm, there is a second flare and the beampipe expands to an inner radius of 

60 mm (thickness 1.5 mm), by z = Ñ 1441.6 cm. The pipe stays this dimension until it 

nears the front of the TAS absorber, which will be described later, at z = Ñ 1865 cm. 

To pass through the small hole in the TAS collimator, by z = Ñ 1888 cm the beampipe 

reduces to an inner radius of 17 mm, with a wall thickness of 13 mm, and makes a 

transition to copper, which is roughly the same material as the TAS collimator itself. 
[48] 

 

4.3. THE INNER DETECTOR ï ID 

The Inner Detector of 2.1 m diameter and 6.2 m length, is located in the 

innermost part of the ATLAS enclosing the beam line a few centimeters away from 

the axis. Its pseudorapidity occupies the range ȿ–ȿ  2.5. Primarily it is required to 

recognize the kind of particle and the momentum by detecting the interaction with the 

material at various points, imprinting the pattern of charged particles passing 

therethrough. The Inner Detector is surrounded by a semi-conducting magnet that 

causes a magnetic field of 2T in the center of the detector, which curves the trajectory 

of passing particles, revealing the charge depending on the orientation of the 

curvature and the momentum by the degree of curvature, and information on the type 

of particle from the starting point of the track. The Inner Detector systems are mainly 

based on silicon microstrip detectors. 

 Three different technologies constitute the Inner Detector given the different 

particle flow in increasing radii: The Pixel Detector, the Semiconducting Tracker and 

the Transition Radiation Tracker. These detectors provide accurate measurements of 
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the trajectories; the Pixel detector detects the peaks of the track and the SCT provides 

accurate measurement of momentum, which results in the provision of track reference 

points (3 and 4 points respectively). The TRT provides a large number of track points 

with high accuracy, thereby enhancing pattern recognition and also detects transition 

radiation photons contributing to particle identification. 

 Finally, the collisions recorded in the individual segments are combined to 

reconstruct the path of the charged particles, which is limited by the finite resolution 

of the detector, the relative positions of detector elements and the presence of the 

magnetic field and other uncertain contributions. [2],[21],[57] 

 
Figure 4.6: The ATLAS Inner Detector with the three subdetectors:  

the Pixel detector, the Semiconductor tracker and the Transition radiation tracker. [2] 

 

 
 

Figure 4.7: Left: The Inner Detector assembly and Right: a representation with the dimensions of 

the subdetectors. [31] 
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4.3.1. THE PIXEL DETECTOR 

The inner part of the Inner Detector to the beam axis is the Pixel detector, 

which consists of three identical concentric layers of radii 5.1, 8.9 and 12.3 cm 

respectively, and plates of azimuthal angle 20ɞ. Each layer has 22, 38 and 52 plates 

from the inside to the outside and each consists of 13 pixel units. Each unit has 16 

front - end readout chips (FE) and a unit control chip (MCC). Each front - end chip 

contains 160 rows and 18 columns of pixels, in total 2880 pixels per front - end chip 

and 46080 pixels per detector unit. 

 Additionally, the Pixel detector consists of three discs at each end - cap and 

each disc is divided into 8 sections and 6 units per section. Each unit is identical to the 

cylinder units except from the connecting cables. 

 In total there are 1744 detectors units with an area of 2x6 cm2 each and 80 

million channels.  The dense presence of particles requires good resolution of the 

silicon pixel detectors of 250 ɛm thickness, which are the possible unit that can be 

read having size of 50x400 ɛm2 on the Rű ï z plane, with different circuits and 

electronics each, providing occupancy of 10-4 per pixel and per beam.  

 Each particle that crosses the Pixel detector generates electron - hole pairs that 

slide towards the readout electrode and if the collected charge exceeds a certain 

threshold, it can be recorded. The resolution is 10 ɛm on the Rű plane and 115 ɛm in 

z coordinate. The front ï end chips are an important energy source of 0.8 W/cm2 

consuming in the whole detector volume about 15 kW. This heat is removed through 

integrated cooling channels. The Pixel detector operates at -5Á C to -10o C to reduce 

the wear due to radiation. The requirements for radiation control are more strict 

because of the proximity to the interaction point. [2],[21],[31] 

 

 
 

Figure 4.8: The Pixel detector [31] 
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4.3.2. THE SEMICONDUCTING TRACKER ï SCT 

The intermediate subdetector system which surrounds the Pixel detector is a 

silicon strip detector, of size 64.0x63.6 mm and 285 mm thick, which provides high 

quality track detection at a lower cost compared to the silicon pixels and can follow 

the traces of the vertical particle trajectories to the beam in a larger area. Its 

pseudorapidity covers the regions ȿ–ȿ  1.1 ï 1.4 (29.9-51 cm) and 1.1 - 1.4 ȿ–ȿ

 2.5 until 56 cm. It has a similar structure and function to the detector Pixel, and 

similar requirements on the radiation hardness.  

In the present, the pixels are replaced by strip detectors of small thickness 

resulting in easy coverage of a large area. The STC consists of 4088 units of silicon 

strip detectors in 4 concentric double layer cylinders (2112 units) and two end - caps 

with nine disks each and 988 units per end - cap. The barrel units have an uniform 

design, with the strips in an almost parallel direction to the beam axis and the 

magnetic field, and each unit consists of four rectangular silicon strip sensors, 

connected in pairs to each side. A second pair of identical sensors is adhered to the 

previous disposed at a small angle to the z axis (solid angle of 40 mrad) to improve 

the spatial resolution capability at the z axis. 

Essentially eight measurements (four spatial points) are provided for particles 

produced in the beam interaction region. The expected resolution is 17 ɛm on the rű 

plane and 580 ɛm at z coordinate. The resulting data are read by 6.2 million readout 

channels in a total area of 61 m2.  

 Each of the end - cap disks consist of not more than 3 unit rings with 

trapezoidal sensors, that may have five different sizes due to more complex geometry. 

The direction of the strips is axial, as in the cylinder, attached to angle 40 mrad. 
[2],[21],[31],[38] 

 

 

4.3.3. THE TRANSITION RADIATION TRACKER ï TRT 

The transition radiation tracker is the outermost part of the Inner Detector. It 

uses thin polyimide drift chambers, 4 mm diameter and a length up to 144 cm, to 

provide about 36 additional measurements per track. This size is the compromise 

between speed of response and mechanical stability. Besides trajectory determination, 

particle identification (PID) is also possible, as mentioned above. The TRT consists of 

a barrel with three layers of 32 units each, with chambers arranged parallel to the 

beam axis (52,444 in total), occupying radii of 56 - 107 cm and ȿᾀȿ  72 cm, in 

pseudorapidity range of ȿ–ȿ  0.7. It also has two symmetrical end - caps, with 

159,744 rooms in each, divided into 18 units (wheels) for 224 chamber layers. It 

occupies radii 63- 103 cm and 83< ȿᾀȿ  340 cm, in pseudorapidity region of 0.7< 

ȿ–ȿ  2.5. Each chamber behaves as a cathode and is under high negative polarity 

voltage with the anode grounded. In total, TRT includes 371 932 chambers. 
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The spatial resolution is about 130 ɛm, since larger coverage ability and 

transition radiation detection are necessary. In the center of the chamber a cable of 

diameter 30 ɛm is mounted. The chambers contain gas mixture of 70% Xe, 27% CO2, 

3% O2, which is ionized when a charged particle is passing by. As a result, free 

electrons are produced which slide towards the anode wire, the signals from all the 

wires are collected and then they are amplified. The TRT can operate at room 

temperature. 

 Between the chambers materials having different refractive indices are 

inserted, causing the hyper - relativistic particles to emit transition radiation during 

their passage from the different media, resulting in very strong signals on the cables. 

The typical photon transition radiation energy deposited in TRT is 8 - 10 keV, while 

smaller particles that cause ionization, as pions, deposit 2 keV. The electron 

identification parameter is the number of local energy depositions above a given 

threshold. [2],[21],[31]
 

 

       
Figure 4.9: Left: The TRT barrel section. Right: end ï caps. [33] 

 

 
Figure 4.10: TRT and SCT end ï caps [33] 

 

 Possible geometric disturbances of active detector elements and improper 

alignment can disturb the resolution of the reconstructed track. For this reason, 

various alignment algorithms have been developed based on the track to optimize the 

reconstruction performance of the Inner Detector. 
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4.4. CALORIMETERS 

The calorimeters play a crucial role in the new physics discovery at the LHC, 

as they measure significant quantities to this direction, such as the reconstruction of 

the Higgs mass in the ɔɔ channel and the observation of significant loss of transverse 

energy derived from non-interacting supersymmetric particles. 

The ATLAS Calorimeter consists of an electromagnetic and a hadronic 

calorimeter and is located outside the solenoid magnet, between the Inner Detector 

and the Muon Spectrometer. The calorimeters are required to measure the energy and 

position of electrons and photons by sampling the deposited energy (10 GeV ï 1 

TeV), recognize particles, calculate the missing transverse momentum of an event, as 

well as the energy and direction of jets, and they further contribute to the choice of 

events to trigger level. At the LHC design luminosity (1034 cm-2s-1) multiple collisions 

will occur in every single bunch crossing (BC) every 25 ns, giving rise to the time and 

space "pileup". So, the calorimeters must be characterized by fast detection response, 

above 50 ns and detailed granularity. The radiation resistance is a prequisite, given the 

expected large particle flow in long-term operation. [2],[21],[31], [57] 

 
Figure 4.11: The calorimeter system estimates the energy and position of particles by 

sampling the deposited energy. [2] 
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    Figure 4.12: Left: The calorimeter integrated into the ATLAS detector. The toroid coils 

surrounding the calorimeters are also visible. [21] Right: EM ñaccordionòcalorimeter. [31] 

 

 

4.4.1. THE ELECTROMAGNETIC CALORIMETER ï ECAL 

The role of EM calorimeter is to absorb energy from particles that interact 

electromagnetically therewith, i.e., charged particles and photons. The pseudorapidity 

region that covers is |ɖ| < 3.2. The ECAL is a liquid argon detector (Lar), wherein the 

absorbing material is lead (Pb) and the active material is liquid argon. Lead causes 

particle cascades, so the particles interact with the liquid argon resulting in electron 

ionization. These electrons can be collected from Kapton accordion shaped electrodes, 

which provide full coverage at angle ű without azimuthal gaps.  

The density of the ECAL is often measured in units of the radiation length ɉ0. 

It consists of a barrel (22 X0), separated into three parts with different granularity and 

two end - caps (26 X0). The closest part to the beam (5 X0) provides accurate 

measurements on the position of the particles and the deposited energy due to 

electromagnetic interaction with the material. The intermediate part has the greater 

granularity and absorbs the majority of the particles. The end - caps are composed of 

1024 steel absorbers lined with lead with equal number of electrodes each. The barrel 

of the ECAL uses the same cryogenic system with magnets, in contrast with to the 

end ï caps, which have their own. [2],[31],[37] 

 

4.4.2. THE HADRONIC CALORIMETER ï HCAL 

The hadronic calorimeter absorbs energy from particles passing through the 

ECAL but not interacting via the strong force (mainly hadrons). It consists of a barrel 

and multiple end ï caps, and is separated into two parts of independent technologies, 

the Tile Calorimeter (|ɖ| < 1.7), which is placed outside the ECAL barrel, and the 

Liquid Argon Hadronic Endcap Calorimeter (LArHEC) (1.5 <|ɖ|< 3.2), placed behind 

the ECAL end ï caps. 

The TileCal operates as a sampler of the deposited energy and uses plastic 

scintillator plates as active material, which generates signals to the photomultipliers.  
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The absorbent material is steel. It consists of three barrel parts, the central of |ɖ| < 1 

and two external of 0.8 < |ɖ| <  1.7. 

 The LArHEC uses LAr as active material, and copper (Cu) as an absorber. 

