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Interaction of particles with matter
Žiga Šmit

University of Ljubljana, Faculty of mathematics and physics
Jožef Stefan Institute, Ljubljana
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Scope of talk:

1) Particle penetration through matter (light ions, electrons, 
basic phenomena: scattering, ionization)

2) Scattering: 
- Coulomb collision 
- Rutherford cