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bemerkte, an Reis, der diese Wirkung zuerst
benutzte, um auf elektromagnetischem
Wege Schall zu erzeugen, an Bell, der unter
Benutzung empfindlicher Kontakte mit
seinem Mikrophon zuerst
Schallschwingungen in variable elektrische
Ströme verwandelte. Denkt auch an
Maxwell, der die Existenz elektrischer Wellen auf mathematischem
Wege aufzeigte, an Hertz, der sie zuerst mit Hilfe des Funkens
erzeugte und nachwies. Gedenket besonders auch Liebens, der in der
elektrischen Ventilröhre ein unvergleichliches Spürorgan für
elektrische Schwingungen erdachte, das sich zugleich als ideal
einfaches Instrument zur Erzeugung elektrischer Schwingungen
herausstellte. Gedenket dankbar des Heeres namenloser Techniker,
welche die Instrumente des Radio-Verkehres so vereinfachten und der

Massenfabrikation anpaßten, daß sie jedermann zugänglich geworden sind.

Sollen sich auch alle schämen, die gedankenlos sich der Wunder der Wissenschaft und

Technik bedienen und nicht mehr davon geistig erfaßt haben als die Kuh von der

Botanik der Pflanzen, die sie mit Wohlbehagen frißt.

Denket auch daran, daß die Techniker es sind, die erst wahre Demokratie möglich
machen. Denn sie erleichtern nicht nur des Menschen Tagewerk, sondern machen
auch die Werke der feinsten Denker und Künstler, deren Genuß noch vor kurzem ein
Privileg bevorzugter Klassen war, der Gesamtheit zugänglich und erwecken so die
Völker aus schläfriger Stumpfheit.

Was speziell den Rundfunk anlangt, so hat er eine einzigartige Funktion zu erfüllen im
Sinne der Völkerversöhnung. Bis auf unsere Tage lernten die Völker einander fast ausschließlich durch den
verzerrenden Spiegel der eigenen Tagespresse kennen. Der Rundfunk zeigt sie einander in lebendigster
Form und in der Hauptsache von der liebenswürdigen Seite. Er wird so dazu beitragen, das Gefühl
gegenseitiger Fremdheit auszutilgen, das so leicht in Mißtrauen und Feindseligkeit umschlägt. Betrachtet in
dieser Gesinnung die Ergebnisse des Schaffens, welche diese Ausstellung den staunenden Sinnen des
Besuchers darbietet."

Wird ergänzt * Layout, Vorwort, Ergänzungen (c) Dr. W. Näser, MR; Stand: 13.6.2002.
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Instituts für Physik. Nach intensiven Forschungen erscheint im März 1916 die "Grundlage der allgemeinen
Relativitätstheorie", deren astrophys. Gegebenheiten 1919 von Arthur Stanley Eddington (Foto: mit E. in
Greenwich) und Andrew Crommelin bestätigt werden, was E. zum Traditionsnachfolger des großen Newton
und damit weltberühmt werden läßt. Seit 1920 immer häufiger antisemitischen Angriffen ausgesetzt, betätigt
er sich auch politisch-pazifistisch (s.a. Lexikon-Artikel), wird 1922 Mitglied der Völkerbund-Kommission
für Intellektuelle Zusammenarbeit und unterstützt die Zionisten, vor allem den Plan einer Hebräischen
Universität in Jerusalem (der er auch seinen gesamten schriftlichen Nachlass vererbt; im November 1952
lehnt er das Angebot ab, nach Chaim Weizman 2. Staatspräsident von Israel zu werden). Im März 1933 tritt

er aus der Preuß. Akademie der Wissenschaften aus und gibt in Deutschland alle
akademischen Ämter auf; am Institute for Advanced Study in Princeton (Bild
rechts) findet er eine neue
Wirkungsstätte, wird kurz
darauf USA-Bürger.
Bislang überzeugter
Pazifist, schreibt er - unter
Berufung auf Enrico FERMI

und Leo SZILARD - am
2.8.1939 an Präsident

Roosevelt, warnt vor einer deutschen Atombombe,
empfiehlt "to speed up the experimental work" und
initiiert damit eine Entwicklung (Manhattan Project,
8/42 ff.), die sechs Jahre später in Hiroshima und
Nagasaki hunderttausende von Todesopfern forderte.
1946 propagiert er in einem offenen Brief an die
Vereinten Nationen die Bildung einer Weltregierung als einziger Möglichkeit für dauerhaften Frieden. Der
schon ab 1928 Herzkranke stirbt am 18. April 1955 in Princeton.

Vor klobigen Reisz-Mikrofonen stehend und einen luftigen Pavillon im Rücken, eröffnet Einstein (s. Foto
unten) am 22. August 1930, also weniger als zweieinhalb Jahre vor HITLERs Machtübernahme, die siebte
Berliner Funkausstellung; das (im Original stark verrauschte, mit langen Pausen versehene) Tondokument
entspricht leider nicht ganz dem damaligen Standard der mit elektrischen Wandlern arbeitenden Audio-
Technik. E.s Rede erschließt in ihrer Menschlichkeit und Schlichtheit auch die Herzen der zahllosen Hörer;
zugleich ist sie ein genial-kurzer Rückblick auf die zum hoffnungsvollen Medium Rundfunk hin führende
Technikgeschichte. Mit Einstein - das dürfte überdeutlich werden - verlor das "neue Deutschland" seinen
genialsten Denker, und hiermit diskreditierte sich der obsiegende Nationalsozialismus schon früh in
geradezu verbrecherischer Weise. W.N.

Verehrte An- und Abwesende! Wenn Ihr den Rundfunk höret, so
denkt auch daran, wie die Menschen in den Besitz dieses wunderbaren
Werkzeuges der Mitteilung gekommen sind.
Der Urquell aller technischen
Errungenschaften ist die göttliche Neugier
und der Spieltrieb des bastelnden und
grübelnden Forschers und nicht minder die
konstruktive Phantasie des technischen
Erfinders. Denkt an Oersted, der zuerst die
magnetische Wirkung elektrischer Ströme
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 ... Sollen sich auch alle schämen, die gedankenlos sich 
der Wunder der Wissenschaft und Technik bedienen und 
nicht mehr davon geistig erfasst haben als die Kuh von 
der Botanik der Pflanzen, die sie mit Wohlbehagen frisst“

„Verehrte An- und Abwesende! Wenn Ihr den Rundfunk 
höret, so denkt auch daran, wie die Menschen in den 
Besitz dieses wunderbaren Werkzeuges der Mitteilung 
gekommen sind. Der Urquell aller technischen 
Errungenschaften ist die göttliche Neugier und der 
Spieltrieb des bastelnden und grübelnden Forschers und 
nicht minder die konstruktive Phantasie des technischen 
Erfinders ...
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A. Einstein zur Eröffnung der 7. Großen Deutschen 
Funkausstellung 1930

mailto:carsten.niebuhr@desy.de
mailto:carsten.niebuhr@desy.de
http://www.staff.uni-marburg.de/~naeser/einstein.ram
http://www.staff.uni-marburg.de/~naeser/einstein.ram
http://www.staff.uni-marburg.de/~naeser/einstein.htm
http://www.staff.uni-marburg.de/~naeser/einstein.htm


carsten.niebuhr@desy.deTracking in HEP: 1

Outline of Lecture
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Monday

- introduction

- interaction of charged 
particles with matter
• energy loss by ionization

• multiple scattering

Tuesday

- momentum measurement in 
magnetic field

- principles of gas detectors
• gas amplification

• gas properties

Wednesday

- examples for gas detectors at 
the LHC

Thursday & Friday

- solid state detectors: 
Guillaume Leibenguth
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Text books: 
K.Kleinknecht:                Detektoren für Teilchenstrahlung 
Teubner, 1992 

W.R. Leo:                         Techniques for Nuclear and Particle Physics Experiments 
Springer 1994 

G.F.Knoll:                         Radiation Detection and Measurement 
Wiley, 3rd edition 

