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Figure 30.15: Photon total cross sections as a function of energy in carbon and
lead, showing the contributions of different processes 15}:

Op.e. = Atomic photoelectric effect (electron ejection, photon absorption)
ORavieieh = Rayleigh (coherent) scattering-atom neither ionized nor excited
TCompton = Incoherent scattering (Compton scattering off an electron)

Kuno Pair production, nuclear field

[y Pair production, electron field
Ogd.r. Photonuclear interactions, most notably the Giant Dipole Reso-
nance :IU}. In these interactions, the target nucleus is broken up.
Original figures through the courtesy of John H. Hubbell (NIST).
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Figure 30.16: The photon mass attenuation length (or mean free path) A =
L /(4e/p) for various elemental absorbers as a function of photon energy. The
mass attenuation coefficient is ju/p, where p is the density. The intensity /
remaining after traversal of thickness ¢ (in mass/unit area) is given by I = I
exp(—t/A). The accuracy is a few percent. For a chemical compound or
mixture, 1/Aeff & D jements WZ/ Az, Where wyz is the proportion by weight of
the element with atomic number Z. The processes responsible for attenuation
are given in Fig. 30.11. Since coherent processes are included, not all these
processes result in energy deposition. The data for 30 eV < E < 1 keV are
obtained from http://www-cxro.lbl.gov/optical_constants (courtesy of
Eric M. Gullikson, LBNL). The data for 1 keV < E < 100 GeV are from
http://physics.nist.gov/PhysRefData, through the courtesy of John H.
Hubbell (NIST).

J. Beringer et al.(PDG), PR D86. 010001 (2012) (http://pdg.lbl.gov)
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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 all other
interactions in this energy range result in Compton scattering off an atomic
clectron. For a photon attenuation length A (Fig. 30.16), the probability
that a given photon will produce an electron pair (without first Compton
scattering) in thickness t of absorber is P[1 — exp(—t/\)].

J. Beringer et al.(PDG), PR D86, 010001 (2012) (http://pdg.lbl.gov)
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Fig. 30.1: Stopping power (= (—dF /dx)) for positive muons in copper as a
function of 3y = p/M ¢ 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 3y =~ 0.1 are taken from ICRU 49 [4], and data at higher
energies are from Ref. 5. Vertical bands indicate boundaries between different
approximations discussed in the text. The short dotted lines labeled *u~ 7 illustrate
the “Barkas effect,” the dependence of stopping power on projectile charge at very
low energies [6].

J. Beringer et al.(PDG), PR D86. 010001 (2012) (http://pdg.Ibl.gov)
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Figure 30.5: Mean excitation energies (divided by Z) as adopted by the
[CRU [11]. Those based on experimental measurements are shown by
svmbols with error flags: the interpolated values are simply joined. The grey
point is for liquid Hs:; the black point at 19.2 eV is for Hy gas. The open
circles show more recent determinations by Bichsel [13]. The dotted curve
is from the approximate formula of Barkas [14] used in early editions of this
Review.

J. Beringer et al.(PDG), PR D86. 010001 (2012) (http://pdg.Ibl.gov)
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Table 30.1: Summary of variables used in this section. The kinematic
variables 7 and ~ have their usual meanings.

Definition Units or Value

Fine structure constant 1/137.035999 11(46)
(¢ 2‘,."'-177('()[1(')
Incident particle mass MeV /c?
[ncident part. energy ~Me? MeV
Kinetic energy MeV
Electron mass x ¢? 0.510998 918(44) MeV
("lassical electron radius 2.817940325(28) fin
¢ .')‘,.""-ITT(UIII(-('.')

Avogadro’s number 6.022 1415(10) x 10%* mol ™}
Charge of incident particle
Atomic number of absorber
Atomic mass of absorber o mol ™}

aNar2mec? /A 0.307075 MeV ¢~ 1 em?

for A =1 g mol !

Mean excitation energy eV (Nota bene!)
Density effect correction to ionization energy loss
Plasma energy p{Z/A) x 28.816 eV

- 5 9 / . —
" :.\"-,I;Ag ,,"x(‘-"’.(l) (/) lll .‘ﬁ' (.lll -{)

Electron density (units of r,) ™3
Weight fraction of the jth element in a compound or mixture
x number of jth kind of atoms in a compound or mixture

4ar2N,4 /A (716.408 g em™2)~! for A = 1 g mol~!
‘)

Radiation length o cm-
Critical energy for electrons MeV
Critical energy for muons GeV
Scale energy \/-Vlﬁl."'u‘ mec?  21.2052 MeV
Moliere radius o cm 2

J. Beringer et al.(PDG), PR D86. 010001 (2012) (http://pdg.Ibl.gov)
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Figure 30.11: Fractional energy loss per radiation length in lead as a

~——

0

function of electron or positron energy. Electron (positron) scattering is
considered as ionization when the energy loss per collision is below 0.255
MeV, and as Moller (Bhabha) scattering when it is above. Adapted from
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 use Xo(Pb) = 5.82 g/em?, but we have modified
the figures to reflect the value given in the Table of Atomic and Nuclear
Properties of Materials (Xo(Pb) = 6.37 g/("mg).

J. Beringer et al.(PDG), PR D86. 010001 (2012) (http://pdg.lbl.gov)
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Figure 30.23: The average energy loss of a muon in hydrogen, iron, and
uranium as a function of muon energy. Contributions to dE /dx in iron from
ionization and the processes shown in Fig. 30.22 are also shown.

J. Beringer et al.(PDG), PR D86. 010001 (2012) (http://pdg.lbl.gov)
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