Each end - cap consists of two wheels, each of which has 32 identical subsystems. 

 Generally, the hadronic calorimeter is less expensive compared with the 

ECAL, regarding the positioning of the passing particles and the energy 

measurement.[2],[21] 

  

 
Figure 4.13: TileCal Hadronic Calorimeter [65] 

 

 

2.4.3. THE FORWARD CALORIMETER ï FCAL 

The pseudorapidity region covered by the FCAL is 3.1 < |ɖ| < 4.9 and it is 

separated into three parts. The first is made of copper and is used for electromagnetic 

calorimetry, while the other two parts are made of tungsten (W) in order to measure 

the energy of hadronic interactions. [2],[31] 

 

 
Figure 4.14: Schematic diagram illustrating the three sections of FCal. [31] 
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4.5. THE MUON SPECTROMETER 

The high-energy muons presume interesting physical processes. They appear 

in standard model measurements at Z0 and W- bosons, as well as in studies of the 

Higgs boson, especially at W+W- and Ȼ0Ȼ0 decays. Their role is also crucial in the 

study of supersymmetry. [26] 

The muon spectrometer is the outermost part of ATLAS, designed to measure 

accurately the momentum of muons, which penetrate the previous parts of the 

detector, hence the large size. It extends from a radius of 4.25 m around the 

Calorimeter to the outer part of the detector radius (11 m). The muon trajectory is 

artificially curved so as to measure their momentum with a different arrangement of 

the magnetic field, slightly reduced accuracy in position measurements and larger 

volume coverage. Muon momentum can be measured by determining three points in 

space, and of course, the larger the momentum of a muon, the smaller the curvature of 

the track by the magnetic field will be. The spectrometer also provides independent 

muon trigger.  

Four different technologies constitute the spectrometer, specifically two 

subdetectors, the Monitored Drift Tubes - MDT and the Cathode Strip Chambers - 

CSC, and two triggering technologies, the Resistive Plate Chambers - RPC and the 

Thin Gap Chambers - TGC, and toroidal magnets in the barrel and the end - caps. 

The spectrometer consists of a barrel, which covers a pseudorapidity range of 

|ɖ| <  1.05 and two end ï caps of 1.05 < |ɖ| < 2.7. In the barrel, the chambers (MDTs) 

are placed in three concentric cylindrical layers (channels), in radii of 5 m, 7.5 m and 

10 m with respect to the z axis, with the two outer layers additionally contain RPCs. 

In the end - caps the chambers are placed on four disks arranged at 7m distance, 10 m, 

14 m, and 21.5 m, with respect to the IP. In the three outer layers MDTs are used, 

while in the inner section CSCs replace the previous. For triggering TGCs are used 

instead of RPCs. [2],[21],[31],[57]
 

 

 
Figure 4.15: The muon spectrometer aimes at identifying, measuring and triggering of 

muons including four technologies (MDTs, CSCs, RPCs and TGCs). [21] 
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Each detector station has an error of about 35ɛm. The parameters of the four 

technologies are given in the following table: 

 

   Chamber resolution (RMS) hits / muon 

Type Function Coverage z/R ű time barrel  endcap 

MDT tracking |ɖ| < 2.7 35ɛm (z) - - 20 20 

CSC tracking 2.0 < |ɖ| < 2.7 40ɛm (R) 5mm 7ns - 4 

RPC trigger |ɖ| < 1.05 10mm (z) 10mm 1.5ns 6 - 

TGC trigger 1.05 < |ɖ| < 2.7 2-6mm (R) 3-7mm 4ns - 9 

 

Table 4.1: The spatial resolution (columns 4 and 5) does not include uncertainties of the 

alignment of the chambers. The temporal resolution (column 6) does not include contributions 

from the transmission of signals and the electronics. [26] 

 

 

 

A good practical approximation for the determination of a 

muon trajectory is using sagitta. The maximum deviation of a 

circle from the line is defined as sagitta, and its accuracy increases 

when the distance L of the outer measurements also grows. The 

relation that links sagitta with the transverse muon momentum pT 

into a magnetic field of magnetic strength B is as follows: 

 

                                                pT = 
 
                                                  

Figure 4.16: Sagitta(s)  to 

three points  measurement.[26] 

                                                                                                               
As regarding the end ï caps, the momentum measurement is slightly different as 

there is no magnetic field between internal and external stations, so the track is not 

curved. Conversely, the direction between the interaction point and the measurement 

of the inner layer is compared with the direction of the measurements in the middle 

and the outer layer. 

To enable reconstruction, the spectrometer is constructed so that each muon of |ɖ| 

< 2.7 will cross at least three detection stations, except maybe some areas. When a 

particle crosses only two stations, the ID is taken as the third measurement and the 

momentum is determined by the difference between the angles regarding to the IP. [26] 
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Figure 4.17: Side view of a quarter of the ATLAS muon Spectrometer on z ï y plane for angle ű = ́ /2. 

The stations (inner, middle, outer) are noted as BI, BM, BO respectively for the barrel and EI, EM, EO 

for the endcap. With different colors the different chambers are indicated: Endcap MDT (blue), CSC 

(yellow), barrel MDT (green), RPC (white) and TGC (magenta). [21] 

 

 

Three different regimes can be identified: 

¶ pT < 30 GeV, for low momenta, the resolution is defined by the fluctuations of the 

energy loss in the calorimeter; 

¶ 30 < pT < 200 GeV, for intermediate momenta, the resolution is dominated by 

multiple scattering; 

¶ pT > 200 GeV, for high momenta, the resolution is determined by the intrinsic MDT 

tube resolution and the alignment of the chambers. 

 

4.5.1. THE MONITORED DRIFT TUBES ï MDTS 

The MDTs are 3cm diameter aluminum tubes, of 0.4 mm wall thickness and 

0.9 m - 6.2 m length and contain Ar 93% and CO2 7% in absolute pressure of 3 bar. 

They cover almost the entire pseudorapidity range of |ɖ| < 2.7 except for high 

pseudorapidity region where the CSC are located. They are placed vertically to the 

beam axis and each chamber comprises of two multilayers of MDT tubes, each of the 

multilayers composed of three levels (intermediate - external stations) or 4 (internal 

stations). The operating voltage is 3080V. When a muon is passing through the 

chamber, the ionized electrons are drifting towards the positive electrode and the 

positive ions are directed to the cathode. The spatial resolution of a tube is about 80 

ɛm and the overall accuracy of the level across the anode is 40 ɛm. The MDT 

detecting system consists of 1150 chambers and contains a total of 354000 drift tubes. 
[2],[21],[26] 
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Figure 4.18: Left: Cylindrical aluminum drift tube, the main detector of the MDT chambers. 

Right: Cross-section of the chamber [2] 

 

 
Figure 4.19: Schematic representation of an MDT chamber. [21] 

 

 

 

4.5.2. THE CATHODE STRIP CHAMBERS ï CSCS 

The CSCs are multiwire proportional chambers that occupy a high 

pseudorapidity region of 2.0 < |ɖ| < 2.7. They are separated to the angle ű into two 

wheels of eight chambers each. They contain gas mixture of Ar 80% and 20% CO2 

under atmospheric pressure. The accuracy of the coordinates of a passing muon is 

achieved by measuring the induced charge in the segmented cathode strips by the 

formed avalanche in the anode wire. Each passing muon gives four independent 

measurements for both ɖ (resolution of 60 ɛm) as well as for ű (resolution of 5 mm). 

The anode wires are oriented towards the radial direction while the cathode strips are 

placed orthogonally to the anode wires. [2],[21],[26] 
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Figure 4.20: Left: Internal CSC structure. [45] Right: Structural CSC diagram showing anode 

and cathode wires and strips. The spacing of the cables S and anode - cathode distance d is 

2.54 mm. [26] 

 

 

4.5.3. THE RESISTIVE PLATE CHAMBERS ï RPCS 

Like MDTs, RPCs are placed on three concentric layers around the beam axis 

between the eight coils of the toroidal magnets, consisting of two parallel planes 

which are spaced 2 mm, enclosing a gas mixture of C2H2F4 (94.7%), iC4H10 (5%), SF6 

(0.3%). In nominal operation a uniform electric field is flowing through the volume of 

the chambers, allowing time resolution of 1.5 ns. The readout strips have a typical 

width of 30 mm and are divided into two planes, orthogonal to each other, for 

measurements of ɖ and ű. The measure of the ű component has a spatial resolution of 

10 mm is of particular importance that the MDT chambers cannot measure this 

component. The trigger can choose high momentum muons, with thresholds ranging 

from 9 to 35 GeV. The internal RPC undertakes triggers of lower momentum with 

thresholds that vary from 6 to 9 GeV. A muon RPC provides six measurements. [2],[21] 

 

 

4.5.4. THIN GAP CHAMBERS ïTGCS 

The TGCs are multiwire analog chambers and are placed in four levels around 

the beam axis. The inner TGC level (1.05 < |ɖ| < 1.92) is incorporated in the 

supporting structure of the toroidal coils of the barrel section in |z| Ḑ 7 and is 

separated into two non-overlapping segments, the forward and the end - cap. Each 

chamber has a pair of two TGC levels.  The remaining 3 TGC levels are located at the 

wheels outside the intermediate MDT station at |z| Ḑ 14 and they give seven 

measurements in total, a triplet chamber level (TGC1, 1.05 < |ɖ| < 2.7) and two 

doublet chambers (TGC2 ï TGC3, 1.05 < |ɖ| < 2.4). Cumulatively, there are nine 

TGC levels. The two cathode graphite levels on the outer surface in are arranged in 

strips orthogonally placed to the wires. The gas mixture of CO2 44% n - C5H12 45% 

allows operation in high saturation with a time resolution of 4 ns. The measurement to 

the ű component is conducted by the strips with a spatial resolution of 3 - 7 mm, 
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while the measurement in the r component is carried out by the wires with a spatial 

resolution of 2 - 6 mm. [2] 

    
 

Figure 4.21: Left: The TGC structure in which the anode cables, the cathodes of graphite and a pick - 

up strip orthogonal to the wires are illustrated.[21] Right: Intersection of a triplet and a doublet TGC unit, 

with the dimensions of the air gaps have increased with respect to the other elements. [26] 

 

 

 

4.6. FORWARD DETECTORS 

There are three forward detectors. The main operation of the first two is to 

identify ATLAS luminosity.  

LUCID (Luminosity measurement Using Cerenkov Integrating Detector), 

which is the main ATLAS online luminosity counter, is located 17 m from the IP, at a 

radial distance of about 10 cm from the beam-line (ȿ–ȿå 5.8), and detects non ï elastic 

scatterings in the forward region. It consists of 20 aluminium tubes which surround 

the beam-pipe. The Cerenkov light emitted by a particle traversing the tube is 

reflected on average three times before the light is measured by photomultiplier tubes 

(PMTs). The PMT signal amplitude is used to distinguish the number of particles per 

tube, and the fast timing response provides unambiguous measurements of individual 

bunch-crossings. LUCID is situated in a high radiation area and, although the PMTs 

are radiation hard, their performance is expected to gradually degrade. The Cerenkov 

light from the detector is transmitted through radiation-hard quartz fibres to a region 

with low background radiation, in which the fibres are read out with multi-anode 

PMTs. The 16 electrical signals from the PMT readout are fed into a custom-designed 

front-end card, containing a fast amplifier and a differential line-driver, and then pass 

through a discriminator, which registers a hit each time the PMT pulse height is above 

a preset threshold. A charge-to-digital converter allows offline analysis of the signal 

amplitudes. One of the digital outputs of the front-end card is fed into a multi-hit 

time-to-digital converter for offline timing analysis, with a second output going to a 

custom-designed 9U VME readout card. The readout card houses FPGAs used to 

calculate the luminosity for each bunch-crossing using different algorithms. After 

receiving a L1 trigger accept signal, the readout card sends the pattern of hits to the 

overall readout system, and also provides an independent LUCID trigger. The LUCID 
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readout buffer is sent to the trigger and data acquisition system via the S-link interface 

for inclusion in the overall event record. 

