
IƛǎǘƻǊȅ ϧ CǳǘǳǊŜ ƻŦ wŀŘƛŀǘƛƻƴ 
5ŜǘŜŎǘƛƻƴ

±ƛƪǘƻǊ ½ŀŎŜƪΣ ¦ƴƛǾŜǊǎƛǘŞŘŜ aƻƴǘǊŞŀƭ 

¢ƘŜ 9ŀǊƭȅ 5ŀȅǎ

LƳŀƎƛƴƎ 5ŜǘŜŎǘƻǊǎ

Dŀǎ 5ŜǘŜŎǘƻǊǎ

{ƻƭƛŘ {ǘŀǘŜ 5ŜǘŜŎǘƻǊǎ

{ŎƛƴǘƛƭƭŀǘƻǊǎ

tƘƻǘƻƳǳƭǘƛǇƭƛŜǊǎ

hǳǘƭƻƻƪ

DwL5{ ¢wL¦aC ϧ aŎ5ƻƴŀƭŘ LƴǎǘƛǘǳǘŜΣ WǳƴŜ млΣ 
нлмф



άbŜǿ ŘƛǊŜŎǘƛƻƴǎ ƛƴ ǎŎƛŜƴŎŜ ŀǊŜ ƭŀǳƴŎƘŜŘ 
ōȅ ƴŜǿ ǘƻƻƭǎ ƳǳŎƘ ƳƻǊŜ ƻŦǘŜƴ ǘƘŀƴ ōȅ 
ƴŜǿ ŎƻƴŎŜǇǘǎΦ 

¢ƘŜ ŜŦŦŜŎǘ ƻŦ ŀ ŎƻƴŎŜǇǘπŘǊƛǾŜƴ ǊŜǾƻƭǳǘƛƻƴ 
ƛǎ ǘƻ ŜȄǇƭŀƛƴ ƻƭŘ ǘƘƛƴƎǎ ƛƴ ƴŜǿ ǿŀȅǎΦ

¢ƘŜ ŜŦŦŜŎǘ ƻŦ ŀ ǘƻƻƭπŘǊƛǾŜƴ ǊŜǾƻƭǳǘƛƻƴ ƛǎ ǘƻ 
ŘƛǎŎƻǾŜǊ ƴŜǿ ǘƘƛƴƎǎ ǘƘŀǘ ƘŀǾŜ ǘƻ ōŜ 
ŜȄǇƭŀƛƴŜŘέ

CǊŜŜƳŀƴ 5ȅǎƻƴ

New tools and technologies will be extremely important to go beyond 
LHC and the next generation of detectors in astroparticlephysics

Freeman Dyson

{ŜǘǘƛƴƎ ǘƘŜ {ǘŀƎŜ



¢ƘŜ 9ŀǊƭȅ 5ŀȅǎ

Å tƘƻǘƻƎǊŀǇƘƛŎ ǇƭŀǘŜǎ

Å 9ƭŜŎǘǊƻǎŎƻǇŜ

Å CƭǳƻǊŜǎŎŜƴǘ ǎŎǊŜŜƴǎ



¢ƘŜ 9ŀǊƭȅ 5ŀȅǎ    

²ƛƭƘŜƭƳ  /Φ wǀƴǘƎŜƴ
όмупр πмфноύ

πhƴ bƻǾΦ уΣ муфр ²Φ wǀƴǘƎŜƴƴƻǘƛŎŜǎ ŀ ŦŀƛƴǘƎƭƻǿƻƴ 
ŀ  ŎŀǊŘōƻŀǊŘŎƻŀǘŜŘǿƛǘƘ.ŀώtǘό/bύпϐ ǿƘŜƴ ƘŜ 
ǘǳǊƴŜŘ ƻƴ Ƙƛǎ /Ǌƻƻƪǎ π/ŀǘƘƻŘŜ wŀȅ ǘǳōŜΣ ǿƘƛŎƘ 
ǿŀǎ ǿŜƭƭ ǎƘƛŜƭŘŜŘ ǿƛǘƘ ŀ ŘŀǊƪ ŎƻǾŜǊΗΗΗ 

Ba[Pt(CN)4] was at the time a known phosphorescent material

πhƴŜ ƳƻƴǘƘƭŀǘŜǊƘŜǊŜǇƭŀŎŜǎ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴǘ ōȅ ŀ   
ǇƘƻǘƻƎǊŀǇƘƛŎ ǇƭŀǘŜ ŀƴŘ ǘŀƪŜǎ мǎǘ·πǊŀȅ ǇƘƻǘƻƎǊŀǇƘ
ΧƻŦ ƘƛǎǿƛŦŜΩǎƘŀƴŘΗ 

ΧƻƴŜ ȅŜŀǊƭŀǘŜǊƻǾŜǊ мллл ŀǊǘƛŎƭŜǎΣ Ҕ рл ōƻƻƪǎ ƻƴ ·πǊŀȅǎΗ

ΧǎƻƳŜǇŜƻǇƭŜ ǿŀƴǘǘƻ ōǳǊƴŀƭƭ ǿƻǊƪƻƴ ·πǊŀȅǎ ŀƴŘ ŜȄŜŎǳǘŜƛǘǎŘƛǎŎƻǾŜǊŜǊΗ 

ΧƻƴŜ ŎƻƳǇŀƴȅŀŘǾŜǊǘƛǎŜǎǎŜƭƭƛƴƎƻŦ ·πǊŀȅ ǇǊƻƻŦ ǳƴŘŜǊǿŜŀǊ

CǊŀǳ wǀƴǘƎŜƴΩǎIŀƴŘ

tƘƻǘƻƎǊŀǇƘƛŎǇƭŀǘŜǎ 

ΧǇǊƻƘƛōƛǘƛƻƴ ǘƻ ǳǎŜ ·πǊŀȅǎ ƛƴ ƻǇŜǊŀƎƭŀǎǎŜǎ ƛƴ ǘƘŜŀǘŜǊǎ

Nobel Prize 1901

²Φ /ǊƻƻƪΩǎ ŎŀǘƘƻŘŜ Ǌŀȅ ǘǳōŜ 
ƛƴǾŜƴǘŜŘ   мутл πDƭƻǿ ǎǘƛƭƭ ǇǊŜǎŜƴǘ ŀŦǘŜǊ ǘǊŀǾŜǊǎƛƴƎ ōƻƻƪǎ ƻƴ Ƙƛǎ ŘŜǎƪΗ



¢ƘŜ 9ŀǊƭȅ 5ŀȅǎ    

IŜƴǊƛ  .ŜŎǉǳŜǊŜƭ
όмурн πмфлуύ

πмуфс  IŜƴǊƛ .ŜŎǉǳŜǊŜƭ όƳƛƴŜǊŀƭƻƎƛǎǘύ    
ŘƛǎŎƻǾŜǊǎ ǊŀŘƛƻŀŎǘƛǾƛǘȅΥ ǊŀŘƛŀǘƛƻƴ 
ŜƳƛǘǘŜŘ ōȅ ¦ǊŀƴƛǳƳ ǎŀƭǘ ǎƘŀǊŜŘ ŎŜǊǘŀƛƴ  
ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ǿƛǘƘ ·πǊŀȅǎΣ ōǳǘ ŎƻǳƭŘ 
ōŜ ŘŜŦƭŜŎǘŜŘ ōȅ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ Η

tƻǎƛǘƛƻƴ ƻŦ ¦πǎŀƭǘ ƻƴ ǇƘƻǘƻƎǊŀǇƘƛŎ ǇƭŀǘŜ

όǿƛǘƘ aΦ ϧ tΦ /ǳǊƛŜύ 
Nobel Prize 1903

π.ŜŎǉǳŜǊŜƭ ƴƻǘƛŎŜǎ ŀƭǎƻ ǘƘŀǘ 
ǘƘŜ ǊŀŘƛŀǘƛƻƴ ŘƛǎŎƘŀǊƎŜǎ ŀƴ   
ŜƭŜŎǘǊƻǎŎƻǇŜ

tƘƻǘƻƎǊŀǇƘƛŎǇƭŀǘŜǎ ϧ 9ƭŜŎǘǊƻǎŎƻǇŜ

/ƘŀǊƎŜŘ ǇŀǊǘƛŎƭŜǎ ŜƳƛǘǘŜŘΗ 



πмуфф WΦ 9ƭǎǘƴŜǊΣ IΦ DŜƛǘŜƭϧ /Φ ²ƛƭǎƻƴ ŦƛƴŘ ǘƘŀǘ   
ŜƭŜŎǘǊƻǎŎƻǇŜ ƭƻǎŜǎ ŎƘŀǊƎŜ ǿκƻ ōŜƛƴƎ ŜȄǇƻǎŜŘ ǘƻ 
ǊŀŘƛŀǘƛƻƴ Ҧ ƛǎ ǘƘŜǊŜ ǊŀŘƛƻŀŎǘƛǾƛǘȅ ŦǊƻƳ ǘƘŜ 9ŀǊǘƘΚ 

π²ƘŜƴ ŀƴ ŜƭŜŎǘǊƛŎ ŎƘŀǊƎŜ ƛǎ ŘŜǇƻǎƛǘŜŘΣ ǘƘŜ н ǿƛƴƎǎ  
ǊŜǇŜƭ ŜŀŎƘ ƻǘƘŜǊΦ LŦ ǊŀŘƛŀǘƛƻƴ ƛƻƴƛȊŜǎ ŀƛǊ ǿƛǘƘƛƴ ǘƘŜ  
ŘŜǾƛŎŜΣ ŎƘŀǊƎŜ ƭŜŀƪǎ ŀǿŀȅ  ŀƴŘ ǿƛƴƎǎ ŎƻƳŜ 
ǘƻƎŜǘƘŜǊΧΦ ǳǎŜŘ ŀƭǎƻ ōȅ ǘƘŜ /ǳǊƛŜǎΧΦ  

±ƛƪǘƻǊ IŜǎǎ 
όмупр πмфноύ

¢ƘŜ 9ƭŜŎǘǊƻǎŎƻǇŜόмтут ōȅ !Φ .ŜƴƴŜǘǘύ Υ

Nobel Prize 1936

ό ±Φ IŜǎǎύ

5ƛǎŎƻǾŜǊȅ ƻŦ  
ŎƻǎƳƛŎ ǊŀȅǎΗ  

¢ƘŜ 9ŀǊƭȅ 5ŀȅǎ    

πмфмн ±Φ IŜǎǎ ŎŀǊǊƛŜǎ ŀƴ ŜƭŜŎǘǊƻǎŎƻǇŜ 
ƻƴ ŀ ōŀƭƭƻƻƴ ǳǇ ǘƻ  ролл ƳΦ hƴŜ 
ŀǎŎŜƴǘ ŘǳǊƛƴƎ ǘƻǘŀƭ ǎƻƭŀǊ ŜŎƭƛǇǎŜΗ 
LƴŎǊŜŀǎŜ ƻŦ  ŘƛǎŎƘŀǊƎŜ ǿƛǘƘ ŀƭǘƛǘǳŘŜΗ



πмуфф WΦ 9ƭǎǘƴŜǊΣ IΦ DŜƛǘŜƭϧ /Φ ²ƛƭǎƻƴ ŦƛƴŘ ǘƘŀǘ   
ŜƭŜŎǘǊƻǎŎƻǇŜ ƭƻǎŜǎ ŎƘŀǊƎŜ ǿκƻ ōŜƛƴƎ ŜȄǇƻǎŜŘ ǘƻ 
ǊŀŘƛŀǘƛƻƴ Ҧ ƛǎ ǘƘŜǊŜ ǊŀŘƛƻŀŎǘƛǾƛǘȅ ŦǊƻƳ ǘƘŜ 9ŀǊǘƘΚ 

π²ƘŜƴ ŀƴ ŜƭŜŎǘǊƛŎ ŎƘŀǊƎŜ ƛǎ ŘŜǇƻǎƛǘŜŘΣ ǘƘŜ н ǿƛƴƎǎ  
ǊŜǇŜƭ ŜŀŎƘ ƻǘƘŜǊΦ LŦ ǊŀŘƛŀǘƛƻƴ ƛƻƴƛȊŜǎ ŀƛǊ ǿƛǘƘƛƴ ǘƘŜ  
ŘŜǾƛŎŜΣ ŎƘŀǊƎŜ ƭŜŀƪǎ ŀǿŀȅ  ŀƴŘ ǿƛƴƎǎ ŎƻƳŜ 
ǘƻƎŜǘƘŜǊΧΦ ǳǎŜŘ ŀƭǎƻ ōȅ ǘƘŜ /ǳǊƛŜǎΧΦ  