C.Grupen:                       Teilchendetektoren 
BI Wissenschaftsverlag 1993 

W.Blum, L.Rolandi:        Particle Detection with Driftchambers 
Springer, 1994 

Review articles: 
T.Ferbel:                          Experimental Techniques in High Energy Physics 
Addison-Wesley 1987 

Other sources: 
Particle Data Group:       Review of Particle Physics 
Eur. Phys. J. C15, 1-878 (2000) 

R.K.Bock, A.Vasilescu:   The Particle Detector BriefBook 
Springer, 1998 and //physics.web.cern.ch/Physics/ParticleDetector/BriefBook/

Literature
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Please note: Most of the figures in 
this lecture are taken from these 
sources or from publicly available talks 
on the web, without making explicit 
reference to them in each case.
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What are the Objects?
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and many more ...
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Fundamental Interactions
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Fundamentale Wechselwirkungen
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Topics of the Lecture
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What are the Objects ?
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Fundamental Interactions
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Example for a Resonance observed at HERA 
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Detection of Particles and Radiation
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Detection of Particles and Radiation
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Criteria for Ideal Detector
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Modern Collider Detectors
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Some Particle Physics Experiments
A#3-:#3$0"#$(',%#$1&((-:#,$:#0#10&,3$0"#,#$',#$.'/2$&0"#,$#*+034$ www.hep.net/experiments/all_sites.html

Bates Linear Accelerator (MIT)
BLAST , OOPS , SAMPLE 

Beijing IHEP 
ARGO-YBJ , BES , Tibet ASgamma

Brookhaven 
BRAHMS , Crystal Ball (E913/914) , E787 , E821/muon 
g-2 , E850 , E852 , E863/ EMU01 , E864 , E865 , E869 , 
E877 , E881 , E885 , E890 , E891 , E895 , E905 , E906 , 
E907 , E909 , E910 , E913/914 (Crystal Ball) , E917 , 
E923 , E926 , E927 , E949, E953 , EIC , EMU01/E863 , 
High Gain Harmonic Generation FEL , ICAE , IFEL , IMB 
, LEGS , MECO , Microundulator FEL , NuMass/E952 , 
PHENIX , PHOBOS , pp2pp , Smith-Purcell , STAR , 
Zero Degree Calorimeter 

CERN 
ALEPH , ALICE , AMS , ANTARES , ASACUSA , 
ATHENA , Atlas (European) , ATRAP , CDHS neutrino 
experiment/WA1 , CERES/NA45 , CHORUS , CMS , 
CosmoLEP , CPLEAR/PS195 , Crystal Barrel/PS 197 , 
Crystal Clear/RD18 , DELPHI , EMU01 , FELIX , HARP , 
ICANOE , ISOLDE , L3 , LHC-B , MISTRAL , NTOF1, 
NTOF2, NTOF3 , NA45.2/IONS/EL.PAR , NA47/SMC , 
NA48, NA48.1, NA48.2 , NA49 , NA50 , NA51 , NA52/
Newmass , NA56/SPY , NA57 , NA58/COMPASS , 
NA59 , NA60 , NOMAD , OBELIX/PS201 , OPAL , 

OPERA , PAMELA , PS185 , PS205/HELIUMTRAP , 
PS210 , PS212/DIRAC , PS214/HARP , RD8 , RD11 , 
RD12/TTC , RD13 , RD27 , RD39/SMSD , RD41/
MOOSE , RD42 , RD44/Geant 4 , RD45 , RD46 , RD48/
ROSE , RD49/RADTOL , TOSCA , TOTEM , WA85 , 
WA92 (Beatrice) , WA94 , WA97 , WA98 , WA102 

DESY 
H1 , HERA-B , Hermes , TESLA , ZEUS 

Fermilab 
Antihydrogen/E862 , APEX/E868 , Auger Project , 
BooNE/E898 , BTEV/C0 , CDF/E830 , CDMS/E981 , 
CEX/E853 , Charmonium/E835 , CMS (US Server) , 
COSMOS/E803 , D0 (DZero)/E823 , Donut/E872 , E665 
, E771 , E789 , Fermi III Project , FOCUS/E831 , 
HyperCP/E871 , KTEV/E799/E832 , MINOS/E875 , 
NuMI , NUSEA/E866 , NuTeV/E815 , SDSS , SELEX/
E781 , Zero Degrees/C0 

Gran Sasso 
BOREXino , CRESST , CUORICINO , DAMA , EASTOP, 
GALLEX(finished) , GENIUS , GNO , Heidelberg Dark 
Matter Search (HDMS) , Heidelberg-Moscow 
Experiment , ICARUS , LUNA , LVD , MACRO , 
MONOLITH , NOE , OPERA , USA 

mailto:carsten.niebuhr@desy.de
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Examples for Major Discoveries I
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http://prola.aps.org/abstract/PR/v43/i6/p491_1
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Discovery photo
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>8.-:-&.'#%46-<*.(<#! *-&F)-&%8#9-6(F)
=0-);%8#6-)&.'/%*#! .(<.*-&.(<#!
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Transparency taken 
from R. Klanner Uni HH
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Examples for Major Discoveries II
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!"#$%&'()*%+*!"# ,-*./0*12345

! 67,(89%:'; :'9%<#-(,-':*
http://prola.aps.org/abstract/PRL/v12/i8/p204_1
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6SBET3SBUT
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Transparency taken 
from R. Klanner Uni HH
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Examples for Major Discoveries III
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Transparency taken 
from R. Klanner Uni HH
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Detector Requirements for Different Accelerators 

1211.April 2005 Chapter 1:  R.Klanner 8

!"!"#!"#$%&"'"()*+,")"-).&*+/.&+0&"*"()+1(,+/$)$&"+1--"2"&1).&+"30"&%'"()*+
$%&'()%*%+,-.#/012-(3-4#! /05)5*%,%)-#67#%8%+,#-6')3%#9533%:%)5,6);4

500 e+ ! 500 e- "e!"#!!#7000 p ! 7000 p27.5 e+/e-! 920 pmax. E[GeV] particles

< (2 x 15 km)2 x 27 km "$#2 x 6.3 km "$#length

10 mA ! 10 mA540 mA ! 540 mA110 mA ! 55 mAcurrents

< 1003x106103trigger reduction

5 $m20 $m20 $m%position@vertex

3 %5 – 10 %4 – 6 %%E(had)@100GeV 

1 – 2 %0.6 %1 – 2 %%E(e)@100GeV 

0.5 %1.6 %10 %%p&$'@100GeV/c

0.5 %1.6 %20 %%p@100GeV/c

1012 n/cm2(excl.forward) 1015 n(equ.)/cm2< 5x1012 n(equ.)/cm2radiation dose

~ 1 kHZ1 GHz~ 10 kHzevent rate

2-5x1034 cm-2s-11034 cm-2s-15x1031 cm-2s-1luminosity

~ 300 ns25 ns96 nsbunch crossing

precision reach

Higgs, top, BSM, SUSY

unification of forces

high energy reach

Higgs, top, BSM, SUSY

strong+electroweak i.a.

structure proton,

strong+electroweak i.a.

beyond standard model

physics

2015 (?) - ????2007 - ???? 1992-2007date

ILC (Linear Collider)LHC (CERN)HERA (DESY)Accelerator
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Detection of Particles and Radiation
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• +',0-1(#$-:#/0-)-1'0-&/$1'+'6-(-02

• )'30$,#3+&/3#

• "-%"$,'0#$1'+'6-(-02

• 3.'(($:#':$0-.#

• "#,.#0-1-02
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Modern Collider Detectors
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Some Particle Physics Experiments
A#3-:#3$0"#$(',%#$1&((-:#,$:#0#10&,3$0"#,#$',#$.'/2$&0"#,$#*+034$ www.hep.net/experiments/all_sites.html