The second Forward Detector, ALFA (Absolute Luminosity For ATLAS), is 

located 240 m from the IP and it consists of scintillator fibers located inside óRoman 

potsô, which are designed to approach as close as 1 mm to the beam. The extremely 

small scattering angles (3 mrad) needed to measure the absolute luminosity, are 

smaller than the nominal beam divergence, and can therefore only be performed with 

specially prepared beam conditions. 

The third system refers to zero ï degree calorimeter (ZDC) which plays 

dominant role at the determination of collision centrality of heavyweight ions. This 

system is mounted 140 m from the IP with ȿ–ȿ> 8.3. Significant backgrounds in 

hadron-collider experiments are created by beam-gas and beam ï halo effects, which 

can be greatly reduced by requiring a tight coincidence from the two symmetric arms 

of the ZDCs. The four ZDC modules per arm (one electromagnetic (EM) module and 

3 hadronic ones) consist of layers of alternating quartz rods and tungsten plates. [31] 

 

 

4.7. THE MAGNET SYSTEM 

The ATLAS magnet system provides the bending force required for momentum 

measurements. The system is composed of a central superconducting solenoid, which 

is aligned along with the beam axis and three superconductive toroidal air-core (a 

barrel and two end - caps), providing good momentum resolution and ensuring 

minimal multiple scattering. 

The central solenoid is located around the inner detector and gives 2T axial field 

in the tracker, having an axial length of 5.3 m, 1.2 m radius and operating temperature 

of 4.5 K using liquid helium around the coils. The same cryogenic system with 

calorimeter is used to minimize the material. The peak of the field reaches 2.6T at the 

superconducting windings. The nominal current is 7.6 kA. The coils with the 

supporting structure and the magnet material must be minimized to avoid particle 

absorption. 

 

 

 

 

 

 

 

 

 

The toroidal system (air - cored toroid) consists of eight coils which provide non-

uniform magnetic field, toroidal and perpendicular to the corresponding field of the 

solenoid with an average width of 0.5T in the muon spectrometer. A toroidal cylinder 

with a length of 25.3 m, an internal diameter of 9.4 m and an outer diameter of 20.1 m 

covers the barrel region. The toroids are electrically connected in series with a 

Figure 4.23: Graphical representation of the three 

main parts of the ATLAS magnet system. The central 

tube is positioned within the cavity of the liquid argon 

calorimeter (blue), surrounded by the cylinder (red) 

and the toroidal coils of the endcap (green). [21] 
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nominal current of 20 kA. The magnetic field varies according to pseudorapidity. The 

peak of the toroidal superconductor is 3.9 T for the barrel region and 4.1 for the end - 

caps. The end - caps toroid is rotated 22.5o towards the barrel toroid maximizing the 

bending force to the limit region between the barrel and the end - caps. [2],[21] 

 

           

 

                                           

 

 

 

 

 

 

 

 

 

Figure 4.27: The magnetic field in the transverse 

plane, between barrel and endcap. The coordinate 

system of the magnetic field is rotated by ˊ/8 with 

respect to the ATLAS coordinate system. [2] 

 Figure 4.26: One of the two toroidal magnets in its 

final position surrounded by the toroidal coils [21] 

   

Figure 4.24: The cylindrical solenoid magnet enters 

the surface of the LAr Calorimeter [21] 
Figure 4.25: The eight ATLAS toroid coils [21] 
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4.8. THE ATLAS TRIGGER 

The current LHC luminosity levels produce 0.2 billion p ï p events per second. 

The mean data size for reading out all fired detector channels belonging to the same 

bunch crossing (BC) is about 1.5 MB. However, the processing and storage 

capabilities set an upper bound of about 100 selected events per second. To achieve 

this enormous reduction factor of the order of 107 without losing interest events, the 

existence of a trigger system is necessary. 

The ATLAS trigger system consists of three levels. Each higher level is based on 

the decisions taken earlier, often introducing additional selection criteria. The Data 

Acquisition System (DAQ) receives and stores the data of the events of the electronic 

readout electronics to the rate of the Level 1 trigger. [2] 

 

Level 1 

Level 1 (L1) trigger is hardware based by using processors (FPGAs, ASICs), 

synchronous and based on pipeline logic, having a design which allows decisions 

within 2.5 ɛs (75 kHz). L1 searches for signatures from high-pT muons, 

electrons/photons, jets, and t-leptons decaying into hadrons. It also selects events with 

large missing transverse energy (Ὁ ) and large total transverse energy. The L1 

trigger uses reduced-granularity information from a subset of detectors: the Resistive 

Plate Chambers (RPC) and Thin-Gap Chambers (TGC) for high pT muons, and all the 

calorimeter sub-systems for electromagnetic clusters, jets, t-leptons, Ὁ , and large 

total transverse energy. The pipeline logic separates the processing into smaller steps, 

each of which can be completed in a time equal to the detector response time (25 ɛs). 

Thus, many operations can be performed in parallel, if each of them is using different 

processing unit. The use of the pipeline requires a time contingency of 500 ns to avoid 

pipeline overflow. The delay of the L1 trigger will be equal to the pipeline length. 

 
Figure 4.28: ATLAS Level-1 trigger architecture. [39] 

 

The trigger system is in total constituted by the Central Trigger Processor (CTP) 

which is fed by signals from hardware trigger calorimeter (L1 Calo) and the 

spectrometer (L1 Muon). [39] 
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The L1 muon trigger is based on dedicated finely segmented detectors (the RPCôs 

in the barrel and the TGCôs in the end-caps, with a sufficient timing accuracy to 

provide unambiguous identification of the bunch-crossing containing the muon 

candidate. 

 
Figure 4.29: Triggering at the Calorimeter [41] 

 

In readout pipeline systems, information from each beam collision for each 

detector element is maintained during trigger latency. This information can be analog 

(kept in capacitor), digital (ADC), or binary (hit - no hit). In this case, the output of 

the trigger system is a single bit "Level -1 Accept" (L1A), which gives a signal to the 

front - end readout of the detector systems via the Trigger Timing and Control System 

(TTC) to decide whether to read or not the event information kept in the pipeline of 

the front - end electronics. The readout of accepted facts can pass to the next trigger 

stage. 

 
Figure 4.30:  L1 triggering Data Flow [42] 

 

The L1 trigger has its own trigger menu (default triggers Level 1), which is 

read at each data acquisition cycle and contains information about the thresholds from 

prescaled trigger objects. These objects consist a list of 256 criteria for deciding 

rejection or not of the event. The technique that ensures the vitality of the trigger 

system even at high luminosity is called prescaled trigger. Increasing the luminosity, a 

linear increase of the trigger rate is observed. If a particular trigger is prescaled to a 

value, then only the number of events that cause trigger equal to this value can be 

recorded. The trigger menu also includes combinations of trigger objects for use with 
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respect to the decisions to be taken. The area where the detector trigger objects 

appear, is called Region of Interest (RoI).  

The trigger chains in the menu are given names of the form NzXX i, where the 

various components denote the following: 

 

1. N (optional): The minimum number of objects required. 

2. z: The type of selection, including 

Å e = electron 

Å g = photon (ɔ) 

Å E = total ET , etc. 

3: XX The minimum transverse energy required. 

4: i An online quality requirement, such as tight, loose etc. This refers to one of many 

possible sets of criteria depending on the particle type, for example, the shape of the 

shower produced in the calorimeter. 

 

 Each chain is composed of LVL1, LVL2 and EF components. Ordinarily, an 

event is recorded if it satisfies at least one trigger chain. However, a small fraction of 

events are recorded in ñminimum biasò mode, meaning that they are selected for 

storage (almost) randomly, regardless of whether or not they satisfied any chain. 

Similarly, within a single chain, a certain fraction of events are ñpassed throughò one 

or more components, meaning that they pass regardless of what the triggerôs physics-

based decision would have been. On the other hand, some events are rejected at 

random by a trigger chain, despite the fact that they meet the right criteria to pass. 
[31],[35],[36],[40],[42] 

 

Level 2 

The L2 trigger is software based and uses algorithms that run on multiple 

computers of multiple processors each, which are connected via a fast network. This 

level uses a L1 RoI as a seed and performs a partial reconstruction of the event 

starting from the RoI, and uses full granularity data from all detectors in contrast to 

the first level. The full computing power is based on complex decision algorithms that 

reduce trigger frequency at about 3.5 kHz, with a corresponding average processing 

time of 40 ms, according to the complexity of the event. The events are sent from the 

readout servers to events constructors for further analysis. [31] 

 

Level 3 

The last level (L3) is the event filter and is also software based. It uses the 

RoIs of the second level and the full granularity of the detector for entire event 

processing. The rate now reaches 400 Hz with size event of 1.3 Mbyte. The mean 

processing time is 4 sec. The events of interest for each different physical analysis are 

separated into streams of events. The events that have finally passed the filter events 

are stored for further analysis. Level 2 and event filter consist the high level trigger. 

[31] 

 

Finally, it is noted that during data acquisition multiple conditions are 

unstable, ie some parts of the detector may malfunction, or be disabled, or changes in 
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beam condition might occur. Therefore, the trigger system should be flexible and 

robust to manage such changes in real time. [31] 

  
Figure 4.31: Architecture of the ATLAS trigger system with the numbers of the 

frequency of events at different trigger levels. [2] 

 

 

 

Detector Channels  Frame size (KB) 

Pixels 1.4*108 60 

SCT 6.2*106 110 

TRT 3.7*105 307 

LAr  1.8*105 576 

Tile 104 48 

MDT  3.7*105 154 

CSC 6.7*104 256 

RPC 3.5*105 12 

TGC 4.4*105 6 

LVL1   28 
 

Table 4.2: Event Size of ATLAS 1.5 MB (140 million channels) [41] 

 

Trigger efficiency 

In the case of a trigger chain, the efficiency of the trigger, denoted ʀ, refers to 

the probability of a particle passing that particular chain. Efficiency is usually 

considered with respect to a kinematic variable, such as photon transverse energy, Ὁ , 

which generates an efficiency curve, Ů = Ů (Ὁ ). Conceptually, the efficiency of a 

photon trigger chain could be measured as follows: for a fixed range of photon ET, the 

efficiency is simply the number of photons that passed the chain divided by the total 

number of photons in the sample. This can be repeated for various bins of Ὁ  and 
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then, a histogram can be constructed, representing the desired efficiency curve. To 

accomplish this, two histograms should be constructed, the first containing the 

photons that passed the trigger chain, binned by Ὁ , and the second containing all 

photons, with the same binning. Dividing the first histogram by the second would 

yield the desired efficiency curve. The existence of ñminimum biasò events make 

studies such as this one possible. The photons contained in this minimum bias sample 

can be splitted into energy bins, and for in each bin, the fraction that would have 

passed the criteria of a trigger chain can be calculated. [35] 

 

4.8.1. MUON TRIGGER ALGORITHMS 

The LVL1 muon trigger is based on the measurement of muon trajectories in 

three different planes (stations). Muons are deflected by the magnetic field generated 

by the toroids; the angle of deflection depends on their momentum and the field 

integral along their trajectory. Coulomb scattering in the material traversed, and for 

low-pT triggers, the energy-loss fluctuation, are also of importance. 