±ƛƪǘƻǊ IŜǎǎ 
όмупр πмфноύ

The Electroscope(1787 by A. Bennett) :

bƻōŜƭ tǊƛȊŜ мфос

ό ±Φ IŜǎǎύ

5ƛǎŎƻǾŜǊȅ ƻŦ  
ŎƻǎƳƛŎ ǊŀȅǎΗ  

¢ƘŜ 9ŀǊƭȅ 5ŀȅǎ    

πмфмн ±Φ IŜǎǎ ŎŀǊǊƛŜǎ ŀƴ ŜƭŜŎǘǊƻǎŎƻǇŜ 
ƻƴ ŀ ōŀƭƭƻƻƴ ǳǇ ǘƻ  ролл ƳΦ hƴŜ 
ŀǎŎŜƴǘ ŘǳǊƛƴƎ ǘƻǘŀƭ ǎƻƭŀǊ ŜŎƭƛǇǎŜΗ 
LƴŎǊŜŀǎŜ ƻŦ  ŘƛǎŎƘŀǊƎŜ ǿƛǘƘ ŀƭǘƛǘǳŘŜΗ

нлло I9{{ ςŀǘƳƻǎǇƘΦ ŎƻǎƳƛŎ Ǌŀȅ #ǘŜƭŜǎŎƻǇŜΣ 
bŀƳƛōƛŀ



CƭǳƻǊŜǎŎŜƴǘ {ŎǊŜŜƴǎ  

- 1911 E. Rutherford at U. Manchester studies scattering 
of h ςparticles  on a Gold foil and uses a Zinc Sulfate    
screen as detector (E. R. @ McGill from 1898 ς1907)   

- As an h ςparticles hits the screen, a flash can be   
recorded by eye through the microscope 

{ǇƘƛƴǘŀǊƛǎŎƻǇŜό²Φ /Ǌƻƻƪ мфлоύ
ˋˉʽ˄ʻʺˊ Ґ ǎǇŀǊƪ 

9ǊƴŜǎǘ wǳǘƘŜǊŦƻǊŘ 
όмупр πмфноύ

bƻōŜƭ tǊƛȊŜ мфлу

5ƛǎŎƻǾŜǊȅ ƻŦ ǘƘŜ 
ŀǘƻƳƛŎ ƴǳŎƭŜǳǎΗ  

!ǘǊƻǇŀōŜƭƭŀŘƻƴƴŀ ƻǊ
5ŜŀŘƭȅ ƴƛƎƘǘ ǎƘŀŘŜ

¢ƘŜ 9ŀǊƭȅ 5ŀȅǎ    



¢ƘŜ CƛǊǎǘ LƳŀƎƛƴƎ 5ŜǘŜŎǘƻǊǎ

Å Cloud Chambers

Å Nuclear Emulsions

Å Bubble Chambers

ΧΦŘŜǘŀƛƭǎ ƻƴ .ŀǎƛŎ 5ŜǘŜŎǘƻǊ tƘȅǎƛŎǎ Ҧ !ƭƛǎƻƴ [ƛǎǘŜǊΩǎ ǘŀƭƪ



/Φ¢ΦwΦ ²ƛƭǎƻƴ όмусфπмфрфύ

¢ƘŜ /ƭƻǳŘ /ƘŀƳōŜǊ    

πLƴ муфр /ƘŀǊƭŜǎ ¢Φ wΦ ²ƛƭǎƻƴ ǎǘǳŘƛŜǎ ŎƭƻǳŘǎ ŀǎ ŀ ƳŜǘŜƻǊƻƭƻƎƛǎǘ ŀǘ ǘƘŜ    
/ŀǾŜƴŘƛǎƘ ƭŀōǎ ό/ŀƳōǊƛŘƎŜύ 

πhōǎŜǊǾŀǘƛƻƴ Ҧ ƭŜǎǎ ŎƭƻǳŘǎ ƛƴ ŘǳǎǘπŦǊŜŜ ŀƛǊ Η

π/ŀǊǊƛŜǎ ŎƻƴǘŀƛƴŜǊ ŀƭƭƻǿƛƴƎ ŜȄǇŀƴǎƛƻƴ ƻŦ ƘǳƳƛŘ ŀƛǊ ƻƴ Ƴƻǳƴǘŀƛƴ ǘƻǇǎ

π¢ƘƻƳǎƻƴ ϧ wǳǘƘŜǊŦƻǊŘ ŀǘ /ŀǾŜƴŘƛǎƘΥ ·πǊŀȅǎ ŎŀǳǎŜ ƛƻƴƛȊŀǘƛƻƴ ƛƴ ƎŀǎŜǎ 

Water condenses around ionization when pressure is 
lowered and vapor becomes supersaturated

±ŀǇƻǊ

²ŀǘŜǊ

LŎŜ

Χŀ ǎǳǎǇƛŎƛƻƴΥ

tŀǊǘƛŎƭŜ  ǘǊŀŎƪ ŀǎ Ƴƛǎǘ πƭƛƪŜ ǘǊŀƛƭ ƻŦ ǎƳŀƭƭ ǿŀǘŜǊ ŘǊƻǇƭŜǘǎ

- 1906 W. exposes chamber to X-rays: sees dramatic increase in # of drops 
bƻōŜƭ tǊƛȊŜ мфнт
ǿƛǘƘ !Φ /ƻƳǇǘƻƴ



π// ōŜŎƻƳŜǎ ŘŜǾƛŎŜ ǘƻ ǎǘǳŘȅ ŘƛŦŦŜǊŜƴǘ 
ƪƛƴŘǎ ƻŦ ǊŀŘƛŀǘƛƻƴ

tǊƻƳƛƴŜƴǘ ǊƻƭŜ ƛƴ ŜȄǇŜǊƛƳŜƴǘŀƭ 
ǇŀǊǘƛŎƭŜ ǇƘȅǎƛŎǎ ŦǊƻƳ ǘƘŜ мфнлǎ 

ǘƻ ǘƘŜ мфрлǎ

¢ƘŜ /ƭƻǳŘ /ƘŀƳōŜǊ   

tŜǊŦŜŎǘŜŘ ōȅ ²ƛƭǎƻƴ ƛƴ мфмн ǘƻ ŘŜǘŜŎǘ ǊŀŘƛŀǘƛƻƴ

πмфлу !ΦaΦ ²ƻǊǘƘƛƴƎǘƻƴ ŘŜǾŜƭƻǇǎ ƘƛƎƘ 
ǎǇŜŜŘ ǇƘƻǘƻƎǊŀǇƘȅ ǳǎƛƴƎ ǎ˃ ǎǇŀǊƪǎ  

!ƴƻǘƘŜǊ ƛƳǇƻǊǘŀƴǘ ƛƴƎǊŜŘƛŜƴǘΥ

!ΦaΦ²Φ Υ Ψ! ǎǘǳŘȅ ƻŦ ŦƭŀǎƘŜǎΩ

/ŀǾŜƴŘƛǎƘ [ŀō aǳǎŜǳƳ

Lƴ {ǇǊƛƴƎ мфмм ŦƛǊǎǘ ƛƳŀƎŜǎ ǿƛǘƘ Σh ̡Σ Ȅ ŀƴŘ πɹǊŀȅǎ

²ŀǘŜǊ

±ŀƭǾŜ

±ŀŎǳǳƳ

{ǎ ǾŀǇƻǊ

I±



The Cloud Chamber - Discoveries  

мфноΣ !Φ /ƻƳǇǘƻƴ ǊŜǇƻǊǘǎ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ άǎƘƛŦǘέ ƛƴ ŦǊŜǉǳŜƴŎȅ 
ƻŦ ȄπǊŀȅǎ ǎŎŀǘǘŜǊŜŘ ŦǊƻƳ ŜƭŜŎǘǊƻƴǎΦ

¢ƘŜ ά/ƻƳǇǘƻƴ ǊŜŎƻƛƭ ŜƭŜŎǘǊƻƴέ ƛǎ ǇǊŜŘƛŎǘŜŘΦ {ƘƻǳƭŘ ƘŀǾŜ ƭƻǿ 
ƪƛƴŜǘƛŎ ŜƴŜǊƎȅ ό¢ύ

мфно ²ƛƭǎƻƴ ǳǎŜǎ ·πǊŀȅ ǘǳōŜ ϧ ǎƘƻǿǎ 
ƛƳŀƎŜǎ ƻŦ ǊŜŎƻƛƭ ŜƭŜŎǘǊƻƴǎ ǿƛǘƘ ƭƻǿ ¢ 
ǎǳǇǇƻǊǘƛƴƎ /ƻƳǇǘƻƴΩǎ ŎƭŀƛƳ ŦƻǊ ŀ 
ǉǳŀƴǘǳƳ ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ ƭƛƎƘǘ ϧ 
ŜƭŜŎǘǊƻƴǎ

!Φ /ƻƳǇǘƻƴ όмфунπмфснύ

bƻōŜƭ ǇǊƛȊŜ мфнт 
ǿƛǘƘ ²ƛƭǎƻƴ



// ǿŀǎ ǳƴǘƛƭ ǘƘŜ ƛƴǾŜƴǘƛƻƴ ƻŦ ǘƘŜ .ǳōōƭŜ /ƘŀƳōŜǊ ƛƴ мфрл ǘƘŜ ǇǊƛƴŎƛǇŀƭ ƳŜǘƘƻŘ ŦƻǊ 
ǎǘǳŘȅƛƴƎ ǇŀǊǘƛŎƭŜ ǘǊŀŎƪǎ ό  пл ȅΗύ

Å мфоо 5ƛǎŎƻǾŜǊȅ ƻŦ ǇƻǎƛǘǊƻƴ ōȅ /Φ5Φ !ƴŘŜǊǎƻƴ
bƻōŜƭ ǇǊƛȊŜ мфос ǿƛǘƘ ±Φ IŜǎǎ 

The Cloud Chamber ςMore Discoveries  

Å мфоо ±ƛǎǳŀƭƛȊŀǘƛƻƴ ƻŦ ǇŀƛǊπǇǊƻŘǳŎǘƛƻƴ ŀƴŘ  ŜҌŀƴƴƛƘƛƭŀǘƛƻƴ
ōȅ .ƭŀŎƪŜǘǘ ϧ hŎŎƘƛŀƭƛƴƛ

Å мфотΥ 5ƛǎŎƻǾŜǊȅ ƻŦ Ƴǳƻƴ ōȅ /Φ 5Φ !ƴŘŜǊǎƻƴ ŀƴŘ {Φ 
bŜŘŘŜǊƳŜȅŜǊέǿƘƻ ƻǊŘŜǊŜŘ ǘƘŀǘΚέ όLΦ wŀōƛƴύ

Å мфпт 5ƛǎŎƻǾŜǊȅ ƻŦ ŦƛǊǎǘ ǎǘǊŀƴƎŜ ǇŀǊǘƛŎƭŜǎ όYŀƻƴǎύ ōȅ 
/Φ .ǳǘƭŜǊ ϧ DΦ wƻŎƘŜǎǘŜǊ ό±πǇŀǊǘƛŎƭŜύ

ά¢ƘŜ Ƴƻǎǘ ƻǊƛƎƛƴŀƭ ŀƴŘ ǿƻƴŘŜǊŦǳƭ ƛƴǎǘǊǳƳŜƴǘ 
ƛƴ ǎŎƛŜƴǘƛŦƛŎ ƘƛǎǘƻǊȅέ ό9Φ wǳǘƘŜǊŦƻǊŘύ

