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Physi
s of Parti
le Dete
tion 1Claus GrupenDepartment of Physi
s, University of SiegenD-57068 Siegen, Germanye-mail: grupen�siux00.physik.uni-siegen.deAbstra
t. In this review the basi
 intera
tion me
hanisms of 
harged and neu-tral parti
les are presented. The ionization energy loss of 
harged parti
les isfundamental to most parti
le dete
tors and is therefore des
ribed in more detail.The produ
tion of ele
tromagneti
 radiation in various spe
tral ranges leads tothe dete
tion of 
harged parti
les in s
intillation, Cherenkov and transition ra-diation 
ounters. Photons are measured via the photoele
tri
 e�e
t, Comptons
attering or pair produ
tion, and neutrons through their nu
lear intera
tions.A 
ombination of the various dete
tor methods helps to identify elementaryparti
les and nu
lei. At high energies absorption te
hniques in 
alorimeters pro-vide additional parti
le identi�
ation and an a

urate energy measurement.INTRODUCTIONThe dete
tion and identi�
ation of elementary parti
les and nu
lei is ofparti
ular importan
e in high energy, 
osmi
 ray and nu
lear physi
s [1{6℄.Identi�
ation means that the mass of the parti
le and its 
harge is determined.In elementary parti
le physi
s most parti
les have unit 
harge. But in thestudy e.g. of the 
hemi
al 
omposition of primary 
osmi
 rays di�erent 
hargesmust be distinguished.Every e�e
t of parti
les or radiation 
an be used as a working prin
iple fora parti
le dete
tor.The de
e
tion of a 
harged parti
le in a magneti
 �eld determines its mo-mentum p; the radius of 
urvature � is given by� / pz = 
m0�
z (1)where z is the parti
le's 
harge, m0 its rest mass and � = v
 its velo
ity. Theparti
le velo
ity 
an be determined e.g. by a time-of-
ight method yielding� / 1� ; (2)1) ICFA Instrumentation S
hool, Istanbul, Turkey, June 28 - July 10, 1999



2where � is the 
ight time. A 
alorimetri
 measurement provides a determina-tion of the kineti
 energy Ekin = (
 � 1)m0
2 (3)where 
 = 1p1��2 is the Lorentz fa
tor.From these measurements the ratio of m0=z 
an be inferred, i.e. for singly
harged parti
les we have already identi�ed the parti
le. To determine the
harge one needs another z-sensitive e�e
t, e.g. the ionization energy lossdEdx / z2�2 ln(a�
) (4)(a is a material dependent 
onstant.)Now we know m0 and z separately. In this way even di�erent isotopes ofelements 
an be distinguished.The basi
 prin
iple of parti
le dete
tion is that every physi
s e�e
t 
an beused as an idea to build a dete
tor. In the following we distinguish betweenthe intera
tion of 
harged and neutral parti
les. In most 
ases the observedsignature of a parti
le is its ionization, where the liberated 
harge 
an be
olle
ted and ampli�ed, or its produ
tion of ele
tromagneti
 radiation whi
h
an be 
onverted into a dete
table signal. In this sense neutral parti
les areonly dete
ted indire
tly, be
ause they must �rst produ
e in some kind ofintera
tion a 
harged parti
le whi
h is then measured in the usual way.INTERACTION OF CHARGED PARTICLESKinemati
sFour-momentum 
onservation allows to 
al
ulate the maximum energytransfer of a parti
le of mass m0 and velo
ity v = �
 to an ele
tron initiallyat rest to be [2℄Emaxkin = 2me
2�2
21 + 2
mem0 + �mem0 �2 = 2mep2m20 +m2e + 2meE=
2 ; (5)here 
 = Em0
2 is the Lorentz fa
tor, E the total energy and p the momentumof the parti
le.For low energy parti
les heavier than the ele
tron (2
mem0 � 1; mem0 � 1) eq. 5redu
es to Emaxkin = 2me
2�2
2 : (6)For relativisti
 parti
les (Ekin � E; p
 � E) one gets



3Emax = E2E +m20
2=2me : (7)For example, in a �-e 
ollision the maximum transferable energy isEmax = E2E + 11 E in GeV (8)showing that in the extreme relativisti
 
ase the 
omplete energy 
an be trans-ferred to the ele
tron.If m0 = me, eq. 5 is modi�ed toEmaxkin = p2me + E=
2 = E2 �m2e
4E +me
2 = E �me
2 : (9)S
atteringRutherford S
atteringThe s
attering of a parti
le of 
harge z on a target of nu
lear 
harge Z ismediated by the ele
tromagneti
 intera
tion (�gure 1).
FIGURE 1. Kinemati
s of Coulomb s
attering of a parti
le of 
harge z on a target of
harge ZThe Coulomb for
e between the in
oming parti
le and the target is writtenas ~F = z � e � Z � er2 ~rr : (10)