 
Figure 4.22: Intersection of muon system with reference to the positions of the muon trigger 

chambers. The differences from a straight-line trajectory of an infinite-momentum track originating 

at the nominal interaction point are measured using three trigger stations. [34] 

 

The pivot plane is the trigger plane farthest from the IP in the end-cap, and 

nearest to the IP in the barrel. The two different lever arms from the pivot to the other 

two trigger planes provide two different measurements of the size of the deflection 

due to the field. The two different lever arms allow trigger thresholds to cover a wide 

range of transverse momenta with reasonably good resolution: the shorter lever arm 

(pivot plane and station 2) covers a lower-momentum range and the longer one (pivot 

plane and station 1 for the end-cap, pivot plane and station 3 for the barrel), a higher-

momentum range.  
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Each hit found in station RPC1 (TGC3) is extrapolated to station RPC2 

(TGC2) along a straight line through the nominal IP. A coincidence window is then 

defined around this point, where the window size depends upon the required pT 

threshold. The low-pT trigger condition is then satisfied if, for both projections, there 

is at least one hit within the coincidence window, and at least one of the two low-pT 

stations has hits in both trigger planes satisfying the three-out-of-four logic. 

A similar procedure is performed for the high-pT trigger, where the planes of 

RPC3 (TGC1) together with the pivot plane are used. The high-pT trigger is satisfied 

if the track passes the low-pT criteria, and in the barrel at least one hit in the two 

trigger planes of RPC3 are in coincidence, and in the end-cap if at least two of the 

three planes of TGC1 in the h view, and one of the two planes of TGC1 in the r-f view 

are within the appropriate coincidence window. [34],[44] 

 

 

 

4.9. DATA ANALYSIS 

The production and analysis of ATLAS data takes place on a series of defined 

steps. Initially, the raw detector data is generated in bytestreams which are converted 

to object binary data (Raw Data Objects - RDO). Then the RDO objects are 

transformed into high energy physics objects (muons, electrons, orbits) and this new 

form is called Event Summary Data (ESD). As the ESD form contains all the 

necessary information, including detector collisions and reconstruction algorithms, 

data size per event is great for data analysis. For this reason, ESDs are converted into 

Analysis Data Objects (AOD), which retain only the relevant information for data 

analysis, maintaining a reasonable size per event. [2] 

 

 

4.10. THE GRID 

The large volumes of generated data during LHC operation make impossible the 

exclusive handling by CERN facilities. Therefore a more sophisticated infrastructure 

for distribution, processing and storage of data is considered as necessary. This 

infrastructure consist the worldwide LHC computing grid (WLCG), the world's 

largest computing grid that distributes the data into four different levels (Tiers), each 

of which consists of several centers and provides different services. The grid connects 

thousands of computers and storage systems in over than 170 centers in 41 countries, 

providing near real-time access to LHC data and clock monitoring in different time 

zones. [2],[60] 
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Figure 4.32: Servers in the CERN data center (Tier-0) of the global LHC computing grid. [60] 

 

Tier-0 is the CERN data center, which although is the crossing point of all data 

coming from the LHC, it provides less than 20% of the total computing capacity of 

the grid. The purpose of Tier-0 is to keep backup copies (million digital readings from 

the detectors), to perform the first steps of reconstruction of the raw data into 

influential data, reprocess the data during LHC pause periods and distribute the data 

to the next level, Tier-1. 

 
Figure 4.33: Servers at Tier 0 record a copy of primary LHC data, and distribute it to 13 

Tier 1 centres around the world. [61] 

 

The Tier-1 centers keep a second copy of raw and reconstructed data and allow 

the experimental groups to have access to the physical data analysis. It performs high-

scale reprocessing and storage of the produced output, distributing data in Tier-2. The 

Tier-1 consists of 13 data centers large enough to store LHC data. The fiber optic 

connectors (10 gigabits / second) link CERN to each of the 13 Tier-1 centers 

worldwide. This high-bandwidth network zone is called LHC Optical Private 

Network (LHCOPN). 
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Tier-2 consists of one or more computational facilities and receive data from Tier-

1. There are more than 160 Tier-2 centers dedicated to simulation and analysis of the 

user side. The usually Tier-2 are universities or institutes that can adequately store the 

data and provide sufficient computing power for specific analysis tasks.  

The smaller Tier-3 centers provide local access to individual scientists. [61] 

 

 
Figure 4.34: A StorageTek machine retrieves server tapes from a stack in the CERN Data 

Centre. [61] 

 

 

4.11. THE ATLAS CONTROL SYSTEM 

The subdetector systems and the common experimental infrastructure are 

controlled and monitored by the Detector Control System (DCS) by using a highly 

distributed system of 140 servers, aiming to a consistent and safe operation of the 

ATLAS components. Higher levels of control allow automatic control procedures, 

efficient identification of errors and manipulation, managing communication with 

external systems, such as the LHC, and provide a synchronization mechanism with 

the ATLAS data acquisition system. Different databases used for the storage of online 

parameters of the experiment and storage of system configuration parameters. 

The ATLAS control system consists of different front - end systems and the back - 

end Supervisory Control and Data Acquisition system (SCADA). It is organized into 

three functional horizontal planes, a Local Control Station (LCS), a Subdetector 

Control Station (SCS) and a Global Control Station (GCS). This is a flexible 

hierarchy that reliably models the natural ATLAS subdetecting parts and subsystems. 
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Figure 4.35: The ATLAS Control System. [31] 

 

The LCS layer transmits information regarding the state of subdetectors and 

subsystems. The LCS may execute orders received from higher hierarchy levels or 

can perform its own special features. The SCS layer is the middle level of the 

hierarchy. Each subdetector has its own control station which allows full local control. 

At this level of the hierarchy the subdetectors are connected to external systems such 

as the magnet system, the LHC, the detector safety system, and trigger and data 

acquisition system. The GCS layer forms the upper part of the hierarchy and is 

responsible for the overall operation of the detector. This level summarizes all the 

functions of each state of the detectors and subsystems as well as malfunctions 

(alarms). 

The front-end system consists of various parts arranged near the detector or in 

nearby rooms. It is directly linked with the hardware of the detector, providing 

reading, digitization and in some cases, signal processing and data transfer to the 

back-end. On the other hand, it receives and executes instructions from the back-end. 

The equipment of the front-end consists of sensors, controllers, digitizers, processors 

and computing systems pf autonomous basis. All the ATLAS front-end equipment has 

to adapt to different requirements regarding radiation tolerance (radiation levels can 

reach 100 kGy / year in areas close to the IP), operating under strong magnetic fields 

(magnetic field amplitude can reach 4 T in the cavern), the long lifetime (because the 

experiment is planned to operate for more than a decade), and low cost. 

The back-end system consists of different software systems which 

communicate with the front-end providing supervisory control at the detector users. 

The back-end system, used by the four LHC experiments, carried out using a 
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commercial SCADA package. The SCADA package provides software tools and 

guidelines ensuring the homogeneity of the back-end in all the different subsystems, 

their subdetectors and the LHC experiments. 

The ATLAS automatic control system archives the important parameters in 

the ATLAS online database, which is only accessible via the ATLAS control network 

(ATCN), for security and performance reasons. However, an offline base, which is an 

exact copy of the online database, serves users within the CERN General Public 

Network (GPN). Although the operating parameters are of the order of 106, the delay 

of the replication mechanism does not exceed a few sec. [21],[31],[43] 

 
Figure 4.36: Flow of the information. ATLAS sub-detectors write in the online 

database. DDV reads from the offline database that is a complete replica of the online 

database. Finally, the user accesses the data through the DDV interface. [2] 

 

 

4.12. USA15 

The ATLAS experimental cavity (UX15) is surrounded by a variety of other 

caverns and access shafts. The USA 15 cavern, of 20 m width and 62 m length, is 

designed to accommodate the majority of the electronics that are necessary for 

carrying out the experiment. It is divided into two floors 1.8 m below and 3.6 m above 

the beam axis. Access for personnel and work for a long time are necessary 

conditions, even during operation of the LHC at high luminosity, but without 

exposing to high radiation levels. From USA15 there are several service tunnels 

leading to the experimental cavity (ULX16, UPX16, ULX14 and UPX14) and service 

ducts for cables (TE14 and TE16). Moreover, there is a second cavity US15, in which 

some of the electronics of the ATLAS are hosted, but access is prohibited during LHC 

operation. [27] 
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Figure 4.37: The experimental area with its individual cavities, tunnels and access 

shafts [27] 

 

 

 

4.13. BACKGROUND MONITORS 

Measurements of particle fluences in ATLAS provide a precise bench-

marking of the particle transport codes used in the calculations and also monitor the 

absorbed doses in the various detectors. For the proper operation of the LHC and the 

detector experiments, the existence of detectors protection provisions during the 

proton collisions is necessary, providing fast feedback to the accelerator operations 

team. [31] 

 

 

4.13.1. THE ATLAS  BEAM CONDITIONS MONITOR AND TAS COLLIMATOR  

The protection of the detectors is based on collimators, which absorb particles 

that deviate from the beam trajectory and may cause damage. A problematic, though 

rare operating scenario, occurs when multiple proton beams impinge on the 

collimators. The Beam Condition Monitor (BCM) perceives such events, as well as 

cases of beam and gas interaction, and aborts LHC operation. Both malfunction 

scenarios have in common charged particles cascades. By placing two detector 

channels on both sides of the IP in the z-axis, the particles from cascades hit on the 

BCM stations with a time difference of ȹt = 2z/c. The stations are suspended from the 

supporting structure of the beam pipe (BPSS) and take measurements for each beam 

crossing (BC = 25 ns). The optimum distance of the two channels of four units each is 
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calculated ideally to be about 3.8 m, at points z = Ñ 1.9 m, resulting in ȹt = 12.5 ns 

(6.25 ns after a collision). The background particles reach the up - stream station 12.5 

ns (1/2 BC) before the particles from collisions and down - stream station at the same 

time with them. By the use of the out ï of - time hits, the background events can be 

recognized. 

Furthermore, BCM provides additional luminance measurements per package 

to those derived from the main monitor of the ATLAS system, LUCID, by using in ï 

time hits. The measurements are performed with use of synchronous collisions.  

The 4 BCM units are located in radius r Ḑ 5.5 cm (ɖ å 4.2) and by angles ű = 

0ɞ, 90 ɞ, 180 ɞ, 270 ɞ, and a deviation of 45ɞ to the beam pipe. [28],[29],[30],[32] 

 

 

Figure 4.38: BCM onto the supporting unit. [28] 

 

 

ATLAS additionally is protected by TAS (Target Absorber Secondaries) 

collimators placed at z = Ñ 18 m from the IP which protect the inner layer of the 

cryogenic quadrupole from excess heat due to the collisions. The TAS collimator also 

protects the Inner Detector by various failures of the beam. 

The Beam Interlock System (BIS) includes two optical loops per set which 

transmit signals BeamPermit, a logic AND of UserPermit signals provided by user 

systems (like BCM). The logic AND is achieved by using two Beam Interlock 

Controllers (BIC). User systems connecting to BIS through CIBU user interface 

(Controls Interlocks Beam User), through which each UserPermit signal is transmitted 

to the nearest BIC. The beam export is triggered by the BIS and completed within 270 

ms after it passed from BICs. 
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Figure 4.39: Principle of BCM operation. In normal p - p collision at IP (green) secondary 

particles arrive simultaneously at the 2 BCM. In problematic cases, as during proton impact on 

the collimator (red), each BCM station will detect secondary particles before the other does. [32] 

 
The BCM detecting units particularly in the region of intense radiation consist 

of polycrystalline CVD diamond sensors of size 1x1 cm2. As a charged particle passes 

(from p - p collisions or secondary proton products that get lost) the crystal lattice of 

the diamond is ionized, producing a very fast MIP signal with a rise time of less than 

1 ns and an width of less than 2 ns. The passing particle leaves a trail of ionization 

charge of 36 electron - hole pairs per mm at its orbit. A two-stage RF amplifier 

amplifies the signal and transmits it to an analog format for digitization. For the 

sensor operation, a bias potential has to be applied to the electrodes to create a drifting 

field, in which electrons and holes are sliding, inducing current to the electrodes. 