Bates Linear Accelerator (MIT)
BLAST , OOPS , SAMPLE 

Beijing IHEP 
ARGO-YBJ , BES , Tibet ASgamma

Brookhaven 
BRAHMS , Crystal Ball (E913/914) , E787 , E821/muon 
g-2 , E850 , E852 , E863/ EMU01 , E864 , E865 , E869 , 
E877 , E881 , E885 , E890 , E891 , E895 , E905 , E906 , 
E907 , E909 , E910 , E913/914 (Crystal Ball) , E917 , 
E923 , E926 , E927 , E949, E953 , EIC , EMU01/E863 , 
High Gain Harmonic Generation FEL , ICAE , IFEL , IMB 
, LEGS , MECO , Microundulator FEL , NuMass/E952 , 
PHENIX , PHOBOS , pp2pp , Smith-Purcell , STAR , 
Zero Degree Calorimeter 

CERN 
ALEPH , ALICE , AMS , ANTARES , ASACUSA , 
ATHENA , Atlas (European) , ATRAP , CDHS neutrino 
experiment/WA1 , CERES/NA45 , CHORUS , CMS , 
CosmoLEP , CPLEAR/PS195 , Crystal Barrel/PS 197 , 
Crystal Clear/RD18 , DELPHI , EMU01 , FELIX , HARP , 
ICANOE , ISOLDE , L3 , LHC-B , MISTRAL , NTOF1, 
NTOF2, NTOF3 , NA45.2/IONS/EL.PAR , NA47/SMC , 
NA48, NA48.1, NA48.2 , NA49 , NA50 , NA51 , NA52/
Newmass , NA56/SPY , NA57 , NA58/COMPASS , 
NA59 , NA60 , NOMAD , OBELIX/PS201 , OPAL , 

OPERA , PAMELA , PS185 , PS205/HELIUMTRAP , 
PS210 , PS212/DIRAC , PS214/HARP , RD8 , RD11 , 
RD12/TTC , RD13 , RD27 , RD39/SMSD , RD41/
MOOSE , RD42 , RD44/Geant 4 , RD45 , RD46 , RD48/
ROSE , RD49/RADTOL , TOSCA , TOTEM , WA85 , 
WA92 (Beatrice) , WA94 , WA97 , WA98 , WA102 

DESY 
H1 , HERA-B , Hermes , TESLA , ZEUS 

Fermilab 
Antihydrogen/E862 , APEX/E868 , Auger Project , 
BooNE/E898 , BTEV/C0 , CDF/E830 , CDMS/E981 , 
CEX/E853 , Charmonium/E835 , CMS (US Server) , 
COSMOS/E803 , D0 (DZero)/E823 , Donut/E872 , E665 
, E771 , E789 , Fermi III Project , FOCUS/E831 , 
HyperCP/E871 , KTEV/E799/E832 , MINOS/E875 , 
NuMI , NUSEA/E866 , NuTeV/E815 , SDSS , SELEX/
E781 , Zero Degrees/C0 

Gran Sasso 
BOREXino , CRESST , CUORICINO , DAMA , EASTOP, 
GALLEX(finished) , GENIUS , GNO , Heidelberg Dark 
Matter Search (HDMS) , Heidelberg-Moscow 
Experiment , ICARUS , LUNA , LVD , MACRO , 
MONOLITH , NOE , OPERA , USA 
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C. Niebuhr                     Teilchen Detektoren 1 

Moderne Collider-Detektoren

!"#

in operation: HERA/Tevatron

under construction:
LHC

design phase: ILC
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Search for Rare/Forbidden Decays 
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ALICE at LHC

I$+?A*3,(*-2A4&14;*)2&4*4&'./+)&,(*42,74*BJBC*,<*+//*BCCCC=GCCCC*$"#$1)$9*)%+1F4*&(*+*
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Real Event in STAR at RHIC

!*GCCC*)%+1F4*#$%*$?$()
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Super-Kamiokande (Japan)

0$+%12*<,%**#%,),(=9$1+A*+(9*<,%*($.)%&(,*
,41&//+)&,(4

• MCCCC*),(4*,<*7+)$%

• BGCCC*#2,),*).>$4*

N$+1)&,(4*;

•

*******O2$%$(F,?

•

*****42,7$%

#µN µN!

#
e
N eN!

γγ

mailto:carsten.niebuhr@desy.de
mailto:carsten.niebuhr@desy.de


carsten.niebuhr@desy.deTracking in HEP: 1

ALICE @ LHC

19

carsten.niebuhr@desy.de 13                     Par ticle Detectors 1 

Search for Rare/Forbidden Decays 
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Real Event in STAR at RHIC
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Real Event in STAR at RHIC
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≈ 2000 tracks per event
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Satellite based Detectors
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Applications in Medicine
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Interplay between Physics and Technology
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Interaction of Radiation with Matter
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#&+-610)-#1.-%.)(3('&#)',=()/&<=-/&()
7%"W0&+.&)"?

• ("0-+)('1'&)$,3(-6(

• (&#-6"%+=6'"/)+&F-6&)$,3(-6(

• (&#-6"%+=6'"/)?12/-61'-"%)'&6,%"0".3

• 0"W9%"-(&)&0&6'/"%-6()'&6,%-<=&(

• 1%10".)1%+)+-.-'10)#-6/"&0&6'/"%-6(

• ,-.,9($&&+)+1'1)'/1%(#-((-"%

• 6"#$='&/921(&+)+1'1)16<=-(-'-"%)
(3('&#(
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Interaction of Radiation with Matter

,&1F3)6,1/.&+)$1/'-60&(

&0&6'/"%(

%&='/"%(

.1##1)/1+-1'-"%

%&='/-%"(

!,1/.&+)N1/'-60&( K&='/10)N1/'-60&(

!"=0"#29:%'&/16'-"%)W-',

&0&6'/"%()"?)#&+-=#

G1-%03)X(-%.=01/Y)-%'&/16'-"%(Z

/&(=0'-%.)-%)&%&/.3)'/1%(?&/)'"

6,1/.&+)$1/'-60&(!)&0&6'/-610)(-.%10)-%)+&'&6'"/)
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Satellite based Detectors

!"#$"%&%'()*%&&+),-.,&(')/&0-12-0-'3)45

• $/&6-(-"%)'/167&/)*8-9('/-$(5

• 610"/-#&'&/)*!(:*;055

• +1'1)16<=-(-'-"%)(3('&#

• 1%'-6"-%6-+&%6&)+&'&6'"/

>-?'"??)(6,&+=0&+)?"/)@=.=(')ABBC
D>@8;)D1##19E13)"2(&/F1'"/3)?"/)
,-.,)&%&/.3)$,"'"%()-%)',&)/1%.&)ABG&H)
'")IJBB)D&H

@('/")$1/'-60&)$,3(-6(

• ,-('"/3)"?)('1/)?"/#1'-"%

• 166&0&/1'-"%)#&6,1%-(#)"?)@DKL(

• ("=/6&()"?).1##1)/13)2=/('(

• %1'=/&)"?)+1/7)#1''&/
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Applications in Medicine

:#1.-%.)#-6/".1$)+&'&6'"/M

N,"'"%)/1'&()!)OBP)##9A)(9O

K"%9-%F1(-F&)Q"/"%1/3)@%.-"./1$,3)
=(-%.))(3%6,/"'/"%)/1+-1'-"%

K:QR8
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Interplay between Physics and Technology

@0#"(')100)&??&6'()=(&+)-%)$1/'-60&)
+&'&6'"/()1/&)21(&+)"%)',&)&0&6'/"#1.9
%&'-6)-%'&/16'-"%)"%03S)G"(')#"+&/%)
+&'&6'"/()6"%F&/')',&)12("/2&+)&%&/.3)
-%'")1%)&0&6'/-610)(-.%10S
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$&/?"/#1%6&)+&$&%+()"%

• ('1'-('-610)$/"6&((&()-%)',&)+&'&6'"/

• ?0=6'=1'-"%()-%)',&)&0&6'/"%-6(

;")#1T-#-U&)+&'&6'-"%)(&%(-'-F-'3)1%+))
/&("0='-"%)"%&)#=(')6"%(-+&/)1%+)"$'-#-U&

• (-.%10)?"/#1'-"%)-%)',&)+&'&6'"/

• 6"=$0-%.)"?)',&)+&'&6'"/)'")',&)/&1+"=')
&0&6'/"%-6(

• %"-(&).&%&/1'&+)-%)',&)&0&6'/"%-6(

V%+&/('1%+-%.)"?)&S.S)1)#"+&/%)'/167-%.)
+&'&6'"/)-%),-.,9&%&/.3)$,3(-6()"/)1)
#&+-610)-#1.-%.)(3('&#)',=()/&<=-/&()
7%"W0&+.&)"?