4For symmetry reasons the net momentum transfer is only perpendi
ular to ~palong the impa
t parameter bpb = Z +1�1 Fbdt = Z +1�1 z � Z � e2r2 � br � dx�
 ; (11)with b = r sin', dt = dx=v = dx=�
, and Fb for
e perpendi
ular to p.pb = z � Z � e2�
 Z +1�1 bdx(px2 + b2)3 = z � Z � e2�
b Z +1�1 d(x=b) r1 + �xb �2!3| {z }=2 (12)pb = 2z � Z � e2�
b = 2reme
b� z � Z ; (13)where re is the 
lassi
al ele
tron radius. This 
onsideration leads to a s
atter-ing angle � = pbp = 2z � Z � e2�
b � 1p : (14)The 
ross se
tion for this pro
ess is given by the well-known Rutherford for-mula d�d
 = z2Z2r2e4  me
�p !2 1sin4�=2 : (15)Multiple S
atteringFrom eq. 15 one 
an see that the average s
attering angle h�i is zero. To
hara
terize the di�erent degrees of s
attering when a parti
le passes throughan absorber one normally uses the so-
alled \average s
attering angle" qh�2i.The proje
ted angular distribution of s
attering angles in this sense leads toan average s
attering angle of [6℄qh�2i = �plane = 13:6MeV�
p z �s xX0 �1 + 0:038 ln � xX0�� (16)with p in MeV/
 and x the thi
kness of the s
attering medium measured inradiation lengths X0 (see Bremsstrahlung). The average s
attering angle inthree dimensions is �spa
e = p2�plane = p2�0 : (17)The proje
ted angular distribution of s
attering angles 
an approximately berepresented by a GaussianP (�)d� = 1p2��0 exp(� �22�20)d� : (18)



5Energy Loss of Charged Parti
lesCharged parti
les intera
t with a medium via ele
tromagneti
 intera
tionsby the ex
hange of photons. If the range of photons is short, the absorptionof virtual photons 
onstituting the �eld of the 
harged parti
le gives rise toionization of the material. If the medium is transparent Cherenkov radiation
an be emitted above a 
ertain threshold. But also sub-threshold emission ofele
tromagneti
 radiation 
an o

ur, if dis
ontinuities of the diele
tri
 
onstantof the material are present (transition radiation) [7℄. The emission of realphotons by de
elerating a 
harged parti
le in a Coulomb �eld also 
onstitutesan important energy loss (bremsstrahlung).Ionization Energy-LossBethe-Blo
h FormulaThis energy-loss me
hanism represents the s
attering of 
harged parti
leso� atomi
 ele
trons, e.g.�+ + atom! �+ + atom+ + e� : (19)The momentum transfer to the ele
tron is (see eq. 13)pb = 2reme
b� z ;and the energy transfer in the 
lassi
al approximation" = p2b2me = 2r2eme
2b2�2 z2 : (20)The intera
tion probability per (g/
m2), given the atomi
 
ross-se
tion �, is�(g�1
m2) = NA�[
m2=atom℄ (21)where N is Avogadro's 
onstant.The di�erential probability to hit an ele
tron in the area of an annulus withradii b and b+ db (see �gure 2) with an energy transfer between " and "+ d"is �(")d" = NA 2�bdbZ ; (22)be
ause there are Z ele
trons per target atom.Inserting b from eq. 20 into eq. 22 gives
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FIGURE 2. Sket
h explaining the di�erential 
ollision probabilityb2 = 2r2eme
2�2 z2 � 1"2jbdbj = 2r2eme
2�2 z2 � d""2�(")d" = NA�2r2eme
2�2 z2 � Z � d""2= 2�r2eme
2N�2 � ZA � z2 � d""2 ; (23)showing that the energy spe
trum of Æ-ele
trons or kno
k-on ele
trons followsan 1="2 dependen
e (�gure 3, [8℄).The energy loss is now 
omputed from eq. 22 by integrating over all possibleimpa
t parameters [5℄�dE = Z 10 �(") � " � dx= Z 10 NA 2�b � db � Z � " � dx�dEdx = 2�NA � Z Z 10 " � b � db= 2�Z �NA � 2r2eme
2�2 z2 Z 10 dbb : (24)This 
lassi
al 
al
ulation yields an integral whi
h diverges for b = 0 as wellas for b = 1. This is not a surprise be
ause one would not expe
t that ourapproximations hold for these extremes.a) The b = 0 
ase: Let us approximate the \size" of the target ele
tronseen from the rest frame of the in
ident parti
le by half the de Brogliewavelength. This gives a minimum impa
t parameter of



7
FIGURE 3. 1="2-dependen
e of the kno
k-on ele
tron produ
tion probability [8℄bmin = h2p = h2
me�
 : (25)b) The b = 1 
ase: If the revolution time �R of the ele
tron in the targetatom be
omes smaller than the intera
tion time �i, the in
ident parti
le\sees" a more or less neutral atom�i = bmaxv q1 � �2 : (26)The fa
tor p1 � �2 takes into a

ount that the �eld at high velo
ities isLorentz-
ontra
ted. Hen
e the intera
tion time is shorter. For the revolu-tion time we have �R = 1�Z � Z = hI ; (27)where I is the mean ex
itation energy of the target material, whi
h 
an beapproximated by I = 10eV � Z (28)for elements heavier than sulphur.The 
ondition to see the target as neutral now leads to�R = �i ) bmaxv q1 � �2 = hI