 

Figure 4.40: Schematic representation of the diamond detector. [30] 

 

Figure 4.41: BCM unit. The two-stage amplifier consists of the following individuals: 1st 

stage: Agilent MGA-62653, 500 MHz (22 dB), 2nd stage: Mini Circuit GALI-52, 1 GHz (20 

dB). [32] 
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The BCM has to measure the arrival times of the signals and their time above 

the threshold (TOT) for each of the 8 units. The analog signals from each BCM unit is 

routed through high-quality cables behind the calorimeter to lower radiation points 

and digitized separately for each unit by boards based on NINO chip technology. 

Before entering NINO, the signals from the BCM are divided into two channels by a 

voltage divider, in a ratio of 12: 1 to increase the dynamic range. The optimal signal-

noise ratio for data and amplifiers requires the adding of a low-pass filter with a 

bandwidth limit 200-300 MHz of 4th order. The digital outputs of TOT coming from 

NINO are converted into optical signals, using laser diodes resistant to radiation and 

through they are transferred through optical fibers to the ATLAS calculation room 

(USA15), where they are obtained by photodiodes, converted back into electrical 

signals and fed into a Xilinx Vitrex-4 FPGA chip. The FPGA technology is suitable 

for the processing of these signals due to the parallel processing capability in high 

speed. 

Figure 4.42: Signal before entering NINO (left) and after the exit (right). [28] 

 

The BCM system can be analyzed in the following sections: 

LHC Beam abort: Through CIBU system, two signs mark that the conditions 

in the inner detector have reached the beam abort point, which eventually takes place 

in a controlled manner. 

ATLAS Security System: Four electrical connections exist between the 

detector safety system (DSS) of the ATLAS, which preserves the experimental 

equipment and the BCM. The DSS acts preventing losses through interconnections 

sending warnings and alarms (alarm). 

Automatic control system: In less critical situations in conjunction with the 

hardware based DSS, the DCS is activated, for monitoring the temperature of the 

detector units and electronics of the Nino board, control voltages and acquire 

statistical information by signal processing available by connecting a DCS PC via an 

Ethernet connected to the FPGA. In case of  beam abort, the recent information of 

BCM, which had been stored in the FPGA buffer, is transferred for post mortem 

treatment.  

L1 Trigger: The BCM provides 9 bit information for the level 1 trigger system 

allowing the triggering of topologically interesting events, as well as real-time 

information on the luminosity per bundle. 
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DAQ stream: At each trigger signal from the CTP, the digitized information of 

the arrival times of the signals and the amplitude of each are sent from the FPGA and 

stored in a special buffer in the DAQ data flow. 

 

 
Figure 4.43: BCM system architecture [32] 

 

As a complement of BCM, the beam loss monitoring system (Beam Loss 

Monitor - BLM) was added, for measuring the ionization current while having a quite 

simple construction and autonomy. 12 detector units have been placed, six on each 

side of the IP at points z = Ñ 3450 mm and a radius of r = 65 mm. The current is 

converted into a digital signal which is transmitted via optical fibers to the 

calculations room and recorded by a FPGA. [28],[29],[30],[31],[32] 

 

 

4.13.2. MONITORS IN THE INNER DETECTOR 

The inner detector region of ATLAS contains a set of small detectors, which 

are sensitive to dose, to the 1MeV neutron equivalent fluence (Fneq), described later, 

and to thermal neutrons. These detectors consist of Field-effect transistors 

(RADFETôs), which measure the total ionising dose, PIN-diodes, which measure 

Fneq, and radiation-hardened transistors, which measure thermal neutron fluences. 

These detectors measure the integrated doses and fluences in the inner detector 

and also provide bench-marking estimates of the different contributions (charged 

particles, neutrons and photons). [31] 
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4.13.3. MONITORS IN THE MUON SPECTROMETER 

Several sets of detectors have been installed in the inner, middle, and outer 

end-cap muon stations, providing a reliable response to particles in various energy 

ranges. 

Boron-lined proportional tubes with Ar/CO2 gas, insensitive to photons and 

charged particles, are used for thermal and slow neutrons measurements (< 10-5 

MeV). Each n + 10B  OLi + a interaction sends a slow Li or a- particle into the tube, 

causing a large ionization pulse, which is used for pulse-height discrimination against 

Compton electrons and MIPs. Additionally, a Boron-loaded plastic scintillator (BC-

454) is sensitive to the neutron interactions and is also used for neutron studies. 

Detectors with a plastic disk loaded with LiF and coated with a thin layer of ZnS(Ag) 

scintillator are sensitive to the tritium and a-particles produced in the neutron capture 

process in lithium.  

Another ZnS(Ag) scintillator embedded in plastic is used to study fast 

neutrons. The plastic is rich in hydrogen, from which incoming neutrons scatter to 

create recoil protons that produce large ionisation pulses compared to MIPs or low-

energy electrons. Pulse-height discrimination schemes provide good rejection against 

these backgrounds. A liquid scintillator, with pulse-shape discrimination electronics, 

is used in combination with plastics to measure fast neutrons. 

Scintillator detectors with NaI and lutetium oxyorthosilicate (LSO) crystals 

are used to measure the low-energy photon spectrum (0 - 10 MeV), dominated by 

photons, but also containing a neutron component, which can be separated out using 

fitting techniques and detailed simulations. 

Finally, small ionisation chambers measure the total ionising dose. [31] 

 

 

4.13.4. NETWORK OF DETECTORS FOR RADIATION MEASUREMENTS 

A system of small silicon pixel detectors, fully capable of delivering real-time 

images of fluxes and spectral composition of different particle species, has been 

developed for radiation measurements in the experimental environment. These silicon 

detectors will be operated via active USB cables and USB-ethernet extenders by a PC 

placed in the USA15 counting room. The hybrid silicon pixel device consists of a 

silicon detector chip, 300 mm thick with 256x256 pixels, bonded to a readout chip. 

Each of the 55 mm x 55 mm pixels is connected to its respective readout chain 

integrated on the chip. Settings of the pulse height discriminators determine the input 

energy window and at the same time provide noise suppression. The pixel counter 

determines the number of interacting quanta of radiation falling within this window. 

These devices can be used for position and energy sensitive (5 keV ï tens of MeV) 

spectroscopic detection of radiation. They are also capable of counting particle fluxes 

at rates in excess of GHz/cm2. 

This system can be used in both tracking and counting modes, to record tracks 

or counts caused by x-rays, gamma-radiation, neutrons, electrons, MIPs and ions. The 

silicon detectors are partially covered by neutron converters for neutron detection. 

The tracking mode is based on electronic visualization of tracks and traces of 
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individual radiation quanta in the sensitive silicon volume. In the case of count rates 

above 5x103 events/cm2s, the devices are operated in counting mode, in which charge 

deposition in the pixels is counted at different threshold settings. Calibration of the 

devices enables the conversion of the individual tracks observed and/or counts 

measured into fluxes of respective types of radiation and dose rates. These pixel 

devices will be placed inside ATLAS: four devices on the LAr calorimeter facing the 

inner detector, four devices on the tile calorimeter, four devices near the muon 

chambers in the inner end-cap muon station, and two devices near the forward 

shielding and close to the outer end-cap muon station. [31] 
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5. M ONTE CARLO METHOD AND SIMU LATION  

 

5.1. THE MONTE CARLO METHOD 

The high complexity of the various natural systems considers their modeling 

through numerical methods necessary rather than an analytical approach. Simulation 

techniques take into consideration the speed of modern computer systems, allowing 

convergence to a valid solution. The Monte Carlo method is a widely used general 

approach for the numerical modeling of physical systems. It can be used to duplicate 

theoretically a statistical and is particularly useful for complex problems that cannot 

be modeled by computer codes that use deterministic methods. Monte Carlo includes 

a class of computational algorithms that rely on iterative random sampling of 

distribution functions, which are inputs to the model, and produce as a result the 

probabilities of different expenses. The distribution functions are normalized in the 

appropriate range. The individual probabilistic events that comprise a process are 

simulated sequentially. 

The stochastic description of particle interactions is expressed through the 

statistical quantity of cross-section. When a particle stream impinges on a target, the 

differential cross-section represents a statistical distribution function. 

The Monte Carlo method follows some predefined steps for the simulation of 

particle interactions. Firstly, a primary particle is generated with predefined fixed 

initial conditions (position and momentum). The particle travels inside the current 

medium for a certain distance before it interacts for the first time. The value of the 

distance is sampled by a random number generator from a probability density function 

(PDF), which differs for each type of particle and material. Afterwards, all the 

possible N interactions that can take place are considered, giving a certain probability. 

The probability of occurrence is assigned to the ith interaction by an internal algorithm 

depending on the cross sections of the different processes. After sampling another 

uniformly distributed random number, the type of interaction occurring is decided. 

Changes of the position and the momentum of the primary particle will be taken into 

account by the end of the particle step. All active particles (a primary and its 

secondaries) are placed on the computer stack together with their properties (type, 

spatial coordinates, momentum, etc). There is also the possibility that a particle is 

annihilated (undergoes an inelastic process, being absorbed, or transformed, surpasses 

the geometry's boundaries, or its energy is lower than predefined energy cut-off) or 

stopped during the interaction and thus, it is no longer taken into account, so it is 

removed from the stack of tracked particles, after the quantities of interest are 

recorded. After the first interaction has finished, the primary particle is put on the 

stack with the others and the steps above are repeated for all given primaries.  

Finally, the data obtained from the simulation are exported into data files. 

Almost all of the CPU time is spent in detecting particle processes. So it is necessary 

to balance the need for short time consumption and validity of the results. [13] 
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5.1.1. THE LAW OF LARGE NUMBERS 

Let X1, X2, é, Xn be independent trials of a finite mean value ɛ = Ⱥ(Xi) and 

variance ů2 = V(Xi ). For every Ů > 0 ệ R and В ὢ = Sn: 

 

V(Sn) = nů2  ᵼ  V(Sn / n) = ů2 / n 

and Ⱥ(Sn / n) = ɛ 

Using the Chebyshev inequality: 
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So, according to the Low of Large Numbers, the average value of the results 

obtained by the repetition of the same experiment many times is very close to the 

expected value, which tends to be more accurate when increasing the number of 

repetitions (n O  Њ). It guarantees stable long-term results for the mean values of 

independent random events. The validity of the Monte Carlo method is based on this 

principle. [62] 

 

 

5.1.2. PSEUDO ï RANDOM NUMBER GENERATORS 

Besides the numerous tests, the validity of the approach is based on the use of 

uniformly distributed random numbers, which requires the use of a pseudorandom 

number generator (RNG) to produce large quantities of random numbers for statistical 

sampling. 

In each trial of a Monte Carlo simulation, the random numbers should be 

generated as if it were just samples of a random variable of a specific PDF. A typical 

pseudo ï random number generation algorithm is used for transforming 

pseudorandom numbers that follow a uniform distribution, into numbers distributed 

according to a given distribution. It is a periodic algorithm that has a long period of 

thousands of cycles and is initialized using a number óseedô. The pseudorandom 

numbers can be predicted and they have a deterministic behavior, so they are not 

really random, but they provide simplicity in practical approach and ensure the 

reproducibility of the same performance if tested in exactly the same simulation. By 

using a good algorithm, the pseudorandom numbers show the same statistical 

properties with truly random numbers. Different executions with the same seed will 

give the same set of pseudorandom numbers, and even a small variation of the seed 

provides a completely different set. [13] 
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5.2. MCNP5 SOFTWARE 

The MCNP software which was developed by the Los Alamos National 

Laboratory, is an internationally recognized software for interaction analysis of 

neutrons and gamma rays using the Monte Carlo statistical method.  