• ("0-+)('1'&)$,3(-6(

• (&#-6"%+=6'"/)+&F-6&)$,3(-6(

• (&#-6"%+=6'"/)?12/-61'-"%)'&6,%"0".3

• 0"W9%"-(&)&0&6'/"%-6()'&6,%-<=&(

• 1%10".)1%+)+-.-'10)#-6/"&0&6'/"%-6(

• ,-.,9($&&+)+1'1)'/1%(#-((-"%

• 6"#$='&/921(&+)+1'1)16<=-(-'-"%)
(3('&#(
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Interaction of Radiation with Matter

,&1F3)6,1/.&+)$1/'-60&(

&0&6'/"%(

%&='/"%(

.1##1)/1+-1'-"%

%&='/-%"(

!,1/.&+)N1/'-60&( K&='/10)N1/'-60&(

!"=0"#29:%'&/16'-"%)W-',

&0&6'/"%()"?)#&+-=#

G1-%03)X(-%.=01/Y)-%'&/16'-"%(Z

/&(=0'-%.)-%)&%&/.3)'/1%(?&/)'"

6,1/.&+)$1/'-60&(!)&0&6'/-610)(-.%10)-%)+&'&6'"/)
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absorber (mostly Fe)
flux return yoke

Cross Section of a typical Collider Detector

25

heavy medium 
(Fe, Cu, U) + active 
               material

• hadronic

Track detectors for charged 
particles

Calorimeter for energy meas. 
(neutral & charged)

• electromagnetic high Z (Pb) +
active mediummagnet coil

(solenoid, field || beam axis)

beam pipe
vacuum

• gas detectors
• solid state detectors

Particle type:
neutrinos (missing energy)
muons µ 

hadrons:  p, π, K ...
    [quarks, gluons → jets]

electrons, photons

charged particles

ν
μ
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Example 1: HERA ep Event with 3 Jets

26

e p

side view

920 GeV27.5 GeV

hadronic calorimeter

electromagn. calorimeter

?

track detector

transverse view:
e e’

p

Jet 1

Jet 2
Jet 3

almost hermetic detector 

⇒ detection of nearly all 
produced particles

exploit energy- and momentum 
conservation
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Example 2: Muon Detection

27

Because muons do not interact strongly and because of their large mass 
(compared to electrons) they don’t shower so easily and thus can penetrate 
calorimeter and iron yoke

µ

e

µ

e

µ

µ
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Example 3: Neutrinos

28

ν

Missing transverse energy and 
transverse momentum:

carried away by neutrino ?

ptrans
i
∑ 43GeV=
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Example 4: Secondary Vertices

29

Some mesons containing 
heavy quarks (charm or 
beauty) only decay via 
the weak interaction.

example: D– → K+ π– π–

Resulting lifetimes are 
relatively long:
   τ ≈ O(10-12s)   or  
   cτ ≈ 100 - 500 µm

With the help of high 
precision track detec-
tors one can distinguish 
if particles originate 
from secondary or 
primary vertex:

⇒ vertex detectors
[in most cases based on 
silicon]
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Interaction of Charged Particles

30
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Example 3: Neutrinos
!

!"##"$%&'()$#*+(#+&+$+(%,&)$-&
'()$#*+(#+&./.+$'0.1

2)(("+-&)3),&4,&$+0'("$/&5

ptrans
i
" 43GeV=
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Example 4: Secondary Vertices

6/.+&.+#/$#&2/$')"$"$%&
7+)*,&80)(9#&:27)(.&/(&
4+)0',;&/$<,&-+2),&*")&
'7+&3+)9&"$'+()2'"/$=

+>).?<+1&D– # K+ $– $–

@+#0<'"$%&<"A+'".+#&)(+&
(+<)'"*+<,&</$%1

• &&&%&!&B:CDECF#;&&&/(&&

• &&&2% !&CDD&E&GDD µ.

H"'7&'7+&7+<?&/A&7"%7&
?(+2"#"/$&'()29&-+'+2E
'/(#&/$+&2)$&-"#'"$%0"#7&
"A&?)('"2<+#&/("%"$)'+&
A(/.&#+2/$-)(,&/(&
?(".)(,&*+('+>1

&&*+('+>&-+'+2'/(#
I"$&./#'&2)#+#&4)#+-&/$&
#"<"2/$J
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Interaction of Charged Particles

&

K7+(+&)(+&'3/&?("$2"?)<&+AA+2'#&37"27&27)()2'+("L+&'7+&?)##)%+&/A&27)(%+-&?)('"2<+#&
'7(/0%7&.)''+(1

 

- 

&

+$+(%,&</##

 

- 

&

27)$%+&/A&-"(+2'"/$

&

4/'7&+AA+2'#&(+#0<'&A(/.&'7+&A/<</3"$%&+<+2'(/.)%$+'"2&?(/2+##+#1

 

- 

&

&"$+<)#'"2&2/<<"#"/$#&3"'7&#7+<<&+<+2'(/$#&/A&.+-"0.

 

- 

&

&+<)#'"2&#2)''+("$%&/AA&$02<+"

&

(+<+*)$'&"#&'7+&#')'"#'"2)<&#0.&/A&.)$,&#027&"$'+()2'"/$#=

M$&)--"'"/$&'7+(+&)(+&'7+&A/<</3"$%&?(/2+##+#1

 

- 

&

&4(+.##'()7<0$%

 

- 

&

&+."##"/$&/A&N7+(+$9/*&()-")'"/$

 

- 

&

&$02<+)(&(+)2'"/$#

 

- 

&

&+."##"/$&/A&'()$#"'"/$&()-")'"/$

&

37"27&7/3+*+(&"$&%+$+()<&/220(&.027&<+##&A(+80+$'&'7)$&)'/."2&2/<<"#"/$#=&

O/(&27)(%+-&?)('"2<+#&/$+&.0#'&-"#'"$%0"#7&<"%7'&?)('"2<+#&:"=+=&+

&

P

&

Q&+

&

R

&

;
)$-&7+)*,&?)('"2<+#&:"=+=&)<<&'7+&(+#'1&

 

µ, $ ,

&

?&, ' Q&<"%7'&$02<+"Q&===;
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Bethe-Bloch Formula
S$+(%,&</##&4,&"/$"#)'"/$1

&&&&&&&&&&&&&&&&&& &&&&I!+TU2.J&

• "$2"-+$'&?)('"2<+

- &*+</2"',&/A&?)('"2<+

- &27)(%+&/A&?)('"2<+

• .+-"0.

- &&/A&.+-"0.