8 bmax = 
h�
I : (29)With the help of eq. 25 and 29 we 
an solve the integral in eq. 24�dEdx = 2� � ZAN � 2r2eme
2�2 z2 � ln 2
2�2me
2I : (30)Sin
e for long-distan
e intera
tions the Coulomb �eld is s
reened by the in-tervening matter one has�dEdx = �z2 � ZA 1�2 "ln 2
2�2me
2I � �# ; (31)where � is a s
reening parameter (density parameter) and� = 4�Nr2eme
2 :The exa
t treatment of the ionization energy loss of heavy parti
les leads to[6℄ �dEdx = �z2 � ZA � 1�2 "12 ln 2me
2
2�2I2 Emaxkin � �2 � Æ2# (32)whi
h redu
es to eq. 31 for 
me=m0 � 1 and �2 � Æ2 = �.The energy-loss rate of muons in iron is shown in Figure 4 [6℄. It exhibits a1�2 -de
rease until a minimum of ionization is obtained for 3 � �
 � 4.Due to the ln 
-term the energy loss in
reases again (relativisti
 rise, loga-rithmi
 rise) until a plateau is rea
hed (density e�e
t, Fermi plateau).The energy loss is usually expressed in terms of the area density ds = �dxwith �-density of the absorber. It varies with the target material like Z=A(� 0:5 for most elements). Minimum ionizing parti
les lose 1.94 MeV/(g/
m2)in helium de
reasing to 1.08 MeV/(g/
m2) in uranium. The energy loss ofminimum ionizing parti
les in hydrogen is ex
eptionally large, be
ause hereZ=A = 1.The relativisti
 rise saturates at high energies be
ause the medium be
omespolarized, e�e
tively redu
ing the in
uen
e of distant 
ollisions. The density
orre
tion Æ=2 
an be des
ribed byÆ2 = ln �h!pI + ln�
 � 12 (33)where �h!p = q4�Ner3eme
2=� (34)is the plasma energy and Ne the ele
tron density of the absorbing material.For gases the Fermi-plateau, whi
h saturates the relativisti
 rise, is about60% higher 
ompared to the minimum of ionization. Figure 5 shows themeasured energy-loss rates of ele
trons, muons, pions, kaons, protons anddeuterons in the PEP4/9-TPC (185 dE=dx measurements at 8.5 atm in Ar-CH4 = 80 : 20) [9℄.



9
FIGURE 4. Energy loss of muons in iron [6℄

FIGURE 5. Measured ionization energy loss of ele
trons, muons, pions, kaons, protonsand deuterons in the PEP4/9-TPC [9℄



10 Landau DistributionsThe Bethe-Blo
h formula des
ribes the average energy loss of 
harged par-ti
les. The 
u
tuation of the energy loss around the mean is des
ribed by anasymmetri
 distribution, the Landau distribution [10,11℄.The probability �(")d" that a singly 
harged parti
le loses an energy be-tween " and "+ d" per unit length of an absorber was (eq. 23)�(") = 2�Ne4mev2 ZA � 1"2 : (35)Let us de�ne � = 2�Ne4mev2 � ZAx ; (36)where x is the area density of the absorber:�(") = �(x) 1x"2 : (37)Numeri
ally one 
an write� = 0:1536�2 ZA � x [keV℄ ; (38)where x is measured in mg/
m2.For an absorber of 1 
m Ar we have for � = 1� = 0:123 keV :We de�ne now f(x;�) = 1� !(�) (39)as the probability that the parti
le loses an energy � on traversing an absorberof thi
kness x. � is de�ned to be the normalized deviation from the mostprobable energy loss �m:p: � = ���m:p:� : (40)The most probable energy loss is 
al
ulated to be [10,12℄�m:p: = � (ln 2me
2�2
2�I2 � �2 + 1 � 
E) ; (41)where 
E = 0:577 : : : is Euler's 
onstant.



11Landau's treatment of f(x;�) yields!(�) = 1� Z 10 e�u lnu��u sin�udu ; (42)whi
h 
an be approximated by [12℄
(�) = 1p2� exp��12(�+ e��)� : (43)Figure 6 shows the energy loss distribution of 3GeV ele
trons in an Ar/CH4(80:20) �lled drift 
hamber of 0.5 
m thi
kness [13℄. A

ording to equation35 the Æ-ray 
ontribution to the energy loss falls inversely proportional tothe energy transfer squared, produ
ing a long tail, 
alled Landau tail, in theenergy-loss distribution up to the kinemati
al limit (see also �gure 3).
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FIGURE 6. Energy-loss distribution of 3GeV ele
trons in a thin-gap multiwire drift
hamber [13℄The asymmetri
 property of the energy-loss distribution be
omes obviousfor thin absorbers. For larger absorber thi
knesses or trun
ation te
hniquesapplied to thin absorbers the Landau distribution gets more symmetri
.



12 S
intillation in MaterialsS
intillator materials 
an be inorgani
 
rystals, organi
 liquids or plasti
sand gases. The s
intillation me
hanism in organi
 
rystals is an e�e
t ofthe latti
e. In
ident parti
les 
an transfer energy to the latti
e by 
reatingele
tron-hole pairs or taking ele
trons to higher energy levels below the 
on-du
tion band. Re
ombination of ele
tron-hole pairs may lead to the emissionof light. Also ele
tron-hole bound states (ex
itons) moving through the latti
e
an emit light when hitting an a
tivator 
enter and transferring their bind-ing energy to a
tivator levels, whi
h subsequently deex
ite. In thallium dopedNaI-
rystals about 25 eV are required to produ
e one s
intillation photon. Thede
ay time in inorgani
 s
intillators 
an be quite long (1�s in CsI (Tl); 0.62�sin BaF2).In organi
 substan
es the s
intillation me
hanism is di�erent. Certain typesof mole
ules will release a small fra
tion (� 3%) of the absorbed energy asopti
al photons. This pro
ess is expe
ially marked in organi
 substan
es whi
h
ontain aromati
 rings, su
h as polystyrene, polyvinyltoluene, and naphtalene.Liquids whi
h s
intillate in
lude toluene or xylene [6℄.This primary s
intillation light is preferentially emitted in the UV-range.The absorption length for UV-photons in the s
intillation material is rathershort: the s
intillator is not transparent for its own s
intillation light. There-fore, this light is transferred to a wavelength shifter whi
h absorbs the UV-lightand reemits it at longer wavelengths (e.g. in the green). Due to the lower 
on-
entration of the wavelength shifter material the reemitted light 
an get outof the s
intillator and be dete
ted by a photosensitive devi
e. The te
hniqueof wavelength shifting is also used to mat
h the emitted light to the spe
tralsensitivity of the photomultiplier. For plasti
 s
intillators the primary s
in-tillator and wavelength shifter are mixed with an organi
 material to form apolymerizing stru
ture. In liquid s
intillators the two a
tive 
omponents aremixed with an organi
 base [2℄.About 100 eV are required to produ
e one photon in an organi
 s
intillator.The de
ay time of the light signal in plasti
 s
intillators is substantially shorter
ompared to inorgani
 substan
es (e.g. 30 ns in naphtalene).Be
ause of the low light absorption in gases there is no need for wavelengthshifting in gas s
intillators.Plasti
 s
intillators do not respond linearly to the energy-loss density. Thenumber of photons produ
ed by 
harged parti
les is des
ribed by Birk's semi-empiri
al formula [6,14,15℄N = N0 dE=dx1 + kB dE=dx ; (44)where N0 is the photon yield at low spe
i�
 ionization density, and kB isBirk's density parameter. For 100MeV protons in plasti
 s
intillators one has



