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The radiation length in a mixture or compound may be approximated by

1/X 0 =
!

wj /X j , (30.26)

where wj and X j are the fraction by weight and the radiation length for the j th
element.

Figure 30.11: Fractional energy loss per radiation length in lead as a
function of electron or positron energy. Electron (positron) scattering is
considered as ionization when the energy loss per collisionis below 0.255
MeV, and as M¿ller (Bhabha) scattering when it is above. Adaptedfrom
Fig. 3.2 from Messel and Crawford,Electron-Photon Shower Distribution
Function Tables for Lead, Copper, and Air Absorbers, Pergamon Press,
1970. Messel and Crawford useX 0(Pb) = 5.82 g/cm 2, but we have modiÞed
the Þgures to reßect the value given in the Table of Atomic and Nuclear
Properties of Materials (X 0(Pb) = 6.37 g/cm 2).

30.4.2. Energy loss by electrons : At low energies electrons and positrons
primarily lose energy by ionization, although other processes (M¿ller scattering,
Bhabha scattering, e+ annihilation) contribute, as shown in Fig. 30.11. While
ionization loss rates rise logarithmically with energy, bremsstrahlung losses rise
nearly linearly (fractional loss is nearly independent of energy), and dominates
above a few tens of MeV in most materials (See Sec. 30.4.3 below.)

Ionization loss by electrons and positrons di! er somewhat, and both di ! er from
loss by heavy particles because of the kinematics, spin, andthe identity of the
incident electron with the electrons which it ionizes. Complete discussions and
tables can be found in Refs. 10, 11, and 30.
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of interest (dE/dx , X 0, etc.) vary smoothly with composition when there is no
density dependence.

Fig. 30.1: Stopping power (= !" dE/dx #) for positive muons in copper as a
function of !" = p/Mc over nine orders of magnitude in momentum (12 orders of
magnitude in kinetic energy). Solid curves indicate the total stopping power. Data
below the break at !" $ 0.1 are taken from ICRU 49 [4], and data at higher
energies are from Ref. 5. Vertical bands indicate boundaries between di! erent
approximations discussed in the text. The short dotted lines labeled Òµ! Ó illustrate
the ÒBarkas e! ect,Ó the dependence of stopping power on projectile charge at very
low energies [6].

30.2.2. Stopping power at intermediate energies :
The mean rate of energy loss by moderately relativistic charged heavy particles,

M 1/ #x, is well-described by the ÒBetheÓ equation,

"
〈

dE
dx

〉

= Kz 2 Z
A

1
! 2

[

1
2

ln
2mec2! 2" 2Tmax

I 2 " ! 2 "
#(!" )

2

]

. (30.4)

It describes the mean rate of energy loss in the region 0.1 <% !" <% 1000
for intermediate-Z materials with an accuracy of a few %. With the symbol
deÞnitions and values given in Table 30.1, the units are MeV g! 1cm2. At the lower
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power functions are characterized by broad minima whose position drops from
!" = 3 .5 to 3.0 asZ goes from 7 to 100. The values of minimum ionization as a
function of atomic number are shown in Fig. 30.3.

In practical cases, most relativistic particles (e.g., cosmic-ray muons) have mean
energy loss rates close to the minimum; they are Òminimum-ionizing particles,Ó or
mipÕs.
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Figure 30.4: Range of heavy charged particles in liquid (bubble chamber)
hydrogen, helium gas, carbon, iron, and lead. For example: For a K + whose
momentum is 700 MeV/c, !" = 1 .42. For lead we readR/M ≈ 396, and so
the range is 195 g cm−2.

Eq. (30.4) may be integrated to Þnd the total (or partial) Òcontinuous slowing-
down approximationÓ (CSDA) rangeR for a particle which loses energy only
through ionization and atomic excitation. Since dE/dx depends only on! , R/M
is a function of E/M or pc/M . In practice, range is a useful concept only for
low-energy hadrons (R <∼ #I , where #I is the nuclear interaction length), and for
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Figure 30.15: Photon total cross sections as a function of energy in carbonand
lead, showing the contributions of di! erent processes [48]:

! p.e. = Atomic photoelectric e ! ect (electron ejection, photon absorption)
! Rayleigh = Rayleigh (coherent) scatteringÐatom neither ionized norexcited
! Compton = Incoherent scattering (Compton scattering o! an electron)

" nuc = Pair production, nuclear Þeld
" e = Pair production, electron Þeld

! g.d.r. = Photonuclear interactions, most notably the Giant Dipole Reso-
nance [49]. In these interactions, the target nucleus is broken up.