- & &)*+()%+&"/$"#)'"/$&?/'+$'")<&"$&I+TJ

- &-+#2("4+#&-+$#"',&+AA+2'&-0+&'/&?/<)("#)'"/$&
&&&&/A&.+-"0.&:&&#)'0()'"/$&/A&(+<)'"*"#'"2&("#+;

• /'7+(&2/$#')$'#

- & &V*/%)-(/W#&$0.4+(

- & &2<)##"2)<&+<+2'(/$&()-"0#

- & &+<+2'(/$&.)##&

  
dE

dx
-------– 4$NA re

2mec
2z2Z

A
---

1

(2
-----)

2mec
2(2* 2

I
---------------------------ln (2 +

2
---––)=

( v c⁄=

z

Z A,

I 16 Z
0.9

),

+

NA

re 2.8 fm=

me

X(/?+('"+#1

• -+?+$-+$2+&/$<,&/$&?)('"2<+&*+</2"',&
$/'&/$&?)('"2<+&.)##

• )'&#.)<<&+$+(%"+#

- -(/?#&<"9+&

• )'&(+<)'"*"#'"2&+$+(%"+#&"=+=&

- </%)("'7."2&("#+&&

• )??(/>".)'+&()$%+&/A&*)<"-"',1&

1 (2⁄-

(* 1»

(ln *- Eln=

10MeV/c p 50GeV/c. .

S&A"+<-

)'&(+#' *&Y&C
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Several important physicists have contributed to the theoretical understanding of 
energy loss of charged particles in matter

- N. Bohr                  classical derivation of 

- Bethe & Bloch        quantum mechanical treatment of

- L. Landau                distribution function

- E. Fermi                 density correction

- and several other physicists

Energy Loss of Charged Particles in Matter

31

〈
dE

dx
〉

〈
dE

dx
〉
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Energy Loss of Heavy Charged Particles

32

and therefore

*

* J. D. Jackson, Klassische Elektrodynamik, 
(Walter de Gruyter, Berlin, 1993) Kapitel 13.
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Wechselwirkung von Strahlung mit Materie

!

"#$!%&'(&(&)!*(+),&)!-$.!,/$!0&($.1),-$!,&(!2&3'$&45-(6#)7!89)!:.(/'4#)7!#),!
;&-43'&)!%-.!</.&(-&!89)!7/)=!&).$3'&-,&),&(!>&,&#.#)7?

 

•

!

&-)&($&-.$!@/$-&(&)!,-&!A/3'5&-$B(-)=-B-&)!/44&(!&C-$.-&(&),&)!D&.&6.9(&)!,/(/#E

 

•

!

/),&(&($&-.$!@&7(&)=&)!,-&!#).&($3'-&,4-3'&)!FEE&6.&!,-&!G&-$.#)7$E1'-76&-.!89)!
D&.&6.9(&)H!5-&!=I>I?!

 

- 

!

A/3'5&-$5/'($3'&-)4-3'6&-.!JFEE-=-&)=K

 

- 

!

*&)/#-76&-.!,&(!%&-$.&)!<&$$#)7&)!?
!!!!!!!L!M9$-.-9)$/#E4N$#)7
!!!!!!!L!F)&(7-&/#E4N$#)7
!!!!!!!L!O&-./#E4N$#)7

 

•

!

,-&!2-(6#)7!89)!:.(/'4#)7!/#E!@-9497-$3'&!P(7/)-$%&)!-$.!,#(3'!$-&!@&$.-%%.?

 

- 

!

:.(/'4&)$3'1,&)

 

- 

!

:.(/'4&).'&(/B-&

 

- 

!

:.(/'4&),-/7)9$&

 

- 

!

:.(/'4&)$3'#.=
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Energieverlust geladener Teilchen in Materie

!

<-.!,&(!.'&9(&.-$3'&)!>&'/),4#)7!,-&$&$!;'&%/$!'/@&)!$-3'!&-)-7&!@&,&#.&),&!M'Q$-6&(!
@&$3'1E.-7.?

 

•

!

AI>9'(!!!!!!!!!!!!!!!!!!!!!64/$$-$3'&!"@4&-.#)7!89)!

 

•

!

>&.'&H!>493'!!!!!!!!!!!!R#/).&)%&3'/)-$3'&!"@4&-.#)7!89)!

 

•

!

GIG/),/#!!!!!!!!!!!!!!!!!!0&(.&-4#)7$E#)6.-9)!89)!

 

•

!

FIS&(%-!!!!!!!!!!!!!!!!!!!!D-3'.&69((&6.#(!

!!!!I!I!I!!#),!8-&4&!/),&(&

dE

dx
-------! "

dE
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-------! "
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-------! "
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Energieverlust schwerer geladener Teilchen

!
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64/$$-$3'!=#?!!!!!!!!!!! I!!

D/!$-3'!,-&!49)7-.#,-)/4&!X9%B9)&).&!,&(!2&3'$&45-(6#)7!/#$!:Q%%&.(-&7(+),&)!'&(/#$%-..&4.H!

$B-&4&)!)#(!,-&!.(/)$8&($/4&)!X(1E.&!&-)&!V944&?! I!

D/@&-!@&=&-3')&.!@!,&)!:.9UB/(/%&.&(I!!D#(3'!W).&7(/.-9)!&(7-@.!$-3'?
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Herleitung von Bohr’s klassischer Formel
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2
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dE
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1
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2

I
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,C
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−∞

FCoulomb dt

F⊥ = FCoulomb ·
b
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= FCoulomb ·
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x2 + b2

∆p(b) =
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dx
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=
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(x2 + b2)3/2

dx

v
=
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The exact derivation is quite involved.   Here only the classical derivation, which was first  
performed by Bohr is given:

Energy loss mainly occurs through inelastic collisions with the shell 
electrons of the medium. Assuming (1) M >> me and (2) that the 
electrons before the collision are at rest => classically the change of 
momentum is given by:

Since for symmetry reasons the longitudinal component averages to 0, only the transverse 
component is relevant:

with impact parameter b.   Integration yields:

with velocity v and charge z of the moving particle 

∆E(b) =
∆p2

2me

=
2z2e4

mev2b2
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Bohr‘s Classical Formula

33
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Wechselwirkung von Strahlung mit Materie
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Energieverlust geladener Teilchen in Materie
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Energieverlust schwerer geladener Teilchen
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Herleitung von Bohr’s klassischer Formel
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The valid limits of integration follow from the maximum momentum transfer                      
(-> bmin) and the minimum energy transfer                    , which must at least correspond to 
the excitation energy I (-> bmax):

∆p = 2mev

∆Emin = I
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The energy transfer to shell electrons in the ring b to b+db in a 
layer of thickness dx is given by (with Ne = density of electrons) :

Integration over valid range of impact parameters bmin to bmax yields:

This yields for the classical case of inelastic collisions: 
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Bethe-Bloch Formula

34

Meaning of additional terms:

• δ density term due to polarization: important at 
high energies (leading to saturation of the 
relativistic raise)

• C/Z shell correction only relevant at low 
energies (when v ≈ velocity of electrons in the 
orbit –> capture processes are important)

Range of validity of the Bethe-Bloch formula:

For higher energies radiative processes dominant.

where                                                           is the maximum kinetic energy, which can be 

transfered to the electron in a single collision, NA is the Avagadro number, re the classical 
electron radius and I the excitation energy in [eV].   
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Bethe-Bloch Formel
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Beispiel: dE/dx Kurve für Muonen
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Materialabhängigkeit
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Relativistischer Anstieg: Rechnung und Messungen

[&51"#5/+-(N/+B)

- Methan [5%]

8M3&)&QI6(&5N)"&+(Q9&,#''?