ὑ ᴼ““

соaŜ±

но aŜ±
Pb-foil

. Ґ мΦр ¢

. Ґ лΦфр ¢

/ǳǊǾŀǘǳǊŜ 
ŘƛŦŦŜǊŜƴǘ ǘƘŀƴ 
ŦƻǊ ŜπŜҌ

hōǎŜǊǾŜŘ 
άŦƻǊƪ ŜǾŜƴǘǎέ 

/ƻǎƳƛŎǎҨ

/ƻǎƳƛŎǎҨ

/ƻǎƳƛŎǎҨ

e+

ҕ˃

Y



¢ƘŜ /[h¦5 tǊƻƧŜŎǘ ŀǘ /9wb   нллф πнлмф

Å {ǘǳŘȅ ƳƛŎǊƻǇƘȅǎƛŎǎ ōŜǘǿΦ ŎƻǎƳƛŎ Ǌŀȅǎ ŀƴŘ ŀŜǊƻǎƻƭǎ 
ǳƴŘŜǊ ŎƻƴǘǊƻƭƭŜŘ ŎƻƴŘƛǘƛƻƴǎ   όǎƻƭŀǊ ǾŀǊƛŀōƛƭƛǘȅΚύ

/ƻǎƳƛŎǎ[ŜŀǾƛƴƎhǳǘŘƻƻǊ 5ǊƻǇƭŜǘǎ

мт Lƴǎǘƛǘǳǘƛƻƴǎ κ ф /ƻǳƴǘǊƛŜǎ

Å нс Ƴо  //  ǿƛǘƘ bнκhнҌ Iнh Ҍ ƻǘƘŜǊ ƎŀǎŜǎ Ϫ {t{ ōŜŀƳ 

Å UV ςlight for photolysis + E-field 

CƛƴŘƛƴƎǎΥ

Å tǊŜπƛƴŘǳǎǘǊƛŀƭ ŎƭƛƳŀǘŜ ŎƻƴŘƛǘƛƻƴǎ ŎƭƻǳŘƛŜǊ

Å /ƻǊǊŜƭŀǘƛƻƴ /w ҭ ŀŜǊƻǎƻƭ  ŦƻǊƳŀǘƛƻƴ ƭŜǎǎ 
ƛƳǇƻǊǘŀƴǘ ƛƴ ǇǊŜǎŜƴŎŜ ƻŦ {hн

Å IƻǿŜǾŜǊ άǊŜǎǳƭǘǎ ǎŜŜƳ ƴƻǘ ǘƻ ǎǳǇǇƻǊǘ 
ƘȅǇƻǘƘŜǎƛǎ ǘƘŀǘ /w ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŀŦŦŜŎǘ ŎƭƛƳŀǘŜέ  

ό{ǘƛƭƭ ǎƻƳŜǿƘŀǘ ŎƻƴǘǊƻǾŜǊǎƛŀƭΧύ

Å IǳƳƛŘ ŀƛǊ Ҧ ŀŘƛŀōΦ ŜȄǇŀƴǎƛƻƴ Ҧ ōŜŀƳ ƛƴǘŜǊŀŎǘƛƻƴ

Å .ƛƻƎŜƴƛŎ ǾŀǇƻǊǎ ŜƳƛǘǘŜŘ ōȅ ǘǊŜŜǎ ƘŀǾŜ 
ǎƛƎƴƛŦƛŎŀƴǘ ƛƳǇŀŎǘ ƻƴ ŎƭƻǳŘ ŦƻǊƳŀǘƛƻƴ



DCC invented in 1939 
by A. Langsdorff

¢ƘŜ ¢wL¦aC 5ƛŦŦǳǎƛƻƴ /ƭƻǳŘ /ƘŀƳōŜǊ   

¢ƻŘŀȅ ǎǘƛƭƭ //Ωǎ ŀǊŜ ŀƴ 
ŜȄŎŜƭƭŜƴǘ ƛƴǎǘǊǳƳŜƴǘ  ŦƻǊ 
ŜŘǳŎŀǘƛƻƴŀƭ ǇǳǊǇƻǎŜǎ Η

ΧŎƻƴǘƛƴǳƻǳǎƭȅ ŀŎǘƛǾŜ ΗΗ

ƘǘǘǇǎΥκκǿǿǿΦȅƻǳǘǳōŜΦŎƻƳκǿŀǘŎƘΚǾҐψнbDȅōbǉро¦



aŀǊƛŜǘǘŀ .ƭŀǳόмуфпπмфтлύ

bǳŎƭŜŀǊ 9Ƴǳƭǎƛƻƴǎ    

{ƛƴŎŜ ŜŀǊƭȅ нлǘƘ ŎŜƴǘǳǊȅ ǇƘƻǘƻƎǊŀǇƘȅ ƛƳǇƻǊǘŀƴǘ ŦƻǊ 
ǊŀŘƛŀǘƛƻƴ ǎǘǳŘƛŜǎΣ ōǳǘ ƴƻ ŎŀǇŀōƛƭƛǘȅ ǘƻ ǎŜŜ ǘǊŀŎƪǎ

Å M. Blauwas an Austrian physicist who pioneered the 
development of photographic methods for imaging nuclear 
processes in the 1920s and1930s. 

Å wϧ5 ƻƴ ŜǎǇŜŎƛŀƭƭȅ ǘƘƛŎƪ ǇƘƻǘΦ ŜƳǳƭǎƛƻƴǎ мл πнлл Ƴ˃ ǘƘƛŎƪ

Å !ƴŀƭȅǎƛǎ ƻŦ ŜƳǳƭǎƛƻƴ ǿƛǘƘ ƳƛŎǊƻǎŎƻǇŜ 

!Ǝ.Ǌό  лΦн Ƴ˃ύ

о Ȅ ƴƻƳƛƴŀǘŜŘ ŦƻǊ ǘƘŜ 
bƻōŜƭ tǊƛȊŜΗ

Å ¢ǊŀŎƪ ŘŜƴǎƛǘȅ Ҧ ƛƴŦƻ ƻƴ Ř9κŘȄ 



/ƻǎƳƛŎ Ǌŀȅ ǎǘŀǘƛƻƴ ŀǘ 
IŀǾŜƭŜƪŀǊόноллƳύ  

bǳŎƭŜŀǊ 9Ƴǳƭǎƛƻƴǎ π5ƛǎŎƻǾŜǊƛŜǎ    

мфпс DΦ ά.ŜǇǇƻέ Occhialini(@ U. Bristol) goes skiing in the 
Pyrenees, takes some NE plates with him on the Pic du Midi! 

1947 discovery of the pion in cosmic rays by C. Powell, G. 
Occhialini, C. Lattes in collaboration w. Kodak, Ilford

мфпф ŘƛǎŎƻǾŜǊȅ ƻŦ ǘƘŜ о̄ ŘŜŎŀȅ ƻŦ  Yŀƻƴǎ ƛƴ ŎƻǎƳƛŎ Ǌŀȅǎ ōȅ  
DΦ wƻŎƘŜǎǘŜǊ

мфот aΦ .ƭŀǳϧ IΦ ²ŀƳōŀŎƘŜǊŜȄǇƻǎŜŘ b9 ƻǾŜǊ р ƳƻƴǘƘǎ ŀǘ 
нолл ƳΤ ǘƘŜȅ ƻōǎŜǊǾŜ ƭƻǿπ9 ǇǊƻǘƻƴǎ ŀƴŘ ŘƛǎŎƻǾŜǊ ƴǳŎƭŜŀǊ 
ŘƛǎƛƴǘŜƎǊŀǘƛƻƴ ŦǊƻƳ ŎƻǎƳƛŎ Ǌŀȅ ƛƴǘŜǊŀŎǘƛƻƴ όǎǇŀƭƭŀǘƛƻƴύ

/Φ tƻǿŜƭƭ όмфлф πмфсфύ

˃ ƘŀŘ ƻƴ ŀƭƭ ǇƭŀǘŜǎ ǘƘŜ ǎŀƳŜ ƭŜƴƎǘƘΗΗΗ
ˉ ŀƴŘ Ř˃ŜŎŀȅ ƛƴǘƻ ǳƴǎŜŜƴ ǇŀǊǘƴŜǊǎΗ

bƻōŜƭ tǊƛȊŜ мфрл

tƛŎ Řǳ aƛŘƛ όнфллƳύ  

ΧǘƻŘŀȅ b9 ǳǎŜŘ ƛƴ ǇŜǊǎƻƴŀƭ ŘƻǎƛƳŜǘŜǊǎ



OscillationProject with Emulsion-tRacking
Apparatus (OPERA)     (2003-2018)

.ǊƛŎƪǎ

hƴŜ .ǊƛŎƪ 9Ƴǳƭǎƛƻƴ ƭŀȅŜǊǎ!ǳǘƻƳŀǘƛŎ  ƳƛŎǊƻǎŎƻǇŜǎ ό  опύ ’πŜǾŜƴǘ

9Ƴǳƭǎƛƻƴǎ ǎǘƛƭƭ ŀǘǘǊŀŎǘƛǾŜ ǿƘŜƴ ƭŀǊƎŜ Ƴŀǎǎ ϧ ƘƛƎƘ ǊŜǎƻƭǳǘƛƻƴ ǊŜǉǳƛǊŜŘ
όΧŀƭǎƻ /Ihw¦{ ό/9wb мффпύ ϧ 5hb¦¢ όCb![ мффтύ ǳǎŜŘ b9 ŦƻǊ ’ŘŜǘŜŎǘƛƻƴύ

ht9w! ŀǘ DǊŀƴ {ŀǎǎƻ[ŀōƻǊŀǘƻǊȅ ό[bD{ύ

Å 1.7 ktonstō Ҍ ŜƳǳƭǎƛƻƴ ǎƘŜŜǘǎ Ҧ мΦр Ȅ мл5 bricks

Å{ŜŀǊŎƘ ŦƻǊ’ᴼ’ ŀǇǇŜŀǊŀƴŎŜ ƻǎŎƛƭƭŀǘƛƻƴǎ ƛƴ 

/9wb ’πōŜŀƳ 

Å bŜŜŘ ǘƻ ǊŜŎƻƴǎǘǊǳŎǘ ς̱ŘŜŎŀȅǎ ƻŦ ŦŜǿ млл Ƴ˃

Å 5ŜǘŜŎǘƛƻƴ ǊŜŀŎǘƛƻƴΥ       ’ ὔᴼὢ †

Å 9ƭŜŎǘǊƻƴƛŎ ǘǊŀŎƪŜǊ ŦƻǊ ǾŜǊǘŜȄ ŦƛƴŘƛƴƎ

Å мΦн Ȅ млр Ƴнǘƻ ōŜ ǎŎŀƴƴŜŘ Ϫ   тл ŎƳнκƘκǎŎŀƴƴŜǊ

Å wŜǎƻƭǳǘƛƻƴ   м ˃Ƴ



ŀǊ·ƛǾΥ мулпΦлпфмн

Å Beam stop:  2012

Å 5ŀǘŀ ŀƴŀƭȅǎƛǎΥ Ҧ нлму

мл ⱨⱲπŜǾŜƴǘǎΗ



LƳŀƎŜ ƻŦ ǘƘŜ ht9w! ŜȄǇŜǊƛƳŜƴǘ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ / Ƙŀƭƭ ƻŦ ǘƘŜ DǊŀƴ {ŀǎǎƻǳƴŘŜǊƎǊƻǳƴŘ ƭŀōƻǊŀǘƻǊƛŜǎΦ ¢ƘŜ ƛƳŀƎŜ ǿŀǎ 
ŜȄǇƻǎŜŘ ƻƴ ŀ ƴǳŎƭŜŀǊ ŜƳǳƭǎƛƻƴ ǎƭƛŘŜ ƛƴǎŜǊǘŜŘ ƛƴǘƻ ŀ ƘƻƳŜπƳŀŘŜ ǇƘƻǘƻƎǊŀǇƘƛŎ ŎŀƳŜǊŀΦ tƘƻǘƻ ŎǊŜŘƛǘǎΥ 5Φ 5ƛ CŜǊŘƛƴŀƴŘƻ 
όLbCb ς.ƻƭƻƎƴŀύΦ



5ƛǊŜŎǘƛƻƴŀƭ 5a ǎŜŀǊŎƘ ōŜȅƻƴŘ ’ςǿŀƭƭΗ

5ƛǊΦ ǎŜŀǊŎƘ ƻƴ ŜǉǳŀǘƻǊƛŀƭ ǘŜƭŜǎŎƻǇŜ ­/ȅƎƴǳǎ

{ƻƭƛŘ ǘŀǊƎŜǘ оΦн ƎκŎƳо­млл ƪƎ ςмǘƻƴ

9Ƴǳƭǎƛƻƴ ƎǊŀƛƴǎΥ     Ȅ р ǎƳŀƭƭŜǊ  

!ǳǘƻƳΦ {ŎŀƴƴƛƴƎΥ  Ȅ мл ŦŀǎǘŜǊ    

bǳŎƭŜŀǊ9Ƴǳƭǎƛƻƴ²ƛƳǇ{ŜŀǊŎƘόb9²{ŘƳύ
bŀǇƻƭƛΣ [bD{Σ LbCbΣ .ŀǊƛΣ bŀƎƻȅŀ

b9²{Υ !Ǝ.ǊŎǊȅǎǘŀƭ   плƴƳht9w!Υ !Ǝ.ǊŎǊȅǎǘŀƭ   нллƴƳ

N. Tatsuhiro, Cosmic Frontier WS, SLAC March 2013 tƛƭƻǘ Ǌǳƴ нлмф ό[bD{ύ

ǘƘŀƴ ƛƴ hǇŜǊŀ
wŜŎƻƛƭ 9ƴŜǊƎȅ Ғ ƪŜ±
wŀƴƎŜ Ғ мллƴƳ



¢ƘŜ .ǳōōƭŜ /ƘŀƳōŜǊ

bƻōŜƭ tǊƛȊŜ мфсл

5Φ DƭŀǎŜǊ όмфнс ςнлмоύ

πмфрлΩǎ 5Φ DƭŀǎŜǊ ǿƻǊƪǎ ŀǘ /ŀƭǘŜŎƘ ǿƛǘƘ /ƭƻǳŘ /ƘŀƳōŜǊǎ

-ΧŀƴŘ ƛƴǾŜƴǘǎ ǘƘŜ .ǳōōƭŜ /ƘŀƳōŜǊ ƛƴ ŀƴŀƭƻƎȅ ǿƛǘƘ //

DƭŀǎŜǊ ƛƴǾŜƴǘŜŘ ./ ƻǾŜǊ ŀ Ǝƭŀǎǎ 
ƻŦ ōŜŜǊ ΧǿǊƻƴƎΗ

DƭŀǎŜǊ ŦƛƭƭŜŘ ŀ ǇǊƻǘƻǘȅǇŜ ǿƛǘƘ 
ōŜŜǊΧΧǘǊǳŜΗ      

.ǳōōƭŜǎ ŦƻǊƳǎ ƛŦΥ

ÅǇŀǊǘƛŎƭŜ ŎǊŜŀǘŜǎ ƘŜŀǘ ǎǇƛƪŜǎ ƻƴ ƛǘǎ ǘǊŀŎƪ 

ÅǿƛǘƘ ŜƴƻǳƎƘ ŜƴŜǊƎȅ 9Ƴƛƴ

ÅŘŜǇƻǎƛǘŜŘ ǿƛǘƘƛƴ wƳƛƴ

ÅōǳōōƭŜ ƎǊƻǿǘƘΥ   мл ˃Ƴ κ ƳǎŜŎ

{ǳǇŜǊǎŀǘǳǊŀǘŜŘ ǾŀǇƻǊ {ǳǇŜǊƘŜŀǘŜŘ ƭƛǉǳƛŘ 

¦Ǌōŀƴ ƳȅǘƘǎΥ 

tŀǊǘƛŎƭŜ  ǘǊŀŎƪΥ  ǘǊŀƛƭ ƻŦ ǎƳŀƭƭ ǾŀǇƻǳǊōǳōōƭŜǎ

- finds their performance insufficient for accelerator applications

ŦŜǿ ƴƳ

ŦŜǿ Ŝ±

CƛǊǎǘ ǘǊŀŎƪ мфрнΗ
9ǘƘŜǊ ŦƛƭƭƛƴƎ

о ŎƳ

Ὁ
ὨὉ

Ὠὼ
ɇὙ Ὁ
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±ŀǇƻǊ

Liquid
{ǳǇŜǊƘŜŀǘŜŘ 
ƭƛǉǳƛŘ

¢ŜƳǇŜǊŀǘǳǊŜ



¢ƘŜ .ǳōōƭŜ /ƘŀƳōŜǊ     

мфрпс ŎƳ
мфррмл ŎƳ 
мфрснр ŎƳ
мфрт   мул ŎƳ 
мфсонло ŎƳ
мфто   отл ŎƳ

πCƛƭƭŜŘ ǿƛǘƘ ŀ ǘǊŀƴǎǇŀǊŜƴǘ ƭƛǉǳƛŘ όIнϪ олYΣ CǊŜƻƴΧΦύ

πwŀǇƛŘ ŜȄǇŀƴǎƛƻƴ ǎȅƴŎƘǊƻƴƛȊŜŘ ǿƛǘƘ  ōŜŀƳ ǎǇƛƭƭǎ 

¢ƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ŎƘŀƳōŜǊǎ 
ƎǊŜǿ ǉǳƛŎƪƭȅΗ

- Bubble density x 103ƻŦ ŎƭƻǳŘ ŎƘŀƳōŜǊҦ ƛƴŦƻ ƻƴ v/c

π!ŎǘƛǾŜ ǘŀǊƎŜǘ ǿƛǘƘ п̄ ςŀŎŎŜǇǘŀƴŎŜ ϧ Ƴ˃ ǊŜǎƻƭǳǘƛƻƴ 

π9ǾŜƴǘ ǇƛŎǘǳǊŜǎ ǘŀƪŜƴ ǿƛǘƘ ŎŀƳŜǊŀǎ ƻƴ ŦƛƭƳ 

aƛƭƭƛƻƴǎ ƻŦ ǇƘƻǘƻƎǊŀǇƘǎ ǘƻ ōŜ ǎŎŀƴƴŜŘ
.9./ Ϫ/9wb оΦтƳ [IнƭŀǊƎŜǎǘ ./ мфто πмфуп

t

π.πŦƛŜƭŘ ǘƻ ƳŜŀǎǳǊŜ ƳƻƳŜƴǘǳƳ

http://hepweb.rl.ac.uk/ppUKpics/images/POW/1998/980211a.jpg


.ǳōōƭŜ /ƘŀƳōŜǊ π5ƛǎŎƻǾŜǊƛŜǎ

80 ft LH2 - BC at BNL (1963) 0.03 sec cycle

5ƛǎŎƻǾŜǊȅ ƻŦ ǘƘŜ ʍόмфсоύ ǇǊŜŘƛŎǘŜŘ ōȅ DŜƭƭπaŀƴƴ мфсм  
Ҧ ƳŀǎǎΣ ŎƘŀǊƎŜΣ ǎǘǊŀƴƎŜƴŜǎǎ Ҧ ǉǳŀǊƪ ƳƻŘŜƭ {¦όоύ ŎƻƴŦƛǊƳŜŘ

ΧΦ.ŀǊȅƻƴ ǊŜǎƻƴŀƴŎŜǎ
ΧΦ/ƘŀǊƳŜŘ ǇŀǊǘƛŎƭŜǎ
ΧΦaǳƭǘƛπƘŀŘǊƻƴ ǇǊƻŘǳŎǘƛƻƴ
ΧΦ5ŜŜǇ ƛƴŜƭŀǎǘƛŎ  ƴŜǳǘǊƛƴƻ ǎŎŀǘǘŜǊƛƴƎ

Ҍ Ƴŀƴȅ ƻǘƘŜǊ ŘƛǎŎƻǾŜǊƛŜǎ ϧ ƻōǎŜǊǾŀǘƛƻƴǎ



DŀǊƎŀƳŜƭƭŜ ŀǘ/9wb ǘƻŘŀȅ

πLƴ мфто DŀǊƎŀƳŜƭƭŜ ŘƛǎŎƻǾŜǊǎƭŜǇǘƻƴƛŎŀƴŘ ƘŀŘǊƻƴƛŎ
ƴŜǳǘǊŀƭ ŎǳǊǊŜƴǘƛƴǘŜǊŀŎǘƛƻƴǎ ŀǎ ǇǊŜŘƛŎǘŜŘōȅ DƭŀǎƘƻǿΣ   
²ŜƛƴōŜǊƎΣ {ŀƭŀƳ όмфслΣ bt мфтфύ 

mn

mn

0Z

qe ,-

qe ,-

ǘ
'g'g

t

Bubble Chamber - Discoveries

DŀǊƎŀƳŜƭƭŜϪ /9wb

DƛŀƴǘŜǎǎ DŀǊƎŀƳŜƭƭŜƛǎ ǘƘŜ ƳƻǘƘŜǊ ƻŦ DŀǊƎŀƴǘǳŀ

πDŀǊƎŀƳŜƭƭŜ ǿŀǎŀ ƘŜŀǾȅƭƛǉǳƛŘ./ ƻǇŜǊŀǘŜŘŀǘ ǘƘŜ /9wb    
t{κ{t{ ƴŜǳǘǊƛƴƻ ōŜŀƳǎŦǊƻƳмфтл πмфтф

π¢ƘŜ ./ ǿŀǎпΦу Ƴ ƭƻƴƎŀƴŘ нƳ ɲȢLǘ ǿŀǎŦƛƭƭŜŘǿƛǘƘмн Ƴо

/.ǊCо όŦǊŜƻƴύ ŀǘ нл ōŀǊƛƴ ŀ н ¢ .πŦƛŜƭŘ



ÁLƴǎŜƴǎƛǘƛǾŜ ǘƻ gπōŀŎƪƎǊƻǳƴŘ ϧ aƛǇǎ

Á aπŜǾŜƴǘǎ ŀǊŜ ƭƻǳŘŜǊ ǘƘŀƴ ƴǳŎƭŜŀǊ ǊŜŎƻƛƭǎΗ

Á/ŀƭƛōǊŀǘŜŘ Řƻǿƴ ǘƻ м ƪŜ±Η

πLƴ нллп ǇƛƻƴŜŜǊŜŘ ŦƻǊ 5a ǎŜŀǊŎƘ ōȅ tL/!{{h ŀǘ {bh[!.

Bubble Chambers for Dark Matter Searches

πhǇŜǊŀǘƛƻƴ ŀǘ ƳƻŘŜǊŀǘŜ ǎǳǇŜǊƘŜŀǘ ǊŜƴŘŜǊǎ ŦƭǳƛŘ ǎŜƴǎƛǘƛǾŜ ǘƻ 
ƪŜ± ƴǳŎƭŜŀǊ ǊŜŎƻƛƭǎ ƻƴƭȅΗ 

πмрл Ƴ˃ ŘǊƻǇƭŜǘǎ  ƻŦ /пCмлŘƛǎǇŜǊǎŜŘ ƛƴ ǇƻƭȅƳŜǊƛȊŜŘ ƎŜƭ 

wŜŎƻƛƭ 9ƴŜǊƎȅ Ғ мл ƪŜ±
wŀƴƎŜ Ғ мллƴƳ

π.ǳōōƭŜǎ ǊŜŎƻǊŘŜŘ ōȅ ǇƛŜȊƻπŜƭŜŎǘǊƛŎ ǘǊŀƴǎŘǳŎŜǊǎ

π9ŀŎƘ ŘǊƻǇƭŜǘ ƛǎ ŀ ōǳōōƭŜ ŎƘŀƳōŜǊΗ  hƴŜ ōǳōōƭŜκ²LatΗ 
tŜǊǎƻƴŀƭ ƴπŘƻǎƛƳŜǘŜǊ 
.¢L /Ƙŀƭƪ wƛǾŜǊ όhύ

он ŘŜǘŜŎǘƻǊǎόоΦнƪƎ 

/пCмлƪƎύ  Ϫ {bh[!. PICO 2.5 L C3F8

aƻǊŜ ŀŎǘƛǾŜ Ƴŀǎǎ 
ƛƴ ōǳƭƪ  ./Η

!ŎƻǳǎǘƛŎ ǇƛŜȊƻ ǎƛƎƴŀƭ

мрл Ƴ˃ ŘǊƻǇƭŜǘǎ ό/пCмлύ

LƳǇǊƻǾŜŘ 
ǎŜƴǎƛǘƛǾƛǘȅΗ



/пCмл

/CоL /оCу

CF3I - C3F8

/оCу

/оCу

.ǳōōƭŜ /ƘŀƳōŜǊǎ ŦƻǊ 5ŀǊƪ aŀǘǘŜǊ {ŜŀǊŎƘŜǎ

tL/h ƛǎ ǿƻǊƭŘ ƭŜŀŘŜǊ ƛƴ 
ǘƘŜ ǎǇƛƴπŘŜǇŜƴŘŜƴǘ 
²Lat ƛƴǘŜǊŀŎǘƛƻƴ ǎŜŎǘƻǊ

ΧΦƴƻǿ tL/h ŀǘ {bh[!.

нлмф π



tL/h сл

Filled with 40L C3F8 on June 30, 2016



Dŀǎ 5ŜǘŜŎǘƻǊǎ

Å DŜƛƎŜǊ aǸƭƭŜǊ/ƻǳƴǘŜǊ

Å aǳƭǘƛǿƛǊŜ tǊƻǇƻǊǘƛƻƴŀƭ /ƻǳƴǘŜǊǎ όa²t/ύ

Å 5ǊƛŦǘ /ƘŀƳōŜǊǎ

Å aƛŎǊƻǇŀǘǘŜǊƴ DŀǎŜƻǳǎ 5ŜǘŜŎǘƻǊǎ όatD5ύ  

ΧΦŘŜǘŀƛƭǎ Ҧ 5ŀƴƛŜƭ {ŀƴǘƻǎΩ ǘŀƭƪ



¢ƘŜ DŜƛƎŜǊ πaǸƭƭŜǊ /ƻǳƴǘŜǊ

πмфлу DŜƛƎŜǊ όw! ƻŦ wǳǘƘŜǊŦƻǊŘύ 
ŘŜǾŜƭƻǇǎ ŀ ŘŜǾƛŎŜ ǘƻ ƳŜŀǎǳǊŜ πhǇŀǊǘƛŎƭŜǎ

wǳǘƘŜǊŦƻǊŘκDŜƛƎŜǊ мфлу

πмфлс IΦ DŜƛƎŜǊ tƘ5 ƻƴ ά9ƭŜŎǘǊƛŎŀƭ 
ǊŜƭŜŀǎŜǎ ƛƴ ƎŀǎŜǎέ 

- 1928 G. with PhD student W. Müller develops
sealed tubes able to detect ɻȟɼȟɾÓ

wŀπŜƳŀƴŀǘƛƻƴ

Å {ŜŀƭŜŘ ǘǳōŜ ŦƛƭƭŜŘ ǿƛǘƘ IŜΣ bŜΣ !ǊόлΦмōύ

Å tŀǊǘƛŎƭŜǎ ƛƻƴƛȊŜ ƎŀǎΣ ŜƭŜŎǘǊƻƴǎ ŘǊƛŦǘ ǘƻ ǿƛǊŜ ƛƴ 
ƛƴŎǊŜŀǎƛƴƎ 9πŦƛŜƭŘ

Å !ƴƻŘŜ ŎŜƴǘǊŀƭ ǿƛǊŜ нл ςрл ˃Ƴ ɲŀǘ ǎŜǾŜǊŀƭ млл ±

Å !ōƻǾŜ мл ƪ±κŎƳ Ҧ ŀǾŀƭŀƴŎƘŜ ƛƻƴƛȊŀǘƛƻƴ

Å /ƘŀǊƎŜ ƳŜŀǎǳǊŜŘ ōȅ ŜƭŜŎǘǊƻǎŎƻǇŜ

DŜƛƎŜǊπaǸƭƭŜǊŎƻǳƴǘŜǊ мфну

Hans Geiger

мфлрπмфтфмуунπмфтр 
/hн

ŀƴƻŘŜ ǿƛǊŜ

ǇǊƛƳŀǊȅ Ŝπ
ŀǾŀƭŀƴŎƘŜ

aƛŎŀ ǿƛƴŘƻǿ



The Geiger - Müller Counter

πмфлу DŜƛƎŜǊ όw! ƻŦ wǳǘƘŜǊŦƻǊŘύ 
ŘŜǾŜƭƻǇǎ ŀ ŘŜǾƛŎŜ ǘƻ ƳŜŀǎǳǊŜ πhǇŀǊǘƛŎƭŜǎ

wǳǘƘŜǊŦƻǊŘκDŜƛƎŜǊ мфлу

πмфлс IΦ DŜƛƎŜǊ tƘ5 ƻƴ ά9ƭŜŎǘǊƛŎŀƭ 
ǊŜƭŜŀǎŜǎ ƛƴ ƎŀǎŜǎέ 

πмфну DΦ ǿƛǘƘ Ƙƛǎ tƘ5 ǎǘǳŘŜƴǘ ²Φ aǸƭƭŜǊŘŜǾŜƭƻǇǎ
ǎŜŀƭŜŘ ǘǳōŜǎ ŀōƭŜ ǘƻ ŘŜǘŜŎǘ ɻȟɼȟɾÓ

wŀπŜƳŀƴŀǘƛƻƴ

Å {ŜŀƭŜŘ ǘǳōŜ ŦƛƭƭŜŘ ǿƛǘƘ IŜΣ bŜΣ !ǊόлΦмōύ

Å tŀǊǘƛŎƭŜǎ ƛƻƴƛȊŜ ƎŀǎΣ ŜƭŜŎǘǊƻƴǎ ŘǊƛŦǘ ǘƻ ǿƛǊŜ ƛƴ 
ƛƴŎǊŜŀǎƛƴƎ 9πŦƛŜƭŘ

Å Anode central wire 20 ς50 ˃ m at several 100 V

Å !ōƻǾŜ мл ƪ±κŎƳ Ҧ ŀǾŀƭŀƴŎƘŜ ƛƻƴƛȊŀǘƛƻƴ

Å /ƘŀǊƎŜ ƳŜŀǎǳǊŜŘ ōȅ ŜƭŜŎǘǊƻǎŎƻǇŜ

DŜƛƎŜǊπaǸƭƭŜǊŎƻǳƴǘŜǊ мфну

Iŀƴǎ DŜƛƎŜǊ

мфлрπмфтфмуунπмфтр 
/hн

anode wire

ǇǊƛƳŀǊȅ Ŝπ
ŀǾŀƭŀƴŎƘŜ

aƛŎŀ ǿƛƴŘƻǿ



²ƛǊŜ /ƘŀƳōŜǊǎ ςwŜƎƛƳŜǎ ƻŦ hǇŜǊŀǘƛƻƴ 

όL±ύ  DŜƛƎŜǊ aƻŘŜ  

όLLLύ [ƛƳƛǘŜŘ tǊƻǇƻǊǘƛƻƴŀƭ aƻŘŜ  

όLLLύ tǊƻǇƻǊǘƛƻƴŀƭ aƻŘŜ  

(II) Ionization Mode  

όLύ bƻ ŎƘŀǊƎŜ ŎƻƭƭŜŎǘƛƻƴ  

tƘƻǘƻŜƳƛǎǎƛƻƴ ϧ ŘƛǎŎƘŀǊƎŜ
{ǘƻǇǇŜŘ ōȅ I± ōǊŜŀƪŘƻǿƴ

Lƻƴ ǊŜŎƻƳōƛƴŀǘƛƻƴ ƻŎŎǳǊǎ ōŜŦƻǊŜ 
ŎƻƭƭŜŎǘƛƻƴ

LƻƴƛȊŀǘƛƻƴ ŎƘŀǊƎŜ ŎƻƭƭŜŎǘŜŘ  
ƴƻ ƳǳƭǘƛǇƭƛŎŀǘƛƻƴΣ Ǝŀƛƴ Ґм

Dŀǎ ƳǳƭǘƛǇƭƛŎŀǘƛƻƴΣ ŎƘŀǊƎŜ ƻƴ ǿƛǊŜ 
ᶿƻǊƛƎƛƴŀƭ ƛƻƴƛȊŀǘƛƻƴΣ Ǝŀƛƴ ͯмлп

!ƭǎƻ ŎŀƭƭŜŘ άǎǘǊŜŀƳŜǊ ƳƻŘŜέΣ 
ǎǘǊƻƴƎ ǇƘƻǘƻŜƳƛǎǎƛƻƴΤ ǎŜŎƻƴŘŀǊȅ 
ŀǾŀƭŀƴŎƘŜǎΣ Ǝŀƛƴ ͯмлмл



wΦ 5ŀǾƛǎ  όмфмпπнллсύ
bƻōŜƭ tǊƛȊŜ нллн

Proportional Counters - Discoveries

πмфср wΦ 5ŀǾƛǎ ƛƴǎǘŀƭƭǎ ŀ ǘŀƴƪ ŦƛƭƭŜŘ ǿƛǘƘ смр ǘƻƴǎ ƻŦ /н/ƭп
ƛƴ ǘƘŜ IƻƳŜǎǘŀƪŜ DƻƭŘ aƛƴŜ ŀǘ ŀ ŘŜǇǘƘ ƻŦ мпут Ƴ ǘƻ 
ŘŜǘŜŎǘ ǎƻƭŀǊ ƴŜǳǘǊƛƴƻǎ

’ ὅὰO ὃὶ Ὡ Ὁ πȢψὓὩὠ

π¢ŀƴƪ ƛǎ ōǳōōƭŜŘ ǿƛǘƘ IŜπƎŀǎ ŀŦǘŜǊ ŦŜǿ ǿŜŜƪǎ ǘƻ ŜȄǘǊŀŎǘ  
ǘŜƴǎ ƻŦ от!Ǌ ŀǘƻƳǎ  ǿƛǘƘƛƴ ǎŜǾŜǊŀƭ ŎƳоƻŦ IŜ

tǊŜπōƻƳō ōŀǘǘƭŜǎƘƛǇ Ǝǳƴ ōŀǊǊŜƭǎ ŦƻǊ ŎƻǳƴǘŜǊ ǎƘƛŜƭŘƛƴƎ

смр ǘƻƴǎ ƻŦ /н/ƭп

πDŀǎ ƛǎ ŦƛƭƭŜŘ ƛƴǘƻ ŀ ǘƛƴȅ лΦо ŎƳоǇǊƻǇƻǊǘƛƻƴŀƭŎƘŀƳōŜǊ 
ǘƻ Ŏƻǳƴǘ нΦу ƪŜ± !ǳƎŜǊ ŜƭŜŎǘǊƻƴǎ ŦǊƻƳ 9ƭŜŎǘǊƻƴ /ŀǇǘǳǊŜ  

ὃὶ Ὡ ᴼ ὅὰ’ ὝȾ συὨ

Predicted:     1.48 ± 0.06   37A atoms/day
Observed:      0.46 ± 0.04  37A atoms/day

от!Ǌ tǊƻŘǳŎǘƛƻƴ ǊŀǘŜ ōȅ ǎƻƭŀǊ Ω˄ǎ Υ

{ƻƭŀǊ bŜǳǘǊƛƴƻ 
tǊƻōƭŜƳΗ

м ŎƳ

{ƛƳƛƭŀǊ ǘŜŎƘƴƛǉǳŜ ǳǎŜŘ ƛƴ флΩǎ 
ōȅ D![[9·Σ {!D9  όDŀ ҭ /ƭύ



Å 9ǘƘǊҐ мнл Ŝ±ŘŜƳƻƴǎǘǊŀǘŜŘ ƛƴ bŜ Ϫоō 

Å [ƻŎŀƭƛǎŀǘƛƻƴ ōȅ ǊƛǎŜ ǘƛƳŜ

Å н[9t ŎŀǾƛǘƛŜǎ ǿƛǘƘ мол ŎƳ ÅǘŜǎǘŜŘ
оллƎ  bŜҌлΦт҈/Iп Ϫ о ōŀǊ

Å {ǇƘŜǊƛŎŀƭ ŎŀǾƛǘȅ Ҍ ǎŜƴǎƻǊ

Å ¢ŀǊƎŜǘΥ !ǊΣ bŜΣ IŜΣ I ό/Iпύ 

Å [ŀǊƎŜ ǾƻƭǳƳŜκƳŀǎǎ όолƎύ

Å [ƻǿ ǘƘǊŜǎƘƻƭŘ ςƭƻǿ ŎŀǇΦ  <мǇC

wŜŎƻƛƭ 9ƴŜǊƎȅ Ғ мл ƪŜ±
wŀƴƎŜ Ғ мллƴƳ

tǊƻǇƻǊǘƛƻƴŀƭ /ƻǳƴǘŜǊǎ ςwŜŎŜƴǘ 5ŜǾŜƭƻǇƳŜƴǘǎ

bŜǿ9ȄǇŜǊƛƳŜƴǘǎ²ƛǘƘ{ǇƘŜǊŜǎ

vǳŜŜƴΩǎΣ {bh[!.Σ {ŀŎƭŀȅΣ [{aΣ ¢ŜǎǎŀƭƻƴƛƪƛΣ DǊŜƴƻōƭŜΣ  aǳƴƛŎƘ

{95Lb9Υ сл ŎƳ  q ƳƻŘǳƭŜ 

b9²{πD Υ  мΦп Ƴ ÅǎǇƘŜǊŜ ǘƻ ōŜ ƛƴǎǘŀƭƭŜŘ ŀǘ {bh[!.



aǳƭǘƛǿƛǊŜ tǊƻǇƻǊǘƛƻƴŀƭ /ƘŀƳōŜǊǎ όa²t/ύ

DΦ /ƘŀǊǇŀƪόмфнпπнлмлύ
bƻōŜƭ ǇǊƛȊŜ мффн

- MWPC was invented at CERN 1968 by G. Charpak

πLƴ ŀ a²t/ ŀƴ ŀǊǊŀȅ ƻŦ Ƴŀƴȅ ŎƭƻǎŜƭȅ ǎǇŀŎŜŘ  
ŀƴƻŘŜ ǿƛǊŜǎ ƛƴ ǘƘŜ ǎŀƳŜ ŎƘŀƳōŜǊ ŀŎǘ ŀǎ 
ƛƴŘŜǇŜƴŘŜƴǘ ǇǊƻǇƻǊǘƛƻƴŀƭŎƻǳƴǘŜǊǎ

Å²ƛǊŜ ŘƛǎǘŀƴŎŜ  ǘȅǇƛŎŀƭƭȅ   н πр ƳƳ 
ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ŎŀǘƘƻŘŜ  ǇƭŀƴŜǎ   мл ƳƳ

Åм aIȊκǿƛǊŜ ǊŀǘŜ ŎŀǇŀōƛƭƛǘȅ ό./ млIȊΗύ

Å!ŎŎǳǊŀŎȅ ƛǎ ŀ ŦŎǘƻŦ ǿƛǊŜ ŘƛǎǘŀƴŎŜ Ř

„ ϳὨ ρςͯ σππ‘άŦƻǊ Ř Ґ мƳƳ

πDa ǘǳōŜ ƻƪ ŦƻǊ ǎƛƴƎƭŜ ǘǊŀŎƪǎ ǿΦ ƭƛƳƛǘŜŘ ǇǊŜŎƛǎƛƻƴ 

DΦ /ƘŀǊǇŀƪΣ CΦ {ŀǳƭƛΣ WΦ/Φ {ŀƴǘƛŀǊŘ

! ǊŜǾƻƭǳǘƛƻƴΗ CǊƻƳ ƴƻǿ ƻƴ ƭŀǊƎŜ ŀǊŜŀκǾƻƭǳƳŜ ǘǊŀŎƪƛƴƎ ϧ ƛƳŀƎƛƴƎ ǇƻǎǎƛōƭŜΗ



How to read the second coordinate?      

π/ƻƳǇŀǊƛǎƻƴ ƻŦ ŀǊǊƛǾŀƭ ǘƛƳŜǎ ŀǘ ōƻǘƘ ŜƴŘǎ

π/ŀǘƘƻŘŜ ǇƭŀƴŜ ǎŜƎƳŜƴǘŜŘ ƛƴǘƻ ǎǘǊƛǇǎ

Å рл ˃Ƴ ǊŜǎƻƭǳǘƛƻƴ ǇƻǎǎƛōƭŜ

Å ²ƛŘǘƘ όм̀ύ ƻŦ ŎƘŀǊƎŜ ŘƛǎǘǊƛōǳǘƛƻƴ Ғ ŘƛǎǘŀƴŎŜ 
ōŜǘǿŜŜƴ ǿƛǊŜ ŀƴŘ ŎŀǘƘƻŘŜ 

Å /ŜƴǘŜǊ ƻŦ ƎǊŀǾƛǘȅ ŘŜŦƛƴŜǎ ǇŀǊǘƛŎƭŜ ǘǊŀƧŜŎǘƻǊȅ

Å aƻǾŜƳŜƴǘ ƻŦ ŎƘŀǊƎŜǎ ƛƴŘǳŎŜǎ ǎƛƎƴŀƭǎ ƻƴ ǿƛǊŜ 
ŀƴŘ ŎŀǘƘƻŘŜ

π/ƘŀǊƎŜ ŘƛǾƛǎƛƻƴ ƻƴ ǊŜǎƛǎǘƛǾŜ ǿƛǊŜ ǊŜŀŘ ƻǳǘ ƻƴ ōƻǘƘ ŜƴŘǎ

2D position sensing MWPC

bƻǿ ŘƛƎƛǘŀƭ 
ǊŀŘƛƻƎǊŀǇƘȅ  ǇƻǎǎƛōƭŜ  
ǿƛǘƘ мл ǘƛƳŜǎ ƭŜǎǎ 

ŘƻǎŜΗ 

aǳƭǘƛǿƛǊŜ tǊƻǇƻǊǘƛƻƴŀƭ /ƘŀƳōŜǊǎ όa²t/ύ



5ǊƛŦǘ /ƘŀƳōŜǊǎ

LƴǘǊƻŘǳŎŜ ŀƭǘŜǊƴŀǘƛƴƎ ǎŜǉǳŜƴŎŜ ƻŦ 
άǎŜƴǎŜ ǿƛǊŜǎ όҌύέ ϧ άŦƛŜƭŘ ǿƛǊŜǎ όπύέ

мфтм 5ǊƛŦǘ /ƘŀƳōŜǊ ƛƴǾŜƴǘŜŘ ōȅ !Φ ²ŀƭŜƴǘŀΣ WΦ IŜƛƴǘȊŜΣ 5Φ {ŎƘǸǊƭŜƛƴόIŜƛŘŜƭōŜǊƎύ

hƴŜ ǇǊƻōƭŜƳ ǿƛǘƘ a²t/Υ 
{Ǉŀǘƛŀƭ ǊŜǎƻƭǳǘƛƻƴ ƛǎ ƭƛƳƛǘŜŘ ōȅ ǿƛǊŜ   
ǎǇŀŎƛƴƎ 

{ƻƭǳǘƛƻƴ Υ 
hōǘŀƛƴ Ǉƻǎƛǘƛƻƴ ŦǊƻƳ ŘǊƛŦǘ ǘƛƳŜ ƻŦ  
ǇǊƛƳŀǊȅ  ƛƻƴƛȊŀǘƛƻƴ ǘƻ ŀƴƻŘŜ ǿƛǊŜ

Need to know: 

Å Start signal (scintillator/beam X-ing)

Å Drift velocity vD

ί ὺὨὸ

±5Ғ р ŎƳκ˃ǎ



5ǊƛŦǘ /ƘŀƳōŜǊǎ πDŜƻƳŜǘǊƛŜǎ

Electric Field  ╔1kV/cm

IŜȄŎŜƭƭ5/
.ŀ.ŀǊ

/ȅƭƛƴŘǊƛŎŀƭ 5/ 
ό/ƻƭƭƛŘŜǊύ

WŜǘ /ƘŀƳōŜǊ
WŀŘŜ όt9¢w!ύΣ hǇŀƭ 
ό[9tύ ό/ƻƭƭƛŘŜǊύ

Drift cell 
Muon tracker 

(CMS, Collider)

5ǊƛŦǘ ¢ǳōŜ 
aǳƻƴ ǘǊŀŎƪŜǊ
ό!¢[!{Σ /ƻƭƭƛŘŜǊύ



5ǊƛŦǘ /ƘŀƳōŜǊǎ ς5ƛǎŎƻǾŜǊƛŜǎ όмфтфύ

W!59 Ϫt9¢w!   όWŜǘ ŎƘŀƳōŜǊύо ςWŜǘ ŜǾŜƴǘ Ҧ 5ƛǎŎƻǾŜǊȅ ƻŦ Ǝƭǳƻƴ

м Ƴ



5ǊƛŦǘ /ƘŀƳōŜǊǎ ς5ƛǎŎƻǾŜǊƛŜǎ 

CƛǊǎǘ ² ƛƴ ¦!м

ὡᴼὩ’

CƛǊǎǘ ½лƛƴ ¦!м

ὤ ᴼὩὩ

мфуоΥ ŘƛǎŎƻǾŜǊȅ ƻŦ ǘƘŜ ² ŀƴŘ ½ ōƻǎƻƴǎ ōȅ 
ǘƘŜ ¦!м ŀƴŘ ¦!н ŘŜǘŜŎǘƻǊǎ ŀǘ /9wb π3ÐÐ3

¦!м 5/ πрΦу Ƴ ƭƻƴƎ ϧ нΦо Ƴ όɲ!Ǌκ/нIсύ

¦!м ǿŀǎ ǘƘŜ ƭŀǊƎŜǎǘ 
ƛƳŀƎƛƴƎ ŘǊƛŦǘ 

ŎƘŀƳōŜǊ ƻŦ ƛǘǎ ŘŀȅΗ 

мтлΣлл ŦƛŜƭŘ ǿƛǊŜǎ πсмнр ǎŜƴǎŜ ǿƛǊŜǎΗ

.πŦƛŜƭŘ  лΦт ¢Ŝǎƭŀ 
S. Van der Meer, C. Rubbia

Nobel Prize 1984

м Ƴ

¢ŜƴǎƛƻƴΥ млл ƎκǿƛǊŜ
Ҧ ƘǳƎŜ ǎǘǊǳŎǘǳǊŀƭ ƭƻŀŘΗ



¢ƛƳŜ tǊƻƧŜŎǘƛƻƴ /ƘŀƳōŜǊǎ ό¢t/ύ

Å Dŀǎ ǾƻƭǳƳŜ ǿƛǘƘ ǇŀǊŀƭƭŜƭ 9 ŀƴŘ . CƛŜƭŘΦ . ŦƻǊ 
ƳƻƳŜƴǘǳƳ ƳŜŀǎǳǊŜƳŜƴǘΣ 9 ŦƻǊ ŘǊƛŦǘ 

Dŀǎ ǾƻƭǳƳŜ  !Ǌκ/Iпόфлκмл҈ύ ŜǘŎ

a²t/ ǇƭŀƴŜǎ ǊŜŎƻǊŘ 
ǇǊƻƧŜŎǘŜŘ ǘǊŀŎƪ

Å 5ǊƛŦǘ CƛŜƭŘǎ мллπплл±κŎƳΦ 5ǊƛŦǘ ǘƛƳŜǎ млπмлл˃ǎΦ
5ƛǎǘŀƴŎŜ ǳǇ ǘƻ Ҕ нΦрƳ Η

- 1974 invented by D. Nygren (Berkeley) for large volume 3D - imaging 
in the of PEP-4 detector at the e+e- collider PEP (SLAC)

5ŀǾƛŘ bȅƎǊŜƴ 

Å 5ƛŦŦǳǎƛƻƴ ƛǎ ǊŜŘǳŎŜŘ ōȅ 9.᷆ ŀƴŘ ōȅ wŀƳǎŀǳŜǊ
ŜŦŦŜŎǘ όǳǇ ǘƻ ŀ ŦŀŎǘƻǊ мллύ 

5ǊƛŦǘ

CǊƻƳ ƴƻǿ ƻƴ ±9w¸ 
[!wD9 ǘǊŀŎƪƛƴƎ ŀƴŘ оπŘ 
ƛƳŀƎƛƴƎ ŘŜǾƛŎŜǎ 
ǇƻǎǎƛōƭŜΗ

Å 5ǊƛŦǘ ǘ᷆ƻ 9 ǘ᷆ƻ . ǊŜŘǳŎŜǎ [ƻǊŜƴǘȊ ŦƻǊŎŜ 

άΧΦƻƴŜ ƻŦ ǘƘƻǎŜ ƳŀǊǾŜƭƻǳǎ ǎǘƻǊƛŜǎ ƻŦ ŦǊǳǎǘǊŀǘƛƻƴ ǘǳǊƴŜŘ ƛƴǘƻ ƻǇǇƻǊǘǳƴƛǘȅέ ό5ΦbΦύ

Å ![9tIΣ 59[tIL ς[9tκ/9wb 
Å {¢!w ςwIL/Iκ.b[ 
Å ![L/9 ς[I/ ǇǇΣ tōπtō ŎƻƭƭƛŘŜǊ
Å L[5 ςL[/ ŦǳǘǳǊŜ ǇǇ ŎƻƭƭƛŘŜǊ

{ƻƳŜ Ǉŀǎǘ ϧ ŦǳǘǳǊŜ Ǝŀǎ ¢t/ΩǎΥ

!
ƴ
ƻ
Ř
Ŝ
 
Ǉ
ƭ
ŀ
ƴ
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ƻ
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Ŝ
 
Ǉ
ƭ
ŀ
ƴ
Ŝ



![L/9 ς! [ŀǊƎŜLƻƴ/ƻƭƭƛŘŜǊ 9ȄǇŜǊƛƳŜƴǘ ό[I/ύ

Å bŜκ/hн  πфлκмл ҈

Å I±πŎŜƴǘǊŀƭ ǇƭŀƴŜ πмлл ƪ±

Å .πŦƛŜƭŘ лΦр¢

Å тн a²t/Ωǎ

Å рлл ƪ ǊŜŀŘ ƻǳǘ ŎƘŀƴƴŜƭǎ

Å wŜǎƻƭǳǘƛƻƴ рлл˃Ƴ

Å рл ƪIȊ tō ςtō Ŏƻƭƭƛǎƛƻƴǎ 

[ŀǊƎŜǎǘ ¢t/ ŜǾŜǊ ōǳƛƭǘΗ

{ǘǳŘȅ ƻŦ ǉǳŀǊƪ ςƎƭǳƻƴ ǇƭŀǎƳŀ  όнлмл πύ 

a²t/



!ƴ ŜǾŜƴǘ ŀǘ ![L/9 ό[I/ύΧΦƭŀǊƎŜǎǘ ¢t/ ŜǾŜǊ ōǳƛƭǘ

р Ƴ Ṩ



5¦b9 ς! Dƛŀƴǘ [ƛǉǳƛŘ !ǊƎƻƴ ¢t/

5ǳƴŜ 

нлнсΥ 5¦b9 πŀ п Ȅ мл ƪǘƻƴ[ƛǉǳƛŘ !ǊƎƻƴ ¢t/ ŀƴŘ ǊŀƳǇƛƴƎ ǳǇ ƴƻǿ 

hƴŜ ƳƻŘǳƭŜ му Ƴ Ȅ мф Ƴ Ȅ сс Ƴ

tƘȅǎƛŎǎΥ
π˄πƻǎŎƛƭƭŀǘƛƻƴǎ
π/tπǾƛƻƭŀǘƛƻƴ
π{b ς˄Ωǎ 
πǇ πŘŜŎŀȅ

Specs:
- Top= 87 K
- 153 wire anode planes 
- Max. drift length 3.53 m
- Cathode 180 KV, 500V/cm
- 384 K channels

мфсу [Φ !ƭǾŀǊŜȊ ǎǳƎƎŜǎǘǎ  ƭƛǉǳƛŘ ƴƻōƭŜ Ǝŀǎ ŘŜǘŜŎǘƻǊǎ  

мфтт ƛŘŜŀ ǇǳǊǎǳŜŘ ōȅ /Φ wǳōōƛŀ Ҧ [!Ǌ ¢t/  ŦƻǊ ⱨςŘŜǘŜŎǘƛƻƴ Η Ҧ L/!w¦{ тсл ǘ Ϫ DǊŀƴ {ŀǎǎƻ

hǘƘŜǊ [!Ǌκ[·Ŝ¢t/ΩǎΥ
π 9·hΥ [·Ŝ̡̡ςŘŜŎŀȅ
π ·9bhbΣ [¦·Σ [±Σ 5!w²LbΥ [·Ŝπ5a ǎŜŀǊŎƘ
π 5!wY{L59Σ !w5aΥ [!Ǌπ5a ǎŜŀǊŎƘ
π aƛŎǊƻ.ƻƻƴŜΥ мтл ǘ [!ǊπƻǎŎƛƭƭΦ’5¦b9Υ 5ŜŜǇ¦ƴŘŜǊƎǊƻǳƴŘ bŜǳǘǊƛƴƻ 9ȄǇŜǊƛƳŜƴǘ



aƛŎǊƻtŀǘǘŜǊƴDŀǎ5ŜǘŜŎǘƻǊǎόatD5ύ                                          

флΩǎΥ ǊŜǇƭŀŎŜ ǿƛǊŜǎ ƛƴ ¢t/Ωǎ ŀƴŘ a²t/Ωǎ ǿƛǘƘ н-d 
structures with holes 

άatD5Ωǎ ǿƛƭƭ ǊŜǾƻƭǳǘƛƻƴƛȊŜ ƴǳŎƭŜŀǊ 
ŀƴŘ ǇŀǊǘƛŎƭŜ ǇƘȅǎƛŎǎ ƭƛƪŜ ǘƘŜ 
a²t/έ όDΦ /ƘŀǊǇŀƪƛƴ мффнύ

aL/wha9D!{ όƳƛŎǊƻƳŜǎƘ Ǝŀǎ ŎƻǳƴǘŜǊύD9a όDŀǎ 9ƭŜŎǘǊƻƴ aǳƭǘƛǇƭƛŜǊύ
DΦ /ƘŀǊǇŀƪϧ LΦ DƛƻƳŀǘŀǊƛǎмффн CΦ {ŀǳƭƛмффт

{Ƴŀƭƭ ŀƳǇƭƛŦƛŎŀǘƛƻƴ ƎŀǇ
Ҧ Ŧŀǎǘ ǎƛƎƴŀƭǎ млл ƴǎ

/ƻƭƭŜŎǘ Ŝπƻƴ ǎƳŀƭƭ 
ǇŀŘǎΣ ŦŜǿ ƳƳн 

Strong field in small 
holes in polymer strip 

¦ǎƛƴƎ ƭŀǊƎŜ !ǊŜŀ [ƛǘƘƻƎǊŀǇƘȅ ¢ŜŎƘƴƛǉǳŜǎ ƭƛƪŜ ŦƻǊ t/.ǎ 
ŦŜŀǘǳǊŜ ǎƛȊŜǎ ƻŦ Ϥ мл ˃Ƴ ǇƻǎǎƛōƭŜ ǿƛǘƘ ƘƛƎƘ ǇǊŜŎƛǎƛƻƴΗ

IƛƎƘ Ǝŀƛƴǎ Ҕ мло

LΦ DƛƻƳŀǘŀǊƛǎ CΦ {ŀǳƭƛ

млл Ƴ˃

тл ˃Ƴ

н ƳƳ

ɝ6ͯ 200V across foil



aƛŎǊƻtŀǘǘŜǊƴDŀǎ5ŜǘŜŎǘƻǊǎ όatD5ύ                                          

ΧƘƛƎƘ ǊŀǘŜ ŎƻƳǇŀǘƛōƛƭƛǘȅΧƴƻǘ ǎŜƴǎƛǘƛǾŜ ǘƻ .πŦƛŜƭŘΧǎƭƻǿ ŀƎŜƛƴƎΧƛƴŘǳǎǘƛŀƭǇǊƻŘǳŎǘƛƻƴΧΦ



atD5Ωǎ wŜŎŜƴǘ 5ŜǾŜƭƻǇƳŜƴǘǎ

D9aΥ

πwŀŘƛƻƎǊŀǇƘȅ ƻŦ ŀ ōŀǘ
πррCŜ ǎƻǳǊŎŜ рΦф ƪŜ±
π¦ǎƛƴƎ ŘƻǳōƭŜ D9a

D9aΥ 
π![L/9 ¢t/ ǳǇƎǊŀŘŜ ŦƻǊ нлнм
πwŜǇƭŀŎŜ a²t/ ǿƛǘƘ пπƭŀȅŜǊ D9a
π· млл Ǝŀƛƴ ƛƴ ǊŜŀŘπƻǳǘ ǊŀǘŜ όрлƪIȊύ

˃ʍΥ
π!¢[!{ ¦ǇƎǊŀŘŜ ŦƻǊ нлнм
π9ƴŘ /ŀǇ π˃ǎǇŜŎǘǊƻƳŜǘŜǊ 
πн bŜǿ {Ƴŀƭƭ ²ƘŜŜƭǎ όb{²ύ
π[ŀǊƎŜ ŀǊŜŀ ˃ʍόн Ȅ мнлл Ƴнύ
πнΦп a ŎƘŀƴƴŜƭǎ

˃ʍΥ
π[ŀǊƎŜ ŀǊŜŀ ¦± ǇƘƻǘƻƴ 
ŘŜǘŜŎǘƻǊ 
πtƘƻǘƻŎƻƴǾŜǊǘŜǊ ƻƴ π˃ƳŜǎƘ
πIƛƎƘ Ǝŀƛƴ   млр

πCƻǊŜǎǘ ŦƛǊŜ ǎǇŀǊƪ ŘŜǘŜŎǘƛƻƴ
όChw9CLw9ύ 

Also: COMPASS, CAST, T2K, ILC -¢t/Σ ΧΦ



нлмтΥ ŘƛǎŎƻǾŜǊȅ ƻŦ ол Ƴ ƭŀǊƎŜ ǾƻƛŘ ƛƴ /ƘŜƻǇΩǎǇȅǊŀƳƛŘ ōȅ Ƴǳƻƴ ǘƻƳƻƎǊŀǇƘȅ ΦΦΦŦƛǊǎǘ ƻōǎŜǊǾŜŘ 
ǿƛǘƘ ƴǳŎƭΦ ŜƳǳƭǎƛƻƴΣ ǘƘŜƴ ŎƻƴŦƛǊƳŜŘ ǿƛǘƘ ƳƛŎǊƻƳŜƎŀǎ  ōŀǎŜŘ ǘŜƭŜǎŎƻǇŜ

bŀǘǳǊŜǾƻƭǳƳŜ ррнΣ ǇŀƎŜǎ оусςофл όнм 5ŜŎŜƳōŜǊнлмтύ

о ˃ʍςǇƭŀƴŜǎ рл Ȅ рл ŎƳн

олл Ƴ˃ ǊŜǎƻƭǳǘƛƻƴ

atD5Ωǎ  ƛƴ !ǊŎƘŜƻƭƻƎȅ

ό{ŀŎƭŀȅύ



нлмтΥ ŘƛǎŎƻǾŜǊȅ ƻŦ ол Ƴ ƭŀǊƎŜ ǾƻƛŘ ƛƴ /ƘŜƻǇΩǎǇȅǊŀƳƛŘ ōȅ Ƴǳƻƴ ǘƻƳƻƎǊŀǇƘȅ ΦΦΦŦƛǊǎǘ ƻōǎŜǊǾŜŘ 
ǿƛǘƘ ƴǳŎƭΦ ŜƳǳƭǎƛƻƴΣ ǘƘŜƴ ŎƻƴŦƛǊƳŜŘ ǿƛǘƘ ƳƛŎǊƻƳŜƎŀǎ  ōŀǎŜŘ ǘŜƭŜǎŎƻǇŜ