13dE=dx � 10MeV/(g/
m2) and kB � 5mg/(
m2MeV), yielding a saturatione�e
t of � 5% [4℄.For low energy losses eq. 44 leads to a linear dependen
eN = N0 � dE=dx ; (45)while for very high dE=dx saturation o

urs atN = N0=kB : (46)There exists a 
orrelation between the energy loss of a parti
le that goes intothe 
reation of ele
tron-ion pairs or the produ
tion of s
intillation light be
auseele
tron-ion pairs 
an re
ombine thus redu
ing the dE=dxjion-signal. On theother hand the s
intillation light signal is enhan
ed be
ause re
ombinationfrequently leads to ex
ited states whi
h deex
ite yielding s
intillation light.Cherenkov RadiationA 
harged parti
le traversing a medium with refra
tive index n with a ve-lo
ity v ex
eeding the velo
ity of light 
=n in that medium, emits Cherenkovradiation. The threshold 
ondition is given by�thres = vthres
 � 1n : (47)The angle of emission in
reases with the velo
ity rea
hing a maximum valuefor � = 1, namely �max
 = ar

os 1n : (48)The threshold velo
ity translates into a threshold energyEthres = 
thresm0
2 (49)yielding 
thres = 1q1� �2thres = npn2 � 1 : (50)The number of Cherenkov photons emitted per unit path length dx isdNdx = 2��z2 Z  1� 1n2�2! d��2 (51)for n(�) > 1, z { ele
tri
 
harge of the in
ident parti
le, � { wavelength,and � { �ne stru
ture 
onstant. The yield of Cherenkov radiation photons



14is proportional to 1=�2, but only for those wavelengths where the refra
tiveindex is larger than unity. Sin
e n(�) � 1 in the X-ray region, there is noX-ray Cherenkov emission. Integrating eq. 51 over the visible spe
trum (�1 =400 nm, �2 = 700 nm) givesdNdx = 2��z2�2 � �1�1�2 sin2�
= 490 � z2 � sin2�
 [
m�1℄ : (52)The Cherenkov e�e
t 
an be used to identify parti
les of �xed momentumby means of threshold Cherenkov 
ounters. More information 
an be obtained,if the Cherenkov angle is measured by DIRC-
ounters (Dete
tion of InternallyRe
e
ted Cherenkov light). In these devi
es some fra
tion of the Cherenkovlight produ
ed by a 
harged parti
le is kept inside the radiator by total internalre
e
tion. The dire
tion of the photons remains un
hanged and the Cherenkovangle is 
onserved during the transport. When exiting the radiator the photonsprodu
e a Cherenkov ring on a planar dete
tor (�gure 7).
FIGURE 7. Imaging prin
iple of a DIRC-
ounter [16℄The pion/proton separation a
hieved with su
h a system is shown in �gure8 [16℄.Ring-imaging Cherenkov-
ounters (RICH-
ounters) have be
ome extraor-dinary useful in the �eld of elementary parti
les and astrophysi
s. Figure9 shows the Cherenkov ring radii of ele
trons, muons, pions and kaons in aC4F10-Ar (75:25) �lled Ri
h-
ounter read out by a 100-
hannel photomultipilerof 10 � 10 
m2 a
tive area [17℄.



15
FIGURE 8. Cherenkov-angle distribution for pions and protons of 5.4 GeV/
 in aDIRC-
ounter [16℄.
FIGURE 9. Cherenkov-ring radii of e; �; �;K in a C4F10-Ar (75:25) RICH-
ounter. Thesolid 
urves show the expe
ted radii for an index of refra
tion of n = 1.00113. The shadedregions represent a 5% un
ertainty in the absolute momentum s
ale [17℄



16 Transition RadiationTransition radiation is emitted when a 
harged parti
le traverses a mediumwith dis
ontinuous diele
tri
 
onstant. A 
harged parti
le moving towards aboundary, where the diele
tri
 
onstant 
hanges, 
an be 
onsidered to formtogether with its mirror 
harge an ele
tri
 dipole whose �eld strength varies intime. The time dependent dipole �eld 
auses the emission of ele
tromagneti
radiation. This emission 
an be understood in su
h a way that although thediele
tri
 displa
ement ~D = ""0 ~E varies 
ontinuously in passing through aboundary, the ele
tri
 �eld does not.The energy radiated from a single boundary (transition from va
uum to amediumwith diele
tri
 
onstant ") is proportional to the Lorentz-fa
tor of thein
ident 
harged parti
le [6,14,18℄:S = 13�z2�h!p
 ; (53)where �h!p is the plasma energy (see equation 34). For 
ommonly used plasti
radiators (styrene or similar materials) one has�h!p � 20 eV : (54)The typi
al emission angle of transition radiation is proportional to 1=
.The radiation yield drops sharply for frequen
ies! > 
!p : (55)The 
-dependen
e of the emitted energy originates mainly from the harden-ing of the spe
trum rather than from the in
reased photon yield. Sin
e theradiated photons also have energies proportional to the Lorentz fa
tor of thein
ident parti
le, the number of emitted transition radiation photons isN / �z2 : (56)The number of emitted photons 
an be in
reased by using many transitions(sta
k of foils, or foam). At ea
h interfa
e the emission probability for an X-ray photon is of the order of � = 1=137. However, the foils or foams have to beof low Z material to avoid absorption in the radiator. Interferen
e e�e
ts forradiation from transitions in periodi
 arrangements 
ause an e�e
tive thresh-old behaviour at a value of 
 � 1000. These e�e
ts also produ
e a frequen
ydependent photon yield. The foil thi
kness must be 
omparable to or largerthan the formation zone D = 

=!p (57)whi
h in pra
ti
al situations (�h!p = 20 eV; 
 = 5 � 103) is about 50�m.Transition radiation dete
tors are mainly used for e=�-setaration. In 
osmi
ray experiments transition radiation emission 
an also be employed to measurethe energy of muons in the TeV-range.



17BremsstrahlungIf a 
harged parti
le is de
elerated in the Coulomb �eld of a nu
leusa fra
tion of its kineti
 energy will be emitted in form of real photons(bremsstrahlung). The energy loss by bremsstrahlung for high energies 
anbe des
ribed by [2℄�dEdx = 4�NAZ2A � z2r2E ln 183Z1=3 ; (58)where r = 14�"0 � e2m
2 . Bremsstrahlung is mainly produ
ed by ele
trons be
ausere / 1me : (59)Equation 58 
an be rewritten for ele
trons�dEdx = EX0 ; (60)where X0 = A4�NAZ(Z + 1)r2e ln(183Z�1=3) (61)is the radiation length of the absorber in whi
h bremsstrahlung is produ
ed.Here we have in
luded also radiation from ele
trons (� Z, be
ause there areZ ele
trons per nu
leus). If s
reening e�e
ts are taken into a

ount X0 
anbe more a

urately des
ribed by [6℄X0 = 716:4AZ(Z + 1) ln(287=pZ) [g=
m2℄ : (62)The important point about bremsstrahlung is that the energy loss is pro-portional to the energy. The energy where the losses due to ionization andbremsstrahlung for ele
trons are the same is 
alled 
riti
al energydE
dx �����ion = dE
dx �����brems : (63)For solid or liquid absorbers the 
riti
al energy 
an be approximated by [6℄E
 = 610MeVZ + 1:24 ; (64)while for gases one has [6℄



18 E
 = 710MeVZ + 0:92 : (65)The di�eren
e between gases on the one hand and solids and liquids on theother hand 
omes about be
ause the density 
orre
tions are di�erent in thesesubstan
es, and this modi�es dEdx ���ion.The energy spe
trum of bremsstrahlung photons is � E�1
 , where E
 is thephoton energy.At high energies also radiation from heavier parti
les be
omes importantand 
onsequently a 
riti
al energy for these parti
les 
an be de�ned. Sin
edEdx �����brems / 1m2 (66)the 
riti
al energy e.g. for muons in iron isE
 = 610MeVZ + 1:24 � �m�me �2 = 960GeV : (67)Dire
t Ele
tron Pair Produ
tionDire
t ele
tron pair produ
tion in the Coulomb �eld of a nu
leus via virtualphotons (\tridents") is a dominant energy loss me
hanism at high energies.The energy loss for singly 
harged parti
les due to this pro
ess 
an be repre-sented by �dEdx �����pair = b(Z;A;E) � E : (68)It is essentially - like bremsstrahlung - also proportional to the parti
le'senergy. Be
ause bremsstrahlung and dire
t pair produ
tion dominate at highenergies this o�ers an attra
tive possibility to build also muon 
alorimeters[2℄. The average rate of muon energy losses 
an be parametrized asdEdx = a(E) + b(E) � E (69)where a(E) represents the ionization energy loss and b(E) is the sum of dire
telektron pair produ
tion, bremsstrahlung and photonu
lear intera
tions.The various 
ontributions to the energy loss of muons in standard ro
k (Z= 11; A = 22; � = 3g=
m3) are shown in �gure 10.
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FIGURE 10. Contributions to the energy loss of muons in standard ro
k (Z = 11; A =22; � = 3g=
m3). Nu
lear Intera
tionsNu
lear intera
tions play an important role in the dete
tion of neutral par-ti
les other than photons. They are also responsible for the development ofhadroni
 
as
ades. The total 
ross se
tion for nu
leons is of the order of50mbarn and varies slightly with energy. It has an elasti
 (�el) and inelasti
part (�inel). The inelasti
 
ross se
tion has a material dependen
e�inel � �0A� (70)with � = 0:71. The 
orresponding absorption length �a is [2℄�a = ANA � � � �inel [
m℄ (71)(A in g/mol, NA in mol�1, � in g/
m3, and �inel in 
m2).This quantity has to be distinguished from the nu
lear intera
tion length �w,whi
h is related to the total 
ross se
tion�w = ANA � � � �total [
m℄ : (72)Sin
e �total > �inel, �w < �a holds.