CQR#',

"+$O/3# $$\$W

]'0(("(237

• I+@023(#+$,#5$)50+(%#5(0'#+$
]&1N&+#+)#$,#($#'#B)5"(23#+$
R#',#($,#($6#@#-)#+$^#"'23#+($1")$
,#1$R0B)&5$$$$

• F*))"-/+-$%&+$,C;,AD$@#++$,"#(#$
I/(,#3+/+-$%#5-'#"23605$1")$,#+$
I6()*+,#+$E@"(23#+$I)&1#+J

Tmax =
2mec2β2γ2

1 + 2γme/M + (me/M)2

10 MeV/c ≤ p ≤ 50 GeV/c

The correct quantum mechanical result is:

−

dE

dx
= 4πNAr2

emec
2z2

Z

A
·

1

β2
·

[

1

2
ln

2mec2β2γ2Tmax

I2
− β2

−

δ

2
−

C

Z

] [

MeV

(g/cm2)

]

mailto:carsten.niebuhr@desy.de
mailto:carsten.niebuhr@desy.de


carsten.niebuhr@desy.deTracking in HEP: 1

C. Niebuhr                     Teilchen Detektoren 2

Bethe-Bloch Formel
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Beispiel: dE/dx Kurve für Muonen
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Materialabhängigkeit
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Relativistischer Anstieg: Rechnung und Messungen
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Relativistic Raise: Calculations and Measurements

35

Classical explanation: 
 • transverse component of electric 
   field of moving particle growths 
   with factor γ
 • saturation of dE/dx, once the 
   extension of field comparable to 
   distance between atoms 
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Fermi‘s Density Correction

36
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Fermi’s Dichtekorrektur !!!!
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Eigenschaften einiger Materialen (PDG)
Material Z A 〈Z/A〉 Nuclear a

collision
length λT

{g/cm2}

Nuclear a

interaction
length λI

{g/cm2}

dE/dx|min
b

{
MeV
g/cm2

}
Radiation length c

X0

{g/cm2} {cm}

Density
{g/cm3}
({g/"}
for gas)

Liquid
boiling
point at
1 atm(K)

Refractive
index n

((n − 1)×106

for gas)

H2 gas 1 1.00794 0.99212 43.3 50.8 (4.103) 61.28 d (731000) (0.0838)[0.0899] [139.2]
H2 liquid 1 1.00794 0.99212 43.3 50.8 4.034 61.28 d 866 0.0708 20.39 1.112
D2 1 2.0140 0.49652 45.7 54.7 (2.052) 122.4 724 0.169[0.179] 23.65 1.128 [138]
He 2 4.002602 0.49968 49.9 65.1 (1.937) 94.32 756 0.1249[0.1786] 4.224 1.024 [34.9]
Li 3 6.941 0.43221 54.6 73.4 1.639 82.76 155 0.534 —
Be 4 9.012182 0.44384 55.8 75.2 1.594 65.19 35.28 1.848 —

C 6 12.011 0.49954 60.2 86.3 1.745 42.70 18.8 2.265 e —
N2 7 14.00674 0.49976 61.4 87.8 (1.825) 37.99 47.1 0.8073[1.250] 77.36 1.205 [298]
O2 8 15.9994 0.50002 63.2 91.0 (1.801) 34.24 30.0 1.141[1.428] 90.18 1.22 [296]
F2 9 18.9984032 0.47372 65.5 95.3 (1.675) 32.93 21.85 1.507[1.696] 85.24 [195]
Ne 10 20.1797 0.49555 66.1 96.6 (1.724) 28.94 24.0 1.204[0.9005] 27.09 1.092 [67.1]
Al 13 26.981539 0.48181 70.6 106.4 1.615 24.01 8.9 2.70 —
Si 14 28.0855 0.49848 70.6 106.0 1.664 21.82 9.36 2.33 3.95
Ar 18 39.948 0.45059 76.4 117.2 (1.519) 19.55 14.0 1.396[1.782] 87.28 1.233 [283]
Ti 22 47.867 0.45948 79.9 124.9 1.476 16.17 3.56 4.54 —

Fe 26 55.845 0.46556 82.8 131.9 1.451 13.84 1.76 7.87 —
Cu 29 63.546 0.45636 85.6 134.9 1.403 12.86 1.43 8.96 —
Ge 32 72.61 0.44071 88.3 140.5 1.371 12.25 2.30 5.323 —
Sn 50 118.710 0.42120 100.2 163 1.264 8.82 1.21 7.31 —
Xe 54 131.29 0.41130 102.8 169 (1.255) 8.48 2.87 2.953[5.858] 165.1 [701]
W 74 183.84 0.40250 110.3 185 1.145 6.76 0.35 19.3 —
Pt 78 195.08 0.39984 113.3 189.7 1.129 6.54 0.305 21.45 —
Pb 82 207.2 0.39575 116.2 194 1.123 6.37 0.56 11.35 —
U 92 238.0289 0.38651 117.0 199 1.082 6.00 ≈0.32 ≈18.95 —

Air, (20◦C, 1 atm.), [STP] 0.49919 62.0 90.0 (1.815) 36.66 [30420] (1.205)[1.2931] 78.8 (273) [293]
H2O 0.55509 60.1 83.6 1.991 36.08 36.1 1.00 373.15 1.33
CO2 gas 0.49989 62.4 89.7 (1.819) 36.2 [18310] [1.977] [410]
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Abhängigkeit von der Teilchensorte (Masse)
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Zusammenfassung Eigenschaften Bethe-Bloch Formel
• B5#%0"#6#%74$*&"$*&F%=F=%*"=5(7&A4&&&&A_&Q&9H#K

- a5(+/D50"0&6=5&2#%&'%=b#.*"7*#"7-/#5)($$#

• E#7(*"6&$-/>(-/#&<+/D50"0.#"*&6=)&<+$=%+#%)(*#%"(7

- IS<&!&^?Y&9,%&9($*&(77#&G(*#%"(7"#5

- <4$5(/)#&0(5A&7#"-/*&=2#%&0(5A&$-/>#%

• T)&5"-/*%#7(*"6$*"$-/#5&O%#5A9(77&0"7*R

- B5#%0"#6#%74$*&F%=F=%*"=5(7&A4&&&WS6_&&1&2?/?&4)0#.#/%*&F%=F=%*"=5(7&A4%&B5#%0"#

• E#7(*"6"$*"$-/#%&<5$*"#0&F%=F=%*"=5(7&A4&75HBK

- a%$(-/#R&;=%#5*A&c&U=5*%(.*"=5&2#%&8#727"5"#5&&""&d#%$*D%.450&2#$&*%(5$6#%$(7#5&8#72#$

• ND**"0450&2#$&<5$*"#0#$&24%-/&!"-/*#.=%%#.*4%&H'=7(%"$(*"=5K&*"8#%)"F7(*#(4

• !(A>"$-/#5&M#%#"-/&2#%&)"5")(7&"=5"$"#%#52#5&:#"7-/#5&+#"&&&#$&!&&_LY

- G"5")(7#%&B5#%0"#6#%74$*&#*>(&&WL_&G#d&F%=&0S-)_&&H<4$5(/)#&\_&K

• U=%%#.*4%#5&5=*>#52"0&+#"&$#/%&.7#"5#5&O#$-/>"52"0.#"*#5&452&/=/#5&I

This parameter takes into account, that the shell electrons of the atoms of the medium 
shield the transversely extended field of the relativistic particle. This leads to a reduction 
of the effective reach-through and therefore of the energy loss.

Physically the effect is related to the fact that the 
electromagnetic wave gets damped in the transverse 
direction by the dispersion in the medium (also related 
to Cherenkov effect).

  • density effect  ⇒ Fermi plateau

 •  especially relevant in dense absorbers, e.g. iron or 
    lead

 •  can be practically neglected for gases at 1 atm 

 •  approximation for energetic particles 

     with plasma frequency
         and electron density 

δ

2
= ln (βγ) + ln

h̄ωp

I
−
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2
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4πNer3
e
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MIP = minimum-ionising particles 

relativistic rise

. β 5 3/–∝
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If dE/dx is plotted 
versus momentum of 
particle the curves 
are shifted horizon-
tally for different 
masses

Application: if also 
the momentum of the 
particle is known the 
measurement of the 
specific ionisation can 
be used for particle 
identification

In this example each 
dot represents ≈185 
single measurements
in a drift chamber

Measurements in PEP4/9-TPC (Ar-CH4 = 80:20 @ 8.5atm)
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C. Niebuhr                     Teilchen Detektoren 2

Ionisationsverlauf entlang der Spur

!!!! Teilchen in CF4

!"#$%&'(&)&'&*%+,(-$%./0/1$-,#,.

" !