 The program uses embedded databases coming from recognized libraries. Its 

operation is based on the creation of an appropriate simulation by using geometric 

models of layout design, by the determination of surfaces (surface cards) and the 

elementary volumes between the surfaces (cells) which are obtained using the 

intersection, union and complement between surfaces, and the various materials 

composing the space thanks to their density. [46] 

 

5.2.1. INPUT FILE 

The general structure of an MCNP code is as follows: 

Message Block {optional} 

        blank line delimiter {optional} 

One Line Problem Title Card 

Cell Cards [Block 1] 

        blank line delimiter 

Surface Cards [Block 2] 

       blank line delimiter 

Data Cards [Block 3] 

       blank line terminator {optional} 

                                          

 The three main parts of the code (cell cards, surface cards, data cards) should 

be written in the correct order. Each card can be 80 characters at maximum, otherwise 

the simulation terminates with error occurrence. Within the 5 leftmost card positions 

the number of the corresponding surface or cell is indicated, but if more than 5 

positions are used, the continuation of the previous card is meant. The title card 

describes the problem to be simulated.  

 

Cell Cards 

The cells describe any physical structure of the problem and their description in the 

code given below: 

    j m d geom param 

¶ j  ɴ[0, 99999] is the number of the current cell and is different for each cell 

¶ m is the number of the material comprising the cell 

¶ d is the material density, with d> 0 define the atomic density in atoms per cm, 

while d <0, the density in grams per cubic centimeter is given 

¶ geom is the geometric characterization the cell produces through surface cards 

¶ param is where other parameters are set, such as the importance of each particle, 

which determines if the particle will be monitored within the cell (imp = 1) or not 

(imp = 0). 

MCNP uses the Cartesian coordinate system and some basic simple geometries: 
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Mnemonic Type Description Equation Card Entries 
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XYZP surface defined by points 
 

Table 5.1: MCNP geometries [46] 
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By combining the above more complex geometries can arise. Every point in 

space must belong to either a surface or a cell, so that there are no gaps in geometry.  

 

Surface Card 

The structure of the surface card is then: 

     j a list 
 

¶ j is the serial number of the surface card and obviously different for each surface 

¶ a is the geometric stereo which can be one of the aforementioned basic geometries 

is the number that specifies the location (eg plane distance from the origin) or stereo 

size (eg sphere radius). 

 

There are also surfaces defined by macrobodies. Using a combinatorial-

geometry-like macrobody capability is an alternative method of defining cells and 

surfaces.  The macrobodies can be mixed with the standard cells and surfaces. MCNP 

can use the following macrobody structures: [47] 

 

¶ BOXðARBITRARILY ORIENTED ORTHOGONAL BOX 

¶ RPPðRECTANGULAR PARALLELEPIPED 

¶ SPHðSPHERE 

¶ RCCðRIGHT CIRCULAR CYLINDER, CAN 

¶ RHP OR HEXðRIGHT HEXAGONAL PRISM 

¶ RECðRIGHT ELLIPTICAL CYLINDER 

¶ TRCðTRUNCATED RIGHT ANGLE CONE 

¶ ELLðELLIPSOID 

¶ WEDðWEDGE 

¶ ARBðARBITRARY POLYHEDRON 

 

 Afterwards, the cards with the rest of the simulation parameters are filled.  

 

Mode Card 

Firstly, mode card is filled followed by one or more of p (photons), e 

(electrons), n (neutrons), having a blank space between them. This card describes 

which particles are generated and monitored during the simulation.  

 

Material Cards 

 Material cards should be also defined. The syntax of the respective card is the 

following: 
 

        mn zaid1 fraction1 zaid2 fraction2 
 

¶ mn is the material card designated by the letter m followed by the serial number of 

the material n, 

¶ zaid is the atomic number of the atomic mass of the isotope (often followed by a 

number that indicates the library in which isotope data are recorded), 
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¶ fraction is the fraction of the nuclei content, wherein a positive number indicates 

atomic density in atoms per cm, and a negative number indicates the nucleus 

weight fraction.  

Source Card 

To conduct the simulation it is necessary to place one (or more depending on the 

study) source, which is determined by the sdef command, followed by other 

parameters for its determination. The main parameters used in the majority of 

simulations are: 

¶ pos to determine its position in three-dimensional space 

¶ erg for the source energy 

¶ par for the particle type 

¶ dir for the direction of the particle emission  

 

Details are given in the following table: 

Variable 

 

Meaning Default  

CEL cell determined from XXX, YYY, ZZZ and possibly 

UUU, VVV, WWW 

SUR surface 0 (means cell source) 

ERG energy (MeV) 14 MeV 

DIR ɛ, the cosine of the angle between VEC and 

UUU, VVV, WWW. The azimuthal angle is 

always sampled uniformly in [0, 2́] 

Volume case: ɛ is sampled uniformly in [-1, 1] 

(isotropic). Surface case: p(ɛ) = 2ɛ for ɛệ[0, 1] 

(cosine distribution) 

VEC reference vector for VEC Volume case: required unless isotropic. Surface 

case vector normal to the surface with sign 

determined by NRM. 

NRM sign of the surface normal +1 

POS reference point for positioning sampling 0, 0, 0 

RAD radial distance of the position from POS or 

AXS 

0 

EXT Cell case: distance from POS along AXS. 

Surface case: cosine of angle from AXS. 

0 

AXS reference vector for EXT and RAD no direction 

X x ï coordinate of position no X 

Y y ï coordinate of position no Y 

Z z ï coordinate of position no Z 

CCC cookie ï cutter cell no cookie ï cutter cell 

ARA area of surface (required only for direct 

contributions to point detectors from a plane 

surface source) 

none 

WGT particle weight 1 

EFF reference efficiency criterion for positon 

sampling 

0.01 

PAR type of particle source emits =1(neutron) if MODE N or P or N P E,  

=2 (photon) if MODE P,  

=3 (electron) if MODE E 
 

Table 5.2: Source parameters for the SDEF command [46] 
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The parameter values can be described in 3 levels: (1) Direct value assignment 

(ˊɢ ERG=1.25), (2) using distribution number (ˊɢ ERG=d5) and (3) as a function of 

another variable (́ ɢ ERG=Fpos). In cases 2 and 3, three additional cards required:  

¶ SI (source information) 

¶ SP (source probabilities) 

¶ SB (source bias) 

 

 

 

Tally Cards 

For taking measurements, which will appear in the output file, tally cards are 

used. The structure of the card is: 

 

Fn:p1 S1 (S2 é S3) S6S7 

 

where n is the number whose last digit identifies the tally as given in the table below: 

 

Mneumonic Tally Type Particles pl Fn Units *Fn Units  

F1:pl surface current N or P or N,P or E # MeV 

F2:pl average surface flux N or P or N,P or E #/cm2 MeV/cm2 

F4:pl average flux in a cell N or P or N,P or E #/cm2 MeV/cm2 

FMESH4:pl track ï length tally over 3D mesh N or P or E #/cm2 MeV/cm2 

F5a:pl flux at a point or ring N or P #/cm2 MeV/cm2 

FIP5:pl pin ï hole flux image N or P #/cm2 MeV/cm2 

FIR5:pl planar radiograph flux image N or P #/cm2 MeV/cm2 

FIC5:pl cylindrical radiograph flux image N or P #/cm2 MeV/cm2 

F6:pl energy deposition N or P or N,P MeV/g jerks/g 

F7:pl fission energy deposition in a cell N MeV/g jerks/g 

F8:pl pulse height distribution in a cell P or N,P or E pulses MeV 
 

Table 5.3: MCNP5 tally types. The type of the tallied particle is noted as pl. [46] 

 

¶ p1 the particle type the user wishes to measure (p, e, n or a combination 

separated with ,) 

¶ Si is the surface number or cell number of measurement 

 

 

 

Energy bins 

In order to take measurements, the energy spectrum of the source has to be 

separated into narrower energy regions (energy bins). The given output is referred to 

every energy bin, as well as to the whole spectrum, by adding each contribution 

within each energy bin. 
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Time or History Cards 

Finally, the run time of the code until satisfactory results occur should be 

defined. The usual method for limiting how long MCNP runs is to specify either the 

maximum number of source particle histories or the maximum execution time. The 

maximum number of histories N is specified on the card nps N, where N defines the 

maximum number of events of source particles that get lost. In addition, or as an 

option, the computing-time cutoff T, in minutes of computer time, may be specified 

by the card ctme T. 

 

Variance reduction 

MCNP offers a variety of variance reduction techniques based on different 

nonanalog simulations. The art of using MCNP to solve difficult problems is to use 

these program features to obtain both precise and computationally efficient results. 

 

¶ Geometry Splitting 

In geometry splitting, importances are assigned to each cell in the problem. When 

a particle leaves a cell with importance I1 and enters a cell of importance I2, the 

particle is split/rouletted according to the ratio I2/I1. This technique of geometry 

splitting with Russian roulette is very reliable since, if no other biasing techniques are 

used, all the particles in a cell will have the same weight regardless of the paths taken 

to reach the cell. 

 

¶ Weight Windows 

The weight-window variance reduction technique adjusts the weights of particles 

as they change energy and move through the various cells in the problem geometry. In 

each cell, a lower weight bound and an upper bound, defined as a multiple of the 

lower bound, are specified. If a particle entering a cell or a particle created in the cell 

has a weight above the upper bound, the particle is split such that all split particles are 

within the weight window. Similarly, if a particle has a weight below the lower 

bound, Russian roulette is used to increase the particleôs weight until it lies within the 

window or until it is killed. 

 

¶ Exponential Transform 

The exponential transform artificially changes the distance to the next collision. In 

this technique, particles can be moved preferentially towards the tally region and 

inhibited from moving away from it. The exponential transform stretches the path 

length between collisions in a preferred direction by adjusting the total cross section. 

 

¶ Energy Splitting/Russian Roulette  

When such a particle is created, the ESPLT command can be used to split the 

particle into more daughter particles of the same type. Also, when a particle of energy 

outside the energy region of interest is created, Russian roulette is used to eliminated 

some of these particles. 

 

¶ Forced Collisions 
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The forced collision biasing method increases the sampling of collisions in specified 

cells. This method splits particles into collided and uncollided parts. The collided part 

is forced to interact within the current cell while the uncollided particle exits the cell 

without collision. 

 

¶ Source Biasing 

One of the easiest nonanalog techniques to implement is source biasing. In MCNP 

any of the SDEF variables can be biased. For example, source particles can be started 

with enhanced weights, with preferred energies, and in regions closer to the detector. 

One of the most useful source biasing techniques is to start particles in preferred 

directions, generally towards tally regions. 

 

 

5.2.2. OUTPUT FILE 

The output file contains the statistical results that came from the execution of 

the code depending on the tallies which were defined in the input file. By default only 

a small portion of all the possible output is produced. Always output are (1) input file 

listing, (2) summary of particle loss/creation, (3) summary of KCODE cycles (if 

KCODE is used), (4) tallies (if used), and (5) tally fluctuations charts. The results are 

given per source particle, analytically for each energy bin accompanied with the 

respective error, and also cumulatively with the total error.  

By using various techniques of variance reduction it is possible to produce 

tally results that are very precise, given the small relative error, but not very accurate. 

Technically, precision is the uncertainty (as measured by the tally variance) in the 

tally mean x caused by the statistical fluctuations in the individual scores xi of the 

simulated histories. By contrast, accuracy is a measure of how close the tally mean x 

is to the true physical quantity being estimated. The difference between the true value 

and the expectation value of the simulation tally is called the systematic error, an 

important quantity but one that is seldom known. 

Statistical checks are used for the evaluation of the results.  [46] 

 

Relative error 

The relative error is the fractional 1-sigma estimated uncertainty in the tally 

mean, i.e., R ḳ ὛӶ ȾὼӶ, the ratio of the standard deviation of the tally mean to the 

mean.  