bŀǘǳǊŜǾƻƭǳƳŜ ррнΣ ǇŀƎŜǎ оусςофл όнм 5ŜŎŜƳōŜǊнлмтύ

atD5Ωǎ  ƛƴ !ǊŎƘŜƻƭƻƎȅ

ό{ŀŎƭŀȅύ

/ŀƛōǊŀǘƛƻƴΥ 
²ŀǘŜǊ ¢ƻǿŜǊ ŜƳǇǘȅ

о ˃ʍςǇƭŀƴŜǎ рл Ȅ рл ŎƳн

олл Ƴ˃ ǊŜǎƻƭǳǘƛƻƴ



нлмтΥ ŘƛǎŎƻǾŜǊȅ ƻŦ ол Ƴ ƭŀǊƎŜ ǾƻƛŘ ƛƴ /ƘŜƻǇΩǎǇȅǊŀƳƛŘ ōȅ Ƴǳƻƴ ǘƻƳƻƎǊŀǇƘȅ ΦΦΦŦƛǊǎǘ ƻōǎŜǊǾŜŘ 
ǿƛǘƘ ƴǳŎƭΦ ŜƳǳƭǎƛƻƴΣ ǘƘŜƴ ŎƻƴŦƛǊƳŜŘ ǿƛǘƘ ƳƛŎǊƻƳŜƎŀǎ  ōŀǎŜŘ ǘŜƭŜǎŎƻǇŜ

bŀǘǳǊŜǾƻƭǳƳŜ ррнΣ ǇŀƎŜǎ оусςофл όнм 5ŜŎŜƳōŜǊнлмтύ

atD5Ωǎ  ƛƴ !ǊŎƘŜƻƭƻƎȅ

ό{ŀŎƭŀȅύ

Caibration: 
Water Tower  full

о ˃ʍςǇƭŀƴŜǎ рл Ȅ рл ŎƳн

олл Ƴ˃ ǊŜǎƻƭǳǘƛƻƴ



{ƻƭƛŘ {ǘŀǘŜ 5ŜǘŜŎǘƻǊǎ

Å {ƛƭƛŎƻƴ ŘŜǘŜŎǘƻǊǎ

Å {ƛπǎǘǊƛǇ ŀƴŘ ǇƛȄŜƭ ŘŜǘŜŎǘƻǊǎ

Å IȅōǊƛŘ ŘŜǘŜŎƻǊǎ

Å [ŀǊƎŜ ǎŎŀƭŜ ŀǇǇƭƛŎŀǘƛƻƴǎ

ΧΦŘŜǘŀƛƭǎ Ҧ bƛƎŜƭ IŜǎǎŜȅΩǎǘŀƭƪ



{ƻƭƛŘ {ǘŀǘŜ 5ŜǘŜŎǘƻǊǎ                                          

мфпр Ǿŀƴ IŜŜǊŘŜƴ ƻǇŜǊŀǘŜǎ ǘƘŜ ŦƛǊǎǘ ŎǊȅǎǘŀƭ ŎƻǳƴǘŜǊ ό!Ǝ.Ǌύ

!ŘǾŀƴǘŀƎŜǎ Drawbacks

Å” Ґ мллл Ȅ ”

ÅCŀǎǘ ŎƘŀǊƎŜ ŎƻƭƭŜŎǘƛƻƴ  
Ǿ Ґ мул Ƴ˃κ˃ǎ

ÅDƻƻŘ ŜƴŜǊƎȅ ǊŜǎƻƭǳǘƛƻƴ 
ÅмоΦо Ŝ± ǇŜǊ ŜπƘ ό5ƛŀƳƻƴŘύ 
όор Ŝ±κƛƻƴπŜ ƛƴ Ǝŀǎύ

Å[ŀǊƎŜ ǎŎŀƭŜΣ ƘƛƎƘ ǇǳǊƛǘȅ ŎǊȅǎǘŀƭ 
ƎǊƻǿǘƘ ŎƘŀƭƭŜƴƎƛƴƎ 

5ƛŜƭŜŎǘǊƛŎ

Å{ŜƴǎƛǘƛǾŜ ŘƛŜƭŜŎǘǊƛŎ ōŜǘǿŜŜƴ ƳŜǘŀƭƭƛŎ 
ŜƭŜŎǘǊƻŘŜǎ 

Å/ƘŀǊƎŜŘ ǇŀǊǘƛŎƭŜǎ ŎǊŜŀǘŜ ŜκƘƻƭŜ ǇŀƛǊǎ
Ҧ ŀ ǎƻƭƛŘ ǎǘŀǘŜ ƛƻƴƛȊŀǘƛƻƴ ŎƘŀƳōŜǊΗ      
ό5ƛŀƳƻƴŘΣ !Ǝ/ƭΣ ¢ƭ.ǊΧύ

Å9ƭŜŎǘǊƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ŘƻƳƛƴŀǘŜŘ 
ōȅ ƛƳǇǳǊƛǘƛŜǎ

Today diamond counters considered 
ŦƻǊ L[/κC// Ҧ ǊŀŘƛŀǘƛƻƴ ƘŀǊŘ Η



{ƻƭƛŘ {ǘŀǘŜ ό{ƛύ 5ŜǘŜŎǘƻǊǎ                                          

мфпт ǘƘŜ {ƛƭƛŎƻƴ ǊŜǾƻƭǳǘƛƻƴ ǎǘŀǊǘŜŘ ǿƛǘƘ ǘƘŜ ƛƴǾŜƴǘƛƻƴ ƻŦ ǘƘŜ ǘǊŀƴǎƛǎǘƻǊ  ōȅ WΦ .ŀǊŘŜŜƴΣ 
²Φ .ǊƛǘǘŀƛƴŀƴŘ ²Φ {ǘƻŎƪƭŜȅ

WΦ .ŀǊŘŜŜƴΣ ²Φ {ǘƻŎƪƭŜȅΣ ²Φ .Ǌƛǘǘŀƛƴ
bƻōŜƭ tǊƛȊŜ мфрс

5ŜǇƭŜǘŜŘ ǊŜƎƛƻƴ

πΧōǳǘ {ƛƭƛŎƻƴ ƛǎ ŀ ǎŜƳƛŎƻƴŘǳŎǘƻǊ όоΦс Ŝ±κŜπƘύ Ҧ ƘƛƎƘ ƭŜŀƪŀƎŜ 
ŎǳǊǊŜƴǘ Ϫ оллY

πмфпт aŎYŀȅ ŀƴŘ aŎ!ŦŜŜΥ ƻǇŜǊŀǘŜ {ƛπŘŜǘŜŎǘƻǊ ŀǎ ŀ ŘƛƻŘŜΣ
ǿƘŜǊŜ ǇπǘȅǇŜ ŀƴŘ ƴπǘȅǇŜ ŘƻǇŜŘ {ƛ ŀǊŜ Ǉǳǘ ƛƴ ŎƻƴǘŀŎǘ 

Å !ǊƻǳƴŘ Ǉπƴ ƧǳƴŎǘƛƻƴ ŀ 
ŘŜǇƭŜǘƛƻƴ ȊƻƴŜ ŦƻǊƳǎ

Å Zone free of charge 
carriers

Å ¢ƘƛŎƪƴŜǎǎ ŘŜǇŜƴŘǎ ƻƴ 
ǾƻƭǘŀƎŜ ŀƴŘ ŘƻǇƛƴƎ

Å tŀǊǘƛŎƭŜ ŎǊŜŀǘŜǎ ƴŜǿ ŜκƘ 
ǇŀƛǊǎ ǎǳŦŦƛŎƛŜƴǘ ǘƻ ŎǊŜŀǘŜ 
ǎƛƎƴŀƭ

 нр ƪ ŜκƘ ǇŀƛǊǎ 
ŎƻƭƭŜŎǘŜŘ ƛƴ рл ƴǎ
ƛƴ олл Ƴ˃ ƻŦ {ƛ 

ƳƻǊŜ ŜƭŜŎǘǊƻƴǎƳƻǊŜ ƘƻƭŜǎ

рл ςрлл ± 
όǊŜǾŜǊǎŜ ōƛŀǎŜŘύ

όм ŎƳ !ǊπƎŀǎΥ млл Ŝκƛƻƴ ǇŀƛǊǎύ



Silicon ςStrip Detectors                                          

Å{ƛ πŎǊȅǎǘŀƭ о Ȅ о ŎƳн олл Ƴ˃ ǘƘƛŎƪ
Å{ǳōŘƛǾƛŘŜ ǘƻǇ ǇπǘȅǇŜ ƭŀȅŜǊ ƛƴǘƻ Ƴŀƴȅ 
ǎǘǊƛǇǎ
Åaŀƴȅ ŘƛƻŘŜǎ ƴŜȄǘ ǘƻ ŜŀŎƘ ƻǘƘŜǊ
Åtƻǎƛǘƛƻƴ ƛƴŦƻ ƭƛƪŜ ƛƴ a²t/ 
ÅtƛǘŎƘ Ғ нл ˃Ƴ ǇƻǎǎƛōƭŜ

[ŀǘŜ тлΩǎ wϧ5 ŘǊƛǾŜƴ ōȅ ǇƘȅǎƛŎǎ ƴŜŜŘǎΥ ǎŜŀǊŎƘ ŦƻǊ ƴŜǿ ǎƘƻǊǘπƭƛǾŜŘ ǇŀǊǘƛŎƭŜǎ ǿƛǘƘ Ŏ̱Ғмлл Ƴ˃ 
ϧ ǘǊŀŎƪƛƴƎ ƴŜŀǊ ƛƴǘŜǊŀŎǘƛƻƴ ǊŜƎƛƻƴ ŀǘ ŀŎŎŜƭŜǊŀǘƻǊǎ 

WƻǎŜŦ YŜƳƳŜǊ
мфоуπнллт

CƻǳƴŘŜǊ ƻŦ Y9¢9/ 
ό¢¦ aǳƴƛŎƘύ

мфтф WΦ YŜƳƳŜǊό¢¦πaǳƴƛŎƘύ ǘǊŀƴǎŦŜǊǎ ǘƘŜ ƘƛƎƘƭȅ ŘŜǾŜƭƻǇŜŘ ǇƭŀƴŀǊ 
ǇǊƻŎŜǎǎ {ƛπǘŜŎƘƴƻƭƻƎȅ ŦƻǊ ŜƭŜŎǘǊƻƴƛŎǎ ǘƻ I9t ŘŜǘŜŎǘƻǊ ŦŀōǊƛŎŀǘƛƻƴ

WΦ YŜƳƳŜǊΣ bLa мсф όмфулύпфф   όǎŜƳƛƴŀƭ ǎƛƴƎƭŜ ŀǳǘƘƻǊ ǇŀǇŜǊΗύ

CǊƻƳ ƴƻǿ ƻƴ ƭŀǊƎŜ ǎŎŀƭŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ƘƛƎƘ ǊŜǎƻƭǳǘƛƻƴ {ƛπ
ŘŜǘŜŎǘƻǊǎ ƛƴ ǇǊŀŎǘƛŎŀƭ ŜǾŜǊȅ I9t ŜȄǇŜǊƛƳŜƴǘ ŀƴŘ
ŀƭǎƻ ƛƴ ·πǊŀȅ ŀǎǘǊƻƴƻƳȅ ŀƴŘ ƳŜŘƛŎŀƭ ŀǇǇƭƛŎŀǘƛƻƴǎ

(n+, p+Ҧ ƘŜŀǾƛƭȅ ŘƻǇŜŘύ



{ƛ ς5ŜǘŜŎǘƻǊǎΥ LƴŎǊŜŀǎŜ ƻŦ {ƛ !ǊŜŀ ƛƴ I9t

Erik HEIJNE IEAP-CTU & CERN EP Department! EriceSchool 15 June 2018

Silicon is to Physics 

what Carbon is to 

Life !

(Erik H.M. Heijne, CERN) 

L[5 Ϫ L[/

мулл Ƴн
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aŀƛƴ ¢ȅǇŜǎ ƻŦ {ƛ π{ŜƴǎƻǊǎ ¢ƻŘŀȅ                                         

Si -Microstrip Detectors!

éto cover large areas!

Si - Pixel Detectors!

éfor highest densities!

Linear diode arrays 2-15 cm2

depleted bulk ~ 300ɛm
2D pixel matrix with bumps

diodes 30 ɛm ï500 ɛm

depleted bulk ~ 150ɛm

!{L/Υ !ǇǇƭƛŎŀǘƛƻƴ{ǇŜŎƛŦƛŎ LƴǘŜƎǊŀǘŜŘ/ƛǊŎǳƛǘ

!¢[!{Υ мΦп ȄмлуǇƛȄŜƭǎ
/a{Υ    сΦс ȄмлтǇƛȄŜƭǎ 