"!-Elektron

"!-Elektron

2/34',(5,-(-$%./1#.$"

5&1(%+&-4,.(6$#+(772

%&-,.&(.,&0/3#

8*(&'',*(9$'0,.*($1#(0$,(:3*&+-,(0,.(8/*$1&#$/*(5,5,*(;*0,(0,.(<,$%+6,$#,(&3=5.3*0(0,.(

>?4+@*5$5A,$#(0,1(;*,.5$,),.'31#,1(B3(,.A,**,*C1 #2!

C. Niebuhr                     Teilchen Detektoren 2

z-Abhängigkeit der Ionisation

<,'&#$)$1#$1%+,(8/*,*($*(D,.*,-3'1$/*

B(E(FG(HI,J B(!(KL(HM+J

dE

dx
------- z2$
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Bragg Peak und medizinische Anwendung

8/*$1&#$/*1"./=$'()/*(NF7(8/*,*($*(O&11,.

?*6,*03*5($*(0,.(P,0$B$*Q

0$,(D/*B,*#.&#$/*(0,1(;*,.5$,>
),.'31#,1(B3-(;*0,(0,.(<,$%+6,$#,(
+$*(,.'&34#(0$,(R5,B$,'#,R(9,+&*0'3*5(
)/*($**,*('$,5,*0,*(M3-/.,*(4,$(
-@11$5,.(S#.&+',*4,'&1#3*5(0,1(
0&)/.(4,=$*0'$%+,*(T,6,4,1(H$-(
T,5,*1&#B(B3(0,.(9,+&*0'3*5(-$#(
<U*#5,*1#.&+'3*5J

R9.&55(V,&AR

C. Niebuhr                     Teilchen Detektoren 2

Protonentherapie am PSI

S".,&0(/3#(9.&55(V,&A1(HS!9VJ(-$#(
3*#,.1%+$,0'$%+,*(?41/.4,.*(%(
&**@+,.*0(A/*1#&*#,(2/1$1),.#,$'3*5($-(
9,.,$%+(0,1(M3-/.1

The increase of ionization at the end of the range due to the 1/β2-dependence 
of the energy loss  is visible in all examples.
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Ionisationsverlauf entlang der Spur
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------- z2$
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Bragg Peak und medizinische Anwendung

8/*$1&#$/*1"./=$'()/*(NF7(8/*,*($*(O&11,.

?*6,*03*5($*(0,.(P,0$B$*Q

0$,(D/*B,*#.&#$/*(0,1(;*,.5$,>
),.'31#,1(B3-(;*0,(0,.(<,$%+6,$#,(
+$*(,.'&34#(0$,(R5,B$,'#,R(9,+&*0'3*5(
)/*($**,*('$,5,*0,*(M3-/.,*(4,$(
-@11$5,.(S#.&+',*4,'&1#3*5(0,1(
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T,5,*1&#B(B3(0,.(9,+&*0'3*5(-$#(
<U*#5,*1#.&+'3*5J

R9.&55(V,&AR
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Protonentherapie am PSI

S".,&0(/3#(9.&55(V,&A1(HS!9VJ(-$#(
3*#,.1%+$,0'$%+,*(?41/.4,.*(%(
&**@+,.*0(A/*1#&*#,(2/1$1),.#,$'3*5($-(
9,.,$%+(0,1(M3-/.1

Relativistic ions in nuclear emulsion
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Ionisationsverlauf entlang der Spur

!!!! Teilchen in CF4
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------- z2$
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Bragg Peak und medizinische Anwendung

8/*$1&#$/*1"./=$'()/*(NF7(8/*,*($*(O&11,.

?*6,*03*5($*(0,.(P,0$B$*Q

0$,(D/*B,*#.&#$/*(0,1(;*,.5$,>
),.'31#,1(B3-(;*0,(0,.(<,$%+6,$#,(
+$*(,.'&34#(0$,(R5,B$,'#,R(9,+&*0'3*5(
)/*($**,*('$,5,*0,*(M3-/.,*(4,$(
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0&)/.(4,=$*0'$%+,*(T,6,4,1(H$-(
T,5,*1&#B(B3(0,.(9,+&*0'3*5(-$#(
<U*#5,*1#.&+'3*5J

R9.&55(V,&AR
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Protonentherapie am PSI

S".,&0(/3#(9.&55(V,&A1(HS!9VJ(-$#(
3*#,.1%+$,0'$%+,*(?41/.4,.*(%(
&**@+,.*0(A/*1#&*#,(2/1$1),.#,$'3*5($-(
9,.,$%+(0,1(M3-/.1

Applications in therapy:

better targeted treatment of tumors  
with reduced radiation damage of 
tissue in front due to concentration 
of energy loss at the end of the 
range (in contrast to X-ray 
treatment)  
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Ionisationsverlauf entlang der Spur

!!!! Teilchen in CF4
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z-Abhängigkeit der Ionisation
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Bragg Peak und medizinische Anwendung
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Protonentherapie am PSI
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Landauverteilung
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Beispiele für gemessenen Energieverlust
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Eingeschränkter Energieverlust
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Energiespektrum von ####-Elektronen
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The Bethe-Bloch formula only gives the average energy 
loss. The total energy loss is the sum of many individual 
processes:

• thick layers (                                 ):  
many collisions with small ∆Ei  ⇒ in good 

approximation Gaussian distributed

• for thin layers (e.g. gases) two effects 
are important:

- rare collisons with large ∆E ( > ionization 
potential)  ⇒  δ-electrons or knock-on 

electrons are liberated, which have 
sufficient energy to ionize themselves

- energy loss due to Bremsstrahlung

⇒  asymmetric Landau distribution

      material constant

(dE/dx) · δx ! Tmax

P (∆E) =
1

√

2π
e−

1

2
(λ+e−λ) with λ =

∆E − ∆Emp

ξ

ξ

Alternative approaches by:
 • Vavilov
 • Blunck-Leisegang
 • Symon
 • Allison, Cobb
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Landauverteilung
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Beispiele für gemessenen Energieverlust
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Eingeschränkter Energieverlust
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Energiespektrum von ####-Elektronen
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3 GeV electrons in a thin-gap multi wire 
proportional chamber(ALPEPH)

3 GeV pions in 1.5 cm gas mixture of 
Argon and 7% CH4 
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Restricted Energy Loss
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A given detector usually only measures the deposited energy and not the energy the 
particle has lost in total. 

Significant differences for example occur in gas detectors, when part of the energy, 
which is transfered to the knock-on electron is lost for the measurement, since the 
knock-on electrons leaves the detector.

⇒ it is useful to introduce the so called restricted energy loss: only take into account 
the part of the energy loss processes with energy transfer

Note, that for                       the standard Bethe-Bloch formula is recovered 
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Landauverteilung
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Beispiele für gemessenen Energieverlust
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Eingeschränkter Energieverlust
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Energiespektrum von ####-Elektronen
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F(T) is spin dependent [                                       for spin 0]. Integration from Tcut to Tmax 
yields just the difference between normal and restricted Bethe-Bloch formula. 

F (T ) = (1 − β2T/Tmax)

The distribution of secondary electrons with kinetic energy                                  is given by: T , I ! T ≤ Tmax
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Anwendung von Channeling
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Important experimental consequence: multiple scattering often represents a serious 
limitation for the achievable resolution of direction or momentum measurement
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z,β

log scale!