20Strong intera
tions have a multipli
ity whi
h grows logarithmi
ally withenergy. The parti
les are produ
ed in a narrow 
one around the forwarddire
tion with an average transverse momentum of pT = 350MeV/
, whi
h isresponsible for the lateral spread of hadroni
 
as
ades.A useful relation for the 
al
ulation of intera
tion rates per (g/
m2) is�((g=
m2)�1) = �N �NA (73)where �N is the 
ross se
tion per nu
leon and NA Avogadro's number.INTERACTION OF PHOTONSPhotons are attenuated in matter via the pro
esses of the photoele
tri
e�e
t, Compton s
attering and pair produ
tion. The intensity of a photonbeam varies in matter a

ording toI = I0 e��x ; (74)where � is mass attenuation 
oeÆ
ient. � is related to the photon 
rossse
tions �i by � = NAA 3Xi=1 �i : (75)Photoele
tri
 E�e
tAtomi
 ele
trons 
an absorb the energy of a photon 
ompletely
 + atom! atom+ + e� : (76)The 
ross se
tion for absorption of a photon of energy E
 is parti
ularly largein the K-shell (80% of the total 
ross se
tion). The total 
ross se
tion forphoton absorption in the K-shell is�KPhoto = �32"7 �1=2 �4Z5�Thomson[
m2=atom℄ ; (77)where " = E
=me
2, and �Thomson = 83�r2e = 665mbarn is the 
ross se
tion forThomson s
attering. For high energies the energy dependen
e be
omes softer�KPhoto = 4�r2eZ5�4 � 1" : (78)The photoele
tri
 
ross se
tion has sharp dis
ontinuities when E
 
oin
ideswith the binding energy of atomi
 shells. As a 
onsequen
e of a photoab-sorption in the K-shell 
hara
teristi
 X-rays or Auger ele
trons are emitted[2℄.



21Compton S
atteringThe Compton e�e
t des
ribes the s
attering of photons o� quasi-free atomi
ele
trons 
 + e! 
 0 + e0 : (79)The 
ross se
tion for this pro
ess, given by the Klein-Nishina formula, 
an beapproximated at high energies by�
 / ln "" � Z (80)where Z is the number of ele
trons in the target atom. From energy andmomentum 
onservation one 
an derive the ratio of s
attered (E 0
) to in
identphoton energy (E
) E0
E
 = 11 + "(1� 
os�
) ; (81)where �
 is the s
attering angle of the photon with respe
t to its originaldire
tion.For ba
ks
attering (�
 = �) the energy transfer to the ele
tron Ekin rea
hesa maximum value Emaxkin = 2"21 + 2"me
2 ; (82)whi
h, in the extreme 
ase ("� 1), equals E
 .In Compton s
attering only a fra
tion of the photon energy is transferredto the ele
tron. Therefore, one de�nes an energy s
attering 
ross se
tion�
s = E 0
E
 �
 (83)and an energy absorption 
ross se
tion�
a = �
 � �
s = �
EkinE
 : (84)At a

elerators and in astrophysi
s also the pro
ess of inverse Compton s
at-tering is of importan
e [2℄.



22 Pair Produ
tionThe produ
tion of an ele
tron-positron pair in the Coulomb �eld of a nu
leusrequires a 
ertain minimum energyE
 � 2me
2 + 2m2e
2mnu
leus : (85)Sin
e for all pra
ti
al 
ases mnu
leus� me, one has e�e
tively E
 � 2me
2.The total 
ross se
tion in the 
ase of 
omplete s
reening �"� 1�Z1=3�; i.e.at reasonably high energies (E
 � 20MeV), is�pair = 4�r2eZ2 �79 ln 183Z1=3 � 154� [
m2=atom℄ : (86)Negle
ting the small additive term 1=54 in eq. 86 one 
an rewrite, using eq.58 and eq. 61, �pair = 79 ANA � 1X0 : (87)The partition of the energy to the ele
tron and positron is symmetri
 at lowenergies (E
 � 50MeV) and in
reasingly asymmetri
 at high energies (E
 >1GeV) [2℄.Figure 11 shows the photoprodu
tion of an ele
tron-positron pair in theCoulomb-�eld of an ele
tron (
+e� ! e++e�+e�) and also a pair-produ
tionin the �eld of a nu
leus (
 + nu
leus! e+ + e� + nu
leus0) [19℄.
FIGURE 11. Photoprodu
tion in the Coulomb-�eld of an ele
tron (
+e� ! e++e�+e�)and on a nu
leus (
 + nu
leus ! e+ + e� + nu
leus0) [19℄



23Mass-Attenuation CoeÆ
ients
FIGURE 12. Mass attenuation 
oeÆ-
ients for photon intera
tions in sili
on[20℄ FIGURE 13. Mass attenuation 
oeÆ-
ients for photon intera
tions in germa-nium [20℄
FIGURE 14. Mass attenuation 
oeÆ-
ients for photon intera
tions in lead [20℄

The mass-attenuation 
oeÆ
ientsfor photon intera
tions are shownin �gures 12-14 for sili
on, germa-nium and lead [20℄. The photoele
-tri
 e�e
t dominates at low ener-gies (E
 < 100 keV). Superimposedon the 
ontinuous photoele
tri
 at-tenuation 
oeÆ
ient are absorptionedges 
hara
teristi
 of the absorbermaterial. Pair produ
tion domi-nates at high energies (> 10MeV).In the intermediate region Comp-ton s
attering prevails.



24 INTERACTION OF NEUTRONSIn the same way as photons are dete
ted via their intera
tions also neutronshave to be measured indire
tly. Depending on the neutron energy variousrea
tions 
an be 
onsidered whi
h produ
e 
harged parti
les whi
h are thendete
ted via their ionization or s
intillation [2℄.a) Low energies (< 20MeV)n + 6Li! �+ 3Hn + 10B! �+ 7Lin+ 3He! p+ 3H (88)n+ p! n+ pThe 
onversion material 
an be a 
omponent of a s
intillator (e.g. LiI(Tl)), a thin layer of material in front of the sensitive volume of a gaseousdete
tor (boron layer), or an admixture to the 
ounting gas of a propor-tional 
ounter (BF3, 3He, or protons in CH4).b) Medium energies (20MeV � Ekin � 1GeV)The (n; p)-re
oil rea
tion 
an be used for neutron dete
tion in dete
torswhi
h 
ontain many quasi-free protons in their sensitive volume (e.g.hydro
arbons).
) High energies (E > 1GeV)Neutrons of high energy initiate hadron 
as
ades in inelasti
 intera
tionswhi
h are easy to identify in hadron 
alorimeters.Neutrons are dete
ted with relatively high eÆ
ien
y at very low energies.Therefore, it is often useful to slow down neutrons with substan
es 
ontainingmany protons, be
ause neutrons 
an transfer a large amount of energy to
ollision partners of the same mass. In some �elds of appli
ation, like inradiation prote
tion at nu
lear rea
tors, it is of importan
e to know the energyof �ssion neutrons, be
ause the relative biologi
al e�e
tiveness depends on it.This 
an e.g. be a
hieved with a sta
k of plasti
 dete
tors interleaved withfoils of materials with di�erent threshold energies for neutron 
onversion [21℄.INTERACTIONS OF NEUTRINOSNeutrinos are very diÆ
ult to dete
t. Depending on the neutrino 
avor thefollowing inverse beta de
ay like intera
tions 
an be 
onsidered:�e + n! p + e���e + p! n+ e+�� + n! p + ��



25��� + p! n+ �+ (89)�� + n! p + ����� + p! n+ �+The 
ross se
tion for �e-dete
tion in the MeV-range 
an be estimated as [22℄�(�eN) = 4� � 10�10  �hp(mp
)2!2= 6:4 � 10�44
m2 for 1MeV : (90)This means that the intera
tion probability of e.g. solar neutrinos in a waterCherenkov 
ounter of d = 100meter thi
kness is only� = � �NA � d = 3:8 � 10�16 : (91)Sin
e the 
oupling 
onstant of weak intera
tions has a dimension of 1/GeV2,the neutrino 
ross se
tion must rise at high energies like the square of the
enter-of-mass energy. For �xed target experiments we 
an parametrize�(��N) = 0:67 � 10�38E� [GeV℄ 
m2=nu
leon�(���N) = 0:34 � 10�38E� [GeV℄ 
m2=nu
leon (92)This shows that even at 100 GeV the neutrino 
ross se
tion is lower by 11orders of magnitude 
ompared to the total proton-proton 
ross se
tion.ELECTROMAGNETIC CASCADESThe development of 
as
ades indu
ed by ele
trons, positrons or photonsis governed by bremsstrahlung of ele
trons and pair produ
tion of photons.Se
ondary parti
le produ
tion 
ontinues until photons fall below the pair pro-du
tion threshold, and energy losses of ele
trons other than bremsstrahlungstart to dominate: the number of shower parti
les de
ays exponentially.Already a very simple model 
an des
ribe the main features of parti
lemultipli
ation in ele
tromagneti
 
as
ades: A photon of energy E0 starts the
as
ade by produ
ing an e+e�-pair after one radiation length. Assuming thatthe energy is shared symmetri
ally between the parti
les at ea
h multipli
ationstep, one gets at the depth t N(t) = 2t (93)parti
les with energy E(t) = E0 � 2�t : (94)



26The multipli
ation 
ontinues until the ele
trons fall below the 
riti
al energyE
 E
 = E0 � 2�tmax : (95)From then on (t > tmax) the shower parti
les are only absorbed. The positionof the shower maximum is obtained from eq. 95tmax = lnE0=E
ln 2 / lnE0 : (96)The total number of shower parti
les isS = tmaxXt=0 N(t) =X 2t = 2tmax+1 � 1 � 2tmax+1S = 2 � 2tmax = 2 � E0E
 / E0 : (97)If the shower parti
les are sampled in steps t measured in units of X0, thetotal tra
k length is obtained asS� = St = 2E0E
 � 1t ; (98)whi
h leads to an energy resolution of�E0 = pS�S� = ptq2E0=E
 / ptpE0 : (99)In a more realisti
 des
ription the longitudinal development of the ele
tronshower 
an be approximated by [6℄dEdt = 
onst � ta � e�bt ; (100)where a, b are �t parameters.Figure 15 shows muon indu
ed ele
tromagneti
 
as
ades in a multi-plate
loud 
hamber [23℄.The lateral spread of an ele
tromagneti
 shower is mainly 
aused by multiples
attering. It is des
ribed by the Moli�ere radiusRm = 21MeVE
 X0 [g=
m2℄ : (101)95% of the shower energy in a homogeneous 
alorimeter is 
ontained in a
ylinder of radius 2Rm around the shower axis.Figure 16 demonstrates the interplay of the longitudinal and lateral devel-opment of an ele
tromagneti
 shower [2℄.
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FIGURE 15. Some muon indu
ed ele
tromagneti
 
as
ades in a multi-plate 
loud 
ham-ber operated in a 
on
rete shielded air shower array [23℄
FIGURE 16. Sket
h of the longitudinal and lateral development of an ele
tromagneti