 

Range of R Quality of Tally 

> 0.5 Meaningless 

0.2 to 0.5 Factor of a few 

< 0.1 Reliable (except for point/ring detectors) 

<0.05 Reliable even for point/ring detectors 
 

Table 5.4: Interpretation of the reactive error R. [46] 
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Figure of merit 

Another important statistic generated by MCNP is the figure of merit (FOM), 

defined as 

 
2

1
FOM

R T
=   

where T is the run time. Since T varies with the computer, the same simulation 

performed on different machines produces different FOMs. FOM should remain 

relatively constant except for fluctuations early in the simulation. For different 

variance reduction techniques, the one with the largest FOM is preferred. 

 

Variance of the Variance 

To indicate the accuracy of the relative error R, MCNP estimates the relative 

variance of R, i.e. a variance of a variance (VOV). The VOV is defined as 
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The Empirical PDF for the Tally 

MCNP also constructs the tally PDF f(x) to help assess the quality of the 

confidence interval estimates for the tally mean. Examination of the high-end tail of 

this distribution is very important for problems involving infrequent events with very 

high score. 

 

Confidence Intervals 

From the relative error R, MCNP estimates the confidence interval for the 

tally. Because the estimated mean and estimated uncertainty in the mean are 

correlated, the mid-point of the confidence interval needs to be shifted slightly from 

the mean. The amount of this midpoint shift, SHIFT, is proportional to the third 

central moment, and should decrease as 1/N. MCNP calculates this refinement for the 

confidence interval. 

 

A Conservative Tally Estimate 

Sometimes a user wishes to make a conservative tally estimate, just in case 

rare high-tally events may not be completely considered. In the output, MCNP shows 

what would happen to the mean, R, VOV, confidence interval, etc., if the next history 

(N + 1) were the same as the largest scoring history encountered in the simulation of 

N histories. If large changes occur, then be very suspicious of the result. 

 

The Ten Statistical Tests 

The most valuable tool provided by MCNP is the suite of 10 statistical tests it 

performs on the tally. Considering N as the number of the events that have been 

carried out, the ten tests are listed below. 

¶ Tally mean:  
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1.The mean must exhibit, for the last half of the problem, only random 

fluctuations as N increases. No up or down trends must be exhibited. 

¶ Relative error, R: 

2. R must be less than 0.1 (0.05 for point/ring detectors). 

3. R must decrease monotonically with N for the last half of the problem. 

4. R must decrease as ρ
Ѝ́

 for the last half of the problem.  

¶ Variance of variance 

5. The magnitude of the VOV must be less than 0.1 for all types of tallies. 

6. VOV must decrease monotonically for the last half of the problem. 

7. VOV must decrease asρ
Ѝ́

 for the last half of the problem. 

 

¶ Figure of Merit, FOM: 

8. FOM must remain statistically constant for the last half of the problem. 

9. FOM must exhibit no monotonic up or down trends in the last half of the 

problem. 

¶ Tally PDF, f(x): 

10. The SLOPE determined from the 201 largest scoring events must be 

greater than 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

-127- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

-128- 

 

6. THE ATLAS  RADIATION BACKGROUN D 

At the LHC the dominant primary source of background radiation is collisions 

at the interaction point. The very high energies and collision rate means that the levels 

of low-energy neutron, high-energy hadron and photon radiation are at an extremely 

high level in the ATLAS experiment. This causes several problems such as radiation 

damage to silicon detectors and electronics, increased detector occupancy, 

background signals resulting in spurious triggers in some of the detector systems and 

creation of residual radionuclides that will lead to radiological hazards that impact 

access and maintenance scenarios. 

 Radiation in the LHC underground areas and in the accelerator tunnel is 

produced when protons interact with the nuclei of the residual gas atoms (beam gas 

interactions) or with the nuclei of the atoms of every other material surrounding the 

beams such as beam screens collimators, magnets, cables, cryostats or the beam dump 

(point losses). When there are circulating beams in the LHC there is a small but 

continuous loss of protons along the ring. These lost protons will interact with the 

material that is closed to the beams. These primary interactions produce secondary 

particles (neutrons, pions, kaons, other protons), with some of them having sufficient 

energy to interact again and cause the production of tertiary particles and so on, 

resulting in a hadronic cascade. The fragments of the struck nuclei produced in the 

hadronic cascade are radioactive and decay in a timescale between a fraction of a 

second and many days. The accelerator thus continues to produce radioactivity even 

though there are no more circulating beams.  

The secondary charged hadrons in the Inner Detector dominate the 

background at small radii. At larger radii the backgrounds of other particles, such as 

neutrons, become more important. The purpose of the shielding in ATLAS is to 

reduce the number of background particles in regions that the radiation background is 

more intense, such as near the beampipe and specifically at the Inner Detector and the 

Muon spectrometer, to a manageable level and to protect people working in the 

electronics cavern (USA15). [31], [48] 

 

6.1. RADIATION ESTIMATORS 

The ñprimaryò estimators, obtained directly from transport codes, are 

determined by the tracking models of the transport code and are rarely modified by 

the user. Estimators derived from these quantities can be considered ñsecondaryò 

quantities, which are obtained in the user ñpost processingò step by multiplying or 

convolving the primary quantities with conversion factors. 

Particle fluence ū is defined as the number dN of particles incident on a 

sphere of cross-sectional area da, irrespective of their direction and it is a necessary to 

describe and quantify radiation side effects: 
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ū = dN
da

         (kHz/cm2) 

Also, fluence can be described as the time integral of fluence rate (flux).  

Particle current is a measure of the net number of particles crossing a surface 

with a well-defined orientation. In a directed radiation field fluence and current are 

the same only for normal incidence to the surface. 

The 1 MeV neutron equivalent fluence (Fneq) is obtained by convoluting the 

various particle energy spectra and fluences with silicon displacement damage 

functions, normalized using the non-ionising energy loss (NIEL) cross-sections to the 

expected damage of 1 MeV neutrons. As a result, a comparison of damage effects for 

different radiation fields is feasible. 

The absorbed dose is a measure of the energy deposited in a medium by 

ionizing radiation per unit mass, taking into account all energy loss mechanisms and 

its unit of measure is Joules/kg (Gray ï Gy). The ionising dose is defined as the 

integrated dE/dx energy loss in the detector material from charged particles, excluding 

ionisation energy loss from nuclear recoils. It is given in units of Gy/y, where one 

year corresponds to 8 Ĭ 1015 inelastic p ï p collisions, assuming an inelastic cross-

section of 80 mb, a luminosity of 1034 cmī2 s ī1 and a data-taking period of 107 s. 

Ionising dose is responsible for surface or interface effects in silicon devices, as well 

as inducing gas detector aging effects. 

Single event effects (SEE) include Single Event Upsets (SEU) in electronic 

circuits, which are recoverable, and Single Event Damage (SED), which may lead to 

the destruction of electronic components. The SEE rate is calculated by summing the 

rates of charged hadrons and neutrons with kinetic energies greater than 20MeV. 

Muon single plane counting rate (kHz/cm2) is the estimator for the rate at 

which Muon Drift Tubes and similar detectors in the muon system will count in 

response to the background particle rates. 

Muon penetrating particle rate (kHz/cm2) is the estimator for the muon level-1 

trigger rate from background particle rates. 

Star density (N/cm3) represents the density of hadronic inelastic interactions 

with energy above 50MeV. [48] 

 

 

6.2. SHIELDING STRATEGIES AND MATERIALS 

High energy particles from the IP initiate showers, as they encounter the 

materials of the detector. Ideally, the shielding materials should be thick enough to 

absorb all charged particles. ATLAS has almost 2825 tons of shielding (1887 tons of 

metal, 920 tons of concrete, and 18 tons of plastic) in order to limit the hazards of 

background radiation. Since different types of radiation require different types of 

shielding materials, a multi-layered shielding approach is used.  
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The inner layer needs to be as dense as possible in order to stop high energy 

hadrons and secondaries, so it is built from materials that give a large number of 

interaction lengths into a limited volume, such as copper and iron. In the case of iron, 

a minimum carbon content of a few percent is advantageous, since it efficiently 

moderates the neutron energies down to lower values.  

The remaining neutrals are mostly neutrons, which can travel long distances, 

losing their energy gradually. The second layer is consisting of doped polyethylene, 

which is used to moderate the neutron radiation escaping from the first layer. The low 

energy neutrons are then captured by a dopant (either boron or lithium).  

Photon radiation is created during the neutron capture process. The third 

shielding layer, which consists of steel or lead, is made to stop these photons. Lead is 

more effective in stopping photons but it has the disadvantage of giving off more 

neutron radiation than steel. 

In ATLAS, most of the energy from the primary particles is dumped into the 

TAS collimators, and the Forward Calorimeters (FCal) which are among the strongest 

sources of secondary radiation and are somewhat self-shielding. Since they are 

compact, they have been further shielded with layers of dense material and cladding. 

Although self-shielding, the FCal sits inside the endcap calorimeters, and is not far 

from the first forward muon station, so there is relatively little space for shielding in 

this ñcornerò of the detector, and many design iterations have been done to optimize 

the shielding shapes and materials in this region. 

Shower lengths will be determined by the material-dependent radiation lengths 

for electrons and photons, and hadronic interaction lengths for hadrons. Shower 

lengths increase logarithmically with particle energy so, as the energy increases, 

shower maximum moves deeper into the material and leakage out the back of the 

shielding increases. [48] 

 

Material ɟ (g/cm3 ) ɚ(cm) X0 (cm) Comment 

Pure Cu 8.9 17.5 1.45 expensive 

Cu Alloy 8.6 ï 8.8 18.0 ï 18.4 1.4 ï 1.35 machinable 

Pure Fe 7.9 19.1 1.8 n resonances 

Steel 7.8 19.2 1.8 low carbon 

Caste Fe 7.2 20.4 2 3% carbon 

Pb 11.4 18.9 0.56 ɔ filter 

Pure W 19.3 10.3 0.35 elemental 

W Alloy 18.2 11.2 0.38 expensive 

Concrete 2.4 46.9 10.9 walls 

C 2.3 50.0 18.8 moderator 

Al  2.7 37.2 8.9 structural 

Polyethylene 0.94 92.4 47.0 moderator 
 

Table 6.1: Radiation lengths and interaction lengths for the materials more 

commonly used in the shielding. The graphic comparison of some of these materials is 

presented in Appendix 1. [48] 
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6.3. ATLAS SHIELDING REGIONS 
 

 
Figure 6.1: The shielding in ATLAS is divided up in six subprojects. [31] 

 

 

6.3.1. JF - THE FORWARD SHIELDING 

The purpose of the two Forward Shielding assemblies is to protect the middle 

and outer end ï cap muon stations from background particles created in secondary 

interactions in the beampipe, the calorimeters and the TAS collimators. This shielding 

is removable and will be stored in the surface building during maintenance of 

ATLAS. The JF shielding consists of 2x387=775 tons of cast iron, 2x24=48 tons of 

steel plates and 2x5.5=11 tons of polyethylene for a total weight of 2x418=836 tons.  

 
Figure 6.2: JF shielding [31] 

 

The shielding consists of two parts: The cylindrical core, which is enclosed in 

a 5 cm polyethylene layer and the octagonal back that is surrounded by a thick layer 

of 8 cm. Three pieces called JFC1 ("the bridge"), JFC2 and JFC3 are used for the core 
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and two pieces called "JFS3 upper" and "JFS3 lower" for the octagonal back. All 

pieces are made of cast ductile iron, which has a large carbon content useful as a 

moderator of neutron radiation and they are surrounded by a layer of polyethylene 

doped with boron in the form of H3BO3 and followed by a 3 cm thick steel layer. 

These polyethylene layers are made of 10000 bricks of three different shapes. [31],[63] 

 

 
Figure 6.3: The massive shielding in the forward region (JF, JN) and TAS collimator. [48] 

 

6.3.2. JD - THE DISK SHIELDING 

The Disk shielding (JD) has a diameter of 872 cm and a total weight of 

2x87=174 tons and serves a threefold purpose. Firstly, it supports the muon chambers 

in the first end-cap muon station (Small Wheel). Secondly, it shields these chambers 

from background radiation emerging from the calorimeters. Also, it provides a well-

defined way for the magnetic field flux return from the solenoid magnet. The bulk of 

this shielding disk, which supports end ï cap muon trigger chambers, consists of a 

vertical steel disk with a diameter of 872 cm. Three such disks are used for the 8 cm 

thick ñlarge discò. Two disks of diameter of 540 cm are used for the 5 cm thick ñsmall 

diskò. Two cast iron ribs of 1.6 tons attached to the large disk are used to increase the 

mechanical stability of the JD. 