θ

Scattering of charged particles off the atoms 
in the medium causes a change of direction:

the statistical sum of many such small angle 
scatterings results in a gaussian angular 
distribution with a width given by:       

example: p = 1 GeV/c, d = 300µm Si, X0=9.4cm
⇒  θ0 ≈ 0.8 mrad. For 10cm distance this 
corresponds to 80µm, which is significantly 
larger than typical resolution of Si-strip 
detector

the less likely scattering off the atomic nuclei 
causes large scattering angles resulting in a 
deviation from a gaussian distribution at large 
angles
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dE/dx in a TPC for different Particle Species
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Properties of some Materials (PDG)

Material Z A 〈Z/A〉 Nuclear a

collision
length λT

{g/cm2}

Nuclear a

interaction
length λI

{g/cm2}

dE/dx|min
b

{

MeV
g/cm2

}

Radiation length c

X0

{g/cm2} {cm}

Density
{g/cm3}
({g/"}
for gas)

Liquid
boiling
point at
1 atm(K)

Refractive
index n

((n − 1)×106

for gas)

H2 gas 1 1.00794 0.99212 43.3 50.8 (4.103) 61.28 d (731000) (0.0838)[0.0899] [139.2]
H2 liquid 1 1.00794 0.99212 43.3 50.8 4.034 61.28 d 866 0.0708 20.39 1.112
D2 1 2.0140 0.49652 45.7 54.7 (2.052) 122.4 724 0.169[0.179] 23.65 1.128 [138]
He 2 4.002602 0.49968 49.9 65.1 (1.937) 94.32 756 0.1249[0.1786] 4.224 1.024 [34.9]
Li 3 6.941 0.43221 54.6 73.4 1.639 82.76 155 0.534 —
Be 4 9.012182 0.44384 55.8 75.2 1.594 65.19 35.28 1.848 —

C 6 12.011 0.49954 60.2 86.3 1.745 42.70 18.8 2.265 e —
N2 7 14.00674 0.49976 61.4 87.8 (1.825) 37.99 47.1 0.8073[1.250] 77.36 1.205 [298]
O2 8 15.9994 0.50002 63.2 91.0 (1.801) 34.24 30.0 1.141[1.428] 90.18 1.22 [296]
F2 9 18.9984032 0.47372 65.5 95.3 (1.675) 32.93 21.85 1.507[1.696] 85.24 [195]
Ne 10 20.1797 0.49555 66.1 96.6 (1.724) 28.94 24.0 1.204[0.9005] 27.09 1.092 [67.1]
Al 13 26.981539 0.48181 70.6 106.4 1.615 24.01 8.9 2.70 —
Si 14 28.0855 0.49848 70.6 106.0 1.664 21.82 9.36 2.33 3.95
Ar 18 39.948 0.45059 76.4 117.2 (1.519) 19.55 14.0 1.396[1.782] 87.28 1.233 [283]
Ti 22 47.867 0.45948 79.9 124.9 1.476 16.17 3.56 4.54 —

Fe 26 55.845 0.46556 82.8 131.9 1.451 13.84 1.76 7.87 —
Cu 29 63.546 0.45636 85.6 134.9 1.403 12.86 1.43 8.96 —
Ge 32 72.61 0.44071 88.3 140.5 1.371 12.25 2.30 5.323 —
Sn 50 118.710 0.42120 100.2 163 1.264 8.82 1.21 7.31 —
Xe 54 131.29 0.41130 102.8 169 (1.255) 8.48 2.87 2.953[5.858] 165.1 [701]
W 74 183.84 0.40250 110.3 185 1.145 6.76 0.35 19.3 —
Pt 78 195.08 0.39984 113.3 189.7 1.129 6.54 0.305 21.45 —
Pb 82 207.2 0.39575 116.2 194 1.123 6.37 0.56 11.35 —
U 92 238.0289 0.38651 117.0 199 1.082 6.00 ≈0.32 ≈18.95 —

Air, (20◦C, 1 atm.), [STP] 0.49919 62.0 90.0 (1.815) 36.66 [30420] (1.205)[1.2931] 78.8 (273) [293]
H2O 0.55509 60.1 83.6 1.991 36.08 36.1 1.00 373.15 1.33
CO2 gas 0.49989 62.4 89.7 (1.819) 36.2 [18310] [1.977] [410]
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Summary of Part I
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Properties of some Materials (PDG)
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Xe 54 131.29 0.41130 102.8 169 (1.255) 8.48 2.87 2.953[5.858] 165.1 [701]
W 74 183.84 0.40250 110.3 185 1.145 6.76 0.35 19.3 —
Pt 78 195.08 0.39984 113.3 189.7 1.129 6.54 0.305 21.45 —
Pb 82 207.2 0.39575 116.2 194 1.123 6.37 0.56 11.35 —
U 92 238.0289 0.38651 117.0 199 1.082 6.00 ≈0.32 ≈18.95 —

Air, (20◦C, 1 atm.), [STP] 0.49919 62.0 90.0 (1.815) 36.66 [30420] (1.205)[1.2931] 78.8 (273) [293]
H2O 0.55509 60.1 83.6 1.991 36.08 36.1 1.00 373.15 1.33
CO2 gas 0.49989 62.4 89.7 (1.819) 36.2 [18310] [1.977] [410]
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Multiple Scattering
Q54--.0(3B#,"#5640B.$#*40-(5+.)#,""#-6.#4-,2)#
(3#-6.#2.$(12#541).)#4#5643B.#,"#$(0.5-(,3;

• -6.#)-4-()-(54+#)12#,"#2439#)156#)24++#43B+.#
)54--.0(3B)#0.)1+-)#(3#4#B41))(43#43B1+40#
$()-0(>1-(,3#=(-6#4#=($-6#B(/.3#>9;#######

• .'42*+.;#*#K#?#R.S&5T#$#K#ULLµ2#Q(T#VLKHOG52
!  "0 !#LO@#204$O#W,0#?L52#$()-435.#-6()#
5,00.)*,3$)#-,#@Lµ2T#=6(56#()#)(B3("(543-+9#
+40B.0#-643#-9*(54+#0.),+1-(,3#,"#4#Q(8)-0(*#
$.-.5-,0O

• -6.#+.))#+(<.+9#)54--.0(3B#,""#-6.#4-,2(5#315+.(#
541).)#+40B.#)54--.0(3B#43B+.)#0.)1+-(3B#(3#4#
$./(4-(,3#"0,2#4#B41))(43#$()-0(>1-(,3#4-#+40B.#
43B+.)

"
0

13.6MeV

#pc
-----------------------z

x

X
0

------ 1 0.038
x

X
0

------
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& '

ln+=

7,#

+,B#)54+.X

"
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Summary of Part I
• *0,*.0-(.)#,"#$("".0.3-#*40-(5+.)#0.Y1(0.)#2439#$("".0.3-#-9*.)#,"#$.-.5-,0)

• 0,1B6#5+4))("(54-(,3

- -045<&*,)(-(,3#$.-.5-,0)#I3,3#$.)-015-(/.P#(#D40-#!!

- 54+,0(2.-.0)#I$.)-015-(/.P#(#D40-#!!!

• >4)(54++9#4++#$.-.5-,0)#>4).$#,3#.+.5-0,24B3.-(5#(3-.045-(,3

• $.-.5-,0)#4+),#2,0.#43$#2,0.#1).$#",0#,-6.0#4**+(54-(,3)#I.OBO#2.$(54+#4**+OP

• .3.0B9#+,))#,"#5640B.$#*40-(5+.);#Z.-6.8Z+,56#$.)50(>.)#+,))#$1.#-,#(,3()4-(,3

- #(#W.02(*+4-.41

- 2(3(212#4-# ;#?8M#F.S#*.0#B528M#

- 6,=./.0#+(B6-#*40-(5+.)#I.+.5-0,3)T#21,3)P#4-#6(B6#.3.0B(.)#+,).#.3.0B9#*0.$,2(343-+9#>9#

>0.2))-046+13B;#

• 21+-(*+.#)54--.0(3B

- B41))(43#5,0.#,"#$()-0(>1-(,3#=(-6#43B1+40#)*0.4$;###

- $./(4-(,3#"0,2#B41))(,3#$()-0(>1-(13#4-#+40B.#43B+.)#$1.#-,#[1-6.0",0$#)54--.0(3B#I315+.(P

z2 #2⁄ Eln(

#) 3*

 dE dx⁄– Z2 E m2⁄+,

"
0

1

p
---

x

X
0

-------

+III gas detectors
[not covered in this lecture]
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