as
ade in a homogeneous absorber [2℄



28 HADRON CASCADESThe longitudinal development of ele
tromagneti
 
as
ades is 
hara
terizedby the radiation length X0 and their lateral width is determined by multiples
attering. In 
ontrast to this, hadron showers are governed in their longitudi-nal stru
ture by the nu
lear intera
tion length � and by transverse momentaof se
ondary parti
les as far as lateral width is 
on
erned. Sin
e for mostmaterials � � X0, and hpintera
tionT i � hpmultiple s
atteringT i hadron showers arelonger and wider.Part of the energy of the in
ident hadron is spent to break up nu
learbonds. This fra
tion of the energy is invisible in hadron 
alorimeters. Furtherenergy is lost by es
aping parti
les like neutrinos and muons as a result ofhadron de
ays. Sin
e the fra
tion of lost binding energy and es
aping par-ti
les 
u
tuates 
onsiderably, the energy resolution of hadron 
alorimeters issystemati
ally inferior to ele
tron 
alorimeters.The longitudinal development of pion indu
ed hadron 
as
ades is plottedin �gure 17. Figure 18 shows a 
omparison between proton, iron, and photonindu
ed 
as
ades in the atmosphere [24℄.
FIGURE 17. Longitudinal development of pion indu
ed hadron 
as
ades [25℄The di�erent response of 
alorimeters to ele
trons and hadrons is an unde-sirable feature for the energy measurement of jets of unknown parti
le 
om-position. By appropriate 
ompensation te
hniques, however, the ele
tron tohadron response 
an be equalized.
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FIGURE 18. Comparison between proton, iron, and photon indu
ed 
as
ades in theatmosphere. The primary energy in ea
h 
ase is 1014eV [24℄.PARTICLE IDENTIFICATIONParti
le identi�
ation is based on measurements whi
h are sensitive to theparti
le velo
ity, its 
harge and its momentum. Figure 19 sket
hes the di�erentpossibilities to separate photons, ele
trons, positrons, muons, 
harged pions,protons, neutrons and neutrinos in a mixed parti
le beam using a generalpurpose dete
tor.
FIGURE 19. Parti
le identi�
ation using a dete
tor 
onsisting of a tra
king 
hamber,Cherenkov 
ounters, 
alorimetry and muon 
hambers.



30Figure 20 shows the parti
le separation power of a balloon borne experi-ment using momentum, time-of-
ight, dE/dx and Cherenkov radiation mea-surements [26℄.
FIGURE 20. Parti
le identi�
ation in a balloon borne experiment using momentum,time-of-
ight, dE/dx and Cherenkov radiation information [26℄.Even the abundan
e of di�erent helium isotopes 
an be determined froma velo
ity and momentum measurement (�gure 21 [27℄). This is feasable,be
ause at �xed momentum the lighter isotope 3He is faster than the moreabundant 4He.

FIGURE 21. Isotopi
 abundan
e of energeti
 
osmi
 ray helium nu
lei [27℄



31CONCLUSIONBasi
 physi
al prin
iples 
an be used to identify all kinds of elementaryparti
les and nu
lei. The pre
ise measurement of the parti
le 
omposition inhigh energy physi
s experiments at a

elerators and in 
osmi
 rays is essentialfor the insight into the underlying physi
s pro
esses. This is an importantingredient for the progress in the �elds of elementary parti
les and astrophysi
saiming at the uni�
ation of for
es and the understanding of the evolution ofthe universe. ACKNOWLEDGEMENTSThe author thanks Mrs. C. Hauke (�gures) and Dipl. Phys. G. Prange (textand layout) for their help in preparing the manus
ript.REFERENCES1. K. Kleinkne
ht, Dete
tors for Parti
le Radiation , Cambridge University Press19982. C. Grupen, Parti
le Dete
tors , Cambridge University Press 19963. R. Fernow, Introdu
tion to Experimental Parti
le Physi
s , Cambridge Univer-sity Press 19894. W.R. Leo, Te
hniques for Nu
lear and Parti
le Physi
s Experiments , Springer,Berlin 19875. B. Rossi, High Energy Parti
les , Prenti
e-Hall (1952)6. Parti
le Data Group, R.M. Barnett et al., Phys.Rev. D54 (1996) 1; Eur. Phys.J. C3 (1998) 17. W.W.M. Allison, P.R.S. Wright, Oxford Univ. Preprint 35/83 (1983) andW.W.M. Allison, J.H. Cobb, Ann.Rev.Nu
l.S
i. 30 (1980) 2538. C. Grupen, Ph.D. Thesis, University of Kiel 19709. D. R. Nygren, J. N. Marx, Physi
s Today 31 (1978) 4610. D.H. Wilkinson, Nu
l.Instr.Meth. A 383 (1996) 51311. L.D. Landau, J.Exp.Phys. (USSR) 8 (1944) 20112. S. Behrens, A.C. Melissinos, Univ. of Ro
hester Preprint UR-776 (1981)13. K. A�holderba
h et al., Nu
l. Instr. Meth. A 410 (1998) 16614. R.C. Fernow, Brookhaven Nat.Lab. Preprint BNL-42114 (1988)15. J. Birks, Theory and Pra
ti
e of S
intillation Counting , Ma
Millan 196416. I. Adam et al. SLAC-Pub-7706, Nov. 1997; and hep-ex/971200117. R. Debbe et al. hep-ex/9503006 (1995)18. S. Paul, CERN-PPE 91-199 (1991)19. F. Close, M. Marten, C. Sutton, The Parti
le Explosion, Oxford UniversityPress 198720. Harshaw Chemi
al Company (H. Lentz, L. van Gelderen, Th. Courbois) 196921. E. Sauter, Grundlagen des Strahlens
hutzes , Thiemig, M�un
hen 1982



3222. D.H. Perkins Introdu
tion to High Energy Physi
s , Addison-Wesley, 198623. W. Wolter, private 
ommuni
ation 199924. J. Knapp, D. He
k Lufts
hauer-Simulationsre
hnungen mit dem Corsika-Programm Fors
hungszentrum Karlsruhe Na
hri
hten 30 (1998) 2725. M. Holder et al., Nu
l.Instr.Meth. 151 69 (1978)26. J. W. Mit
hell et al. Phys. Rev. Lett. 76 (1996) 305727. M. Simon, H. G�obel, private 
ommuni
ation 1999