 
Figure 6.4: JD shielding [31] 
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The magnetic field is lead back through the electronic boxes of the Tile 

calorimeter by using 31 ring segments, with a weight of 161 kg each, attached to the 

large disk.  

At the center of the large disk and surrounding the beam-pipe is a stainless 

steel tube of length 208 cm, weight 5.4 tons and diameter 106 cm stainless steel tube 

containing a set of cylindrical shielding pieces made of leaded red brass (85% Cu, 5% 

Pb, 5% Sn, 5% Zn), which also supports Cathode Strip Chambers (CSCs) and 

Monitored Drift Tubes (MDTs). 

 

          
Figure 6.5: Left: The stainless steel tube. Right: The front of the JD shielding (IP side). [63] 

 

The total weight of the muon chambers is about 13 tons (SW 12 tons and 

TGCs 1 tone) which brings the total weight of one JD/SW assembly to 98 tons. [31], [63] 

 

 

6.3.3. JT - THE TOROID SHIELDING 

The toroid shielding consists of two parts: JTT which is outside the toroid and 

surrounds the beampipe, and JTV which is neutron shielding situated inside the 

endcap toroid cryostat. 

 
Figure 6.6: JT shielding [31] 
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The JTT is a cylindrical structure made of ductile cast iron of overall length 

about 473.6 cm, which surrounds the beampipe on the inside of the two end-cap 

toroid cryostats. The shielding consists of four plug pieces numbered (1 ï 4) from the 

back. The front piece has a large hole in the center, into which the stainless steel tube 

of the JD fits. On the outside of the cast iron is a polyethylene layer doped with B2O3 

(5%) that is used for neutron shielding. The photons created in the polyethylene layer 

are stopped by the stainless-steel ECT bore tube, which supports the shielding in the 

end-cap toroid. The JTT shielding consist of 2x55=110 tons of cast iron and 

2x1.3=2.6 tons of polyethylene for a total weight of 113 tons. 

 

                            

Figure 6.7: The JTT is installed in the hole in the center of the ECT cryostat which is 

illustrated left. The final JTT ductile iron core pieces are shown at the picture right. [63] 

 

The JTV consists of various polyethylene structures, which are located in the 

vacuum of the end-cap toroid cryostats and its purpose is to moderate neutron 

radiation and stop the low ï energy neutrons by absorption in the boron. In particular, 

it consists of the front wall (petals) which are 8 cm thick plates and a front and back 

ring, all made of polyethylene. The polyethylene is doped with boron carbide B4C 

(5%), which causes fewer out-gassing problems than other dopants. The front ring 

covers the radius 93 to 142 cm and it has a weight of 432 kg, while the back ring 

covers the radius 96.5 to 134.3 cm and has a weight of 220 kg. Photons created when 

the neutrons are absorbed by the boron are stopped by the aluminium of the cryostat 

itself. [31], [63] 

        
Figure 6.8: Left: Installation of JTV petals on the endcap toroid endplate. Right: A 

JTV petal segment in the front wall. [63] 
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Figure 6.9: Various pieces of the disk shield (JD) and toroid shield (JTT and JTV). The 

location of the muon chambers in the Small Wheel (SW) are also indicated. [48] 

 

 

6.3.4. JM - THE MODERATOR SHIELDING 

The moderator shielding (JM) on the front face of each of the endcap and 

forward liquid argon calorimeters reduces the neutron fluences and protects the inner 

detector from back-splash of neutrons from the calorimeter. Its mass that is as small 

as possible and the total weight of this shielding is only 2x168 kg. It is made of 

polyethylene, doped with (5%) boron carbide (B4C). This dopant results in a plastic 

that is more radiation hard than if other boron dopants were used. This is important 

since the shielding in front of the forward calorimeter is exposed to a very large dose 

of radiation during the ATLAS lifetime. 

JM shielding consists of two parts: The 2m diameter disc of 90 kg on the front 

face of the endcap liquid argon calorimeter and the tube and plug of 52 kg which lines 

the alcove in front of the forward calorimeter. The tube cover has water pipes on the 

inside for cooling during beampipe bake-out. [31], [63]
 

 

 
Figure 6.10: Inner detector region and JM shielding [48] 
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Figure 6.11: Left: The JM after installation on the endcap calorimeter. Right:  

Installation of scintillators on top of the JM disc. [63] 

 

 

6.3.5. JN - THE NOSE SHIELDING 

The nose (JN or TX1S) shielding supports the TAS collimator and protects 

ATLAS from the radiation created in the TAS, which is designed to prevent the first 

LHC quadrupole from quenching due to the energy deposited by the particles 

emerging from the interactions in ATLAS. The nose shielding is permanently 

installed in ATLAS and cannot be removed during shutdowns. 

The main part of this shielding is the cylindrical 117 tone heavy monobloc 

made of cast iron with outer diameter of 295 cm. It is supported by a tube that is 

anchored in a 460 tone concrete structure. This cast iron tube has a weight of 51 tons 

and it has an inner diameter of 257 cm and an outer diameter of 297 cm. 

The 2x200 tone heavy ñwashersò, which are located around the support tube, 

surround the tube and the monobloc and increase the radial thickness of the iron 

shielding by 112 cm in a region where the monobloc is thin. [31], [63]
 

 

 

 
Figure 6.12: Schematic view of JN [31] 
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Figure 6.13: Left: The monobloc after installation. Right: Front view of the TAS collimator 

and the remotely controlled beampipe flange. [63] 

 

 

 

6.3.6. PLUGS IN THE LA R CALORIMETER 

There are three brass shielding elements inside each of the end-cap calorimeter 

cryostats, located directly behind the calorimeters. The largest one of outer diameter 

387 cm, inner diameter of 118.2 cm and weight of 12 tons is attached to the rear 

endplate of the cryostats. Closer to the beam-line are two other shielding plugs. Plug 2 

is a smaller ring shaped shielding with a weight of 0.9 tons, an inner diameter of 95 

cm and an outer diameter of 135 cm. Plug 3 is a cylindrically-shaped extension of the 

forward calorimeters. The main purpose of these shielding elements is to protect the 

end-cap inner muon stations from the background radiation. [31], [63] 

 
Figure 6.14: LAr calorimeter shielding plugs [31] 

 
 

6.4. MEASUREMENTS, PREDICTIONS AND RADIATION IMPACT  

The largest impact from background radiation is of course to be expected close 

to the beampipe, in particular in the region of the inner detector and the forward 

Calorimeters. The secondary sources leading to background radiation in the outer 

regions of the detector depend on the locations where the most energy is deposited by 
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primary particles. The three hottest sources in order of importance are (1) the core of 

the TAS collimator at 19.5 meters, (2) the core of the forward calorimeter at 5.2 

meters, and (3) the beamline, from 5.2 meters to about 14 meters. Projected radiation 

levels in key areas of the detector are described below. The energy deposited in each 

TAS collimator is of the order of 2.3 TeV. Each FCAL calorimeter absorbs about 0.45 

TeV while about 50 GeV are deposited in the beam pipe. [31] 

 

6.4.1. PREDICTIONS FOR THE INNER DETECTOR 

The inner detector sees the primary particle production coming from the 

interaction point, along with albedo particles with their largest number coming from 

the face of the endcap calorimeter. Charged hadrons, dominated by charged pions 

originating from the p-p collisions, constitute the most serious background for the 

innermost layers of the inner detector. The charged hadron fluence contours run 

parallel to the beamline, which is a consequence of the flatness of the charged particle 

rapidity plateau of minimum bias events. Hadrons above 10 MeV are less numerous, 

but are also important. 

 

Figure 6.15: Charged hadron fluence rates in the inner detector. [48] 

 

The variation in fluence levels is much less for neutrons than for charged 

hadrons. Most of the neutrons in the inner detector are the result of albedo (back-

splash from the calorimeters).  

Considering photons, the fluence contours are similar to those of neutrons 

away from the beamline, indicating that most of the photons are being produced from 

neutron capture. Photons are also produced copiously from interactions in the 

beamline equipment and the minimization of the material it is important in this region. 

Another source of photons is from ˊ0 decay, which dominates the fluences at high 

energies. [31], [48] 
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Figure 6.16: Left: Total neutron fluence in the Inner detector. Right: Proton fluence rates in 

the Inner detector [48] 

 

 

6.4.2. RADIATION IMPACT ON THE INNER DETECTOR 

Ionizing energy loss in the surface layers results in damage to silicon devices. 

Electrons resulting from ionization in semiconductor oxide layers quickly drift from 

the oxide layer, driven by the bias voltage. The low mobility holes that are left behind 

slowly drift towards the Si-SiO2 interface, where they accumulate as a charged layer, 

modifying the operating characteristics of the device. 

Another effect is bulk (or displacement) damage which dominates the damage 

to ñminority carrierò devices (silicon detectors, bipolar electronics etc.). Damage 

effects by energetic particles in the bulk of any material can be described as being 

proportional to the displacement damage cross section D, which depends on the 

particle type and energy. 

Silicon detectors, and other detector components, are also subject to damage 

by ionizing radiation, also referred as ñionising doseò damage (Gy/y). The character 

of the damage due to this ionisation energy loss is quite different from displacement 

damage, in that it typically involves only the surface layers of detectors, since the low 

energy electrons and positrons responsible for the majority of the damage have little 

penetrating power in silicon.  

Charged particles will induce ionization at an energy dependent rate, dE/dX, 

given by Bethe-Bloch formula, and photon backgrounds can be important since they 

interact readily to produce charged particles. [31], [48] 
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6.4.3. PREDICTIONS FOR THE CALORIMETER 

The forward calorimeters will be exposed to up to 160 kGy/y, whereas the end-cap 

electromagnetic calorimeters are exposed to up to 30 kGy/y, numbers which lead to very large 

integrated doses over the full lifetime of the experiment. This is one reason why only the LAr 

technology with its intrinsically high resistance to radiation is used in the end-cap and 

forward regions. The tile calorimeter, with its scintillator samplings read out by wavelength-

shifting fibres, is protected by the LAr electromagnetic calorimeter and is exposed to less than 

30 Gy/y. 

The photon map shows an electromagnetic shower development at around z = Ñ 4.9 

m. The neutron map emphasizes the hadronic shower maximum at z = Ñ 5.1 m. [31], [48] 

 

   

Figure 6.17: Total neutron flux and Photon flux in the calorimeter region (GCALOR) [48] 

 

 

6.4.4. IMPACT ON THE CALORIMETER 

The TileCal consists of steel absorber material, impervious to radiation 

damage and scintillating plates read out by wavelength shifting (WLS) fibers. TileCal 

irradiation tests for possible damage to the scintillator and WLS fibers concluded that 

these elements can have their light yields reduced by ionizing radiation, including the 

ionization induced by interacting background neutrons. 

The TileCal photomultiplier tubes (PMTs) and front end electronics are in 

ódrawersô positioned between structural steel support girders at the back of the TileCal 

modules. In both the barrel and endcap, this region is well shielded by the total depth 

of the ATLAS calorimeters. The most exposed regions are at the ends of the drawers, 

where there are gaps for inner detector services and electronics. 

As for the LAr calorimeters, the argon itself is not susceptible to radiation 

damage, either short or long term. However, the radiation rates in the ATLAS FCAL 

region are exceptionally high, and there was concern that activation of the argon 

might lead to signal or safety problems. The absorber and structural materials used in 


































































































