Original Þgures through the courtesy of John H. Hubbell (NIST).
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Wahrscheinlichkeit von Paarbildung 30. Passage of particles through matter 25

Figure 30.17: Probability P that a photon interaction will result in
conversion to an e+ e! pair. Except for a few-percent contribution from
photonuclear absorption around 10 or 20 MeV, essentially allother
interactions in this energy range result in Compton scattering o! an atomic
electron. For a photon attenuation length ! (Fig. 30.16), the probability
that a given photon will produce an electron pair (without Þrst Compton
scattering) in thickness t of absorber isP[1 ! exp(! t/ ! )].
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Figure 46.10: Total and elastic cross sections forpp and pp collisions as a function of laboratory beam momentum and total center-of-mass
energy. Corresponding computer-readable data Þles may be found at http://pdg.lbl.gov/current/xsect/ . (Courtesy of the COMPAS group,
IHEP, Protvino, April 2012)



Materialkonstanten 
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6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1 Abridged from pdg.lbl.gov/AtomicNuclearProperties by D. E. Groom (2007). See web pages for more detail about entries in
this table including chemical formulae, and for several hundred other entries. Quantities in parentheses are for NTP (20! C and 1 atm), and
square brackets indicate quantities evaluated at STP. Boiling points are at 1 atm. Refractive indicesn are evaluated at the sodium D line blend
(589.2 nm); values! 1 in brackets are for (n " 1) # 106 (gases).

Material Z A $Z/A % Nucl.coll.
length ! T

{ g cm" 2}

Nucl.inter.
length ! I

{ g cm" 2}

Rad.len.
X 0

{ g cm" 2}

dE/dx |min

{ MeV
g" 1cm2}

Density
{ g cm" 3}
({ g"" 1} )

Melting
point
(K)

Boiling
point
(K)

Refract.
index

(@ Na D)

H2 1 1.00794(7) 0.99212 42.8 52.0 63.04 (4.103) 0.071(0.084) 13.81 20.28 1.11[132.]
D2 1 2.01410177803(8) 0.49650 51.3 71.8 125.97 (2.053) 0.169(0.168) 18.7 23.65 1.11[138.]
He 2 4.002602(2) 0.49967 51.8 71.0 94.32 (1.937) 0.125(0.166) 4.220 1.02[35.0]
Li 3 6.941(2) 0.43221 52.2 71.3 82.78 1.639 0.534 453.6 1615.
Be 4 9.012182(3) 0.44384 55.3 77.8 65.19 1.595 1.848 1560. 2744.
C diamond 6 12.0107(8) 0.49955 59.2 85.8 42.70 1.725 3.520 2.42
C graphite 6 12.0107(8) 0.49955 59.2 85.8 42.70 1.742 2.210
N2 7 14.0067(2) 0.49976 61.1 89.7 37.99 (1.825) 0.807(1.165) 63.15 77.29 1.20[298.]
O2 8 15.9994(3) 0.50002 61.3 90.2 34.24 (1.801) 1.141(1.332) 54.36 90.20 1.22[271.]
F2 9 18.9984032(5) 0.47372 65.0 97.4 32.93 (1.676) 1.507(1.580) 53.53 85.03 [195.]
Ne 10 20.1797(6) 0.49555 65.7 99.0 28.93 (1.724) 1.204(0.839) 24.56 27.07 1.09[67.1]
Al 13 26.9815386(8) 0.48181 69.7 107.2 24.01 1.615 2.699 933.5 2792.
Si 14 28.0855(3) 0.49848 70.2 108.4 21.82 1.664 2.329 1687. 3538. 3.95
Cl2 17 35.453(2) 0.47951 73.8 115.7 19.28 (1.630) 1.574(2.980)171.6 239.1 [773.]
Ar 18 39.948(1) 0.45059 75.7 119.7 19.55 (1.519) 1.396(1.662) 83.81 87.26 1.23[281.]
Ti 22 47.867(1) 0.45961 78.8 126.2 16.16 1.477 4.540 1941. 3560.
Fe 26 55.845(2) 0.46557 81.7 132.1 13.84 1.451 7.874 1811. 3134.
Cu 29 63.546(3) 0.45636 84.2 137.3 12.86 1.403 8.960 1358. 2835.
Ge 32 72.64(1) 0.44053 86.9 143.0 12.25 1.370 5.323 1211. 3106.
Sn 50 118.710(7) 0.42119 98.2 166.7 8.82 1.263 7.310 505.1 2875.
Xe 54 131.293(6) 0.41129 100.8 172.1 8.48 (1.255) 2.953(5.483) 161.4 165.1 1.39[701.]
W 74 183.84(1) 0.40252 110.4 191.9 6.76 1.145 19.300 3695. 5828.
Pt 78 195.084(9) 0.39983 112.2 195.7 6.54 1.128 21.450 2042. 4098.
Au 79 196.966569(4) 0.40108 112.5 196.3 6.46 1.134 19.320 1337. 3129.
Pb 82 207.2(1) 0.39575 114.1 199.6 6.37 1.122 11.350 600.6 2022.
U 92 [238.02891(3)] 0.38651 118.6 209.0 6.00 1.081 18.950 1408. 4404.

Air (dry, 1 atm) 0.49919 61.3 90.1 36.62 (1.815) (1.205) 78.80
Shielding concrete 0.50274 65.1 97.5 26.57 1.711 2.300
Borosilicate glass (Pyrex) 0.49707 64.6 96.5 28.17 1.696 2.230
Lead glass 0.42101 95.9 158.0 7.87 1.255 6.220
Standard rock 0.50000 66.8 101.3 26.54 1.688 2.650

Methane (CH4) 0.62334 54.0 73.8 46.47 (2.417) (0.667) 90.68 111.7 [444.]
Ethane (C2H6) 0.59861 55.0 75.9 45.66 (2.304) (1.263) 90.36 184.5
Propane (C3H8) 0.58962 55.3 76.7 45.37 (2.262) 0.493(1.868) 85.52 231.0
Butane (C4H10) 0.59497 55.5 77.1 45.23 (2.278) (2.489) 134.9 272.6
Octane (C8H18) 0.57778 55.8 77.8 45.00 2.123 0.703 214.4 398.8
Para! n (CH3(CH2)n# 23CH3) 0.57275 56.0 78.3 44.85 2.088 0.930
Nylon (type 6, 6/6) 0.54790 57.5 81.6 41.92 1.973 1.18
Polycarbonate (Lexan) 0.52697 58.3 83.6 41.50 1.886 1.20
Polyethylene ([CH2CH2]n) 0.57034 56.1 78.5 44.77 2.079 0.89
Polyethylene terephthalate (Mylar) 0.52037 58.9 84.9 39.95 1.848 1.40
Polyimide Þlm (Kapton) 0.51264 59.2 85.5 40.58 1.820 1.42
Polymethylmethacrylate (acrylic) 0.53937 58.1 82.8 40.55 1.929 1.19 1.49
Polypropylene 0.55998 56.1 78.5 44.77 2.041 0.90
Polystyrene ([C6H5CHCH2]n) 0.53768 57.5 81.7 43.79 1.936 1.06 1.59
Polytetraßuoroethylene (Teßon) 0.47992 63.5 94.4 34.84 1.671 2.20
Polyvinyltoluene 0.54141 57.3 81.3 43.90 1.956 1.03 1.58

Aluminum oxide (sapphire) 0.49038 65.5 98.4 27.94 1.647 3.970 2327. 3273. 1.77
Barium ßouride (BaF2) 0.42207 90.8 149.0 9.91 1.303 4.893 1641. 2533. 1.47
Bismuth germanate (BGO) 0.42065 96.2 159.1 7.97 1.251 7.130 1317. 2.15
Carbon dioxide gas (CO2) 0.49989 60.7 88.9 36.20 1.819 (1.842) [449.]
Solid carbon dioxide (dry ice) 0.49989 60.7 88.9 36.20 1.787 1.563 Sublimes at 194.7 K
Cesium iodide (CsI) 0.41569 100.6 171.5 8.39 1.243 4.510 894.2 1553. 1.79
Lithium ßuoride (LiF) 0.46262 61.0 88.7 39.26 1.614 2.635 1121. 1946. 1.39
Lithium hydride (LiH) 0.50321 50.8 68.1 79.62 1.897 0.820 965.
Lead tungstate (PbWO4) 0.41315 100.6 168.3 7.39 1.229 8.300 1403. 2.20
Silicon dioxide (SiO2, fused quartz) 0.49930 65.2 97.8 27.05 1.699 2.200 1986. 3223. 1.46
Sodium chloride (NaCl) 0.55509 71.2 110.1 21.91 1.847 2.170 1075. 1738. 1.54
Sodium iodide (NaI) 0.42697 93.1 154.6 9.49 1.305 3.667 933.2 1577. 1.77
Water (H 2O) 0.55509 58.5 83.3 36.08 1.992 1.000(0.756) 273.1 373.1 1.33

Silica aerogel 0.50093 65.0 97.3 27.25 1.740 0.200 (0.03 H2O, 0.97 SiO2)
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Teilchenphysik mit hšchstenergetischen Beschleunigern:
WS 11/12, 04: Detektoren II

Frank Simon (fsimon@mpp.mpg.de)

Ortsaußšsung: Streifendetektoren
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¥ Silizium erlaubt feinste 
Strukturen, und damit 
hervorrangende Ortsaußšsung

¥ typische StreifenabstŠnde
50 µm

¥ Der Preis: Extrem hohe 
Kanalzahlen, erfordert hoch 
integrierte Elektronik!
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¥ Zweidimensionale Außšsung 
durch Sammlung von 
Elektronen und Lšchern auf 
orthogonalen Streifen

Teilchenphysik mit hšchstenergetischen Beschleunigern:
WS 11/12, 04: Detektoren II

Frank Simon (fsimon@mpp.mpg.de)

2D - Außšsung mit Silizium

20

¥ Aber: Auf einer Seite 
beÞndet sich dann die 
Elektronik auf hohem 
Potential (durch Bias-
Spannung Ÿber dem 
Detektor)
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Teilchenphysik mit hšchstenergetischen Beschleunigern:
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Frank Simon (fsimon@mpp.mpg.de)

Die Grenzen von Streifendetektoren

¥ Bei hoher Teilchendichte gibt es 
AmbiguitŠten bei der 
Streifenauslese: Spurrekonstruktion 
bricht zusammen

22

¥ Ortsaußšsung ist nur in 
einer Koordinate gut, meist 
nicht ausreichend, um 
sekundŠre Zerfalls-Vertices 
zu rekonstruieren
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Pixeldetektor: Bauprinzip  

Hybride Pixeldetektoren 
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Figure 30.20: An EGS4 simulation of a 30 GeV electron-induced cascade in
iron. The histogram shows fractional energy deposition perradiation length,
and the curve is a gamma-function Þt to the distribution. Circles indicate the
number of electrons with total energy greater than 1.5 MeV crossing planes
at X 0/ 2 intervals (scale on right) and the squares the number of photons
with E ! 1.5 MeV crossing the planes (scaled down to have same area as the
electron distribution).

Longitudinal proÞles from an EGS4 [54] simulation of a 30 GeV electron-
induced cascade in iron are shown in Fig. 30.20. The number ofparticles crossing
a plane (very close to RossiÕs! function [2]) is sensitive to the cuto" energy,
here chosen as a total energy of 1.5 MeV for both electrons and photons. The
electron number falls o" more quickly than energy deposition. This is because,
with increasing depth, a larger fraction of the cascade energy is carried by photons.
Exactly what a calorimeter measures depends on the device, but it is not likely to
be exactly any of the proÞles shown. In gas counters it may be very close to the
electron number, but in glass Cherenkov detectors and otherdevices with ÒthickÓ
sensitive regions it is closer to the energy deposition (total track length). In such
detectors the signal is proportional to the ÒdetectableÓ track length Td, which is
in general less than the total track length T. Practical devices are sensitive to
electrons with energy above some detection thresholdEd, and Td = T F (Ed/E c).
An analytic form for F (Ed/E c) obtained by Rossi [2] is given by Fabjan [55]; see
also Amaldi [56].

The mean longitudinal proÞle of the energy deposition in an electromagnetic
cascade is reasonably well described by a gamma distribution [57]:

dE
dt

= E0 b
(bt)a! 1e! bt

#(a)
(30.34)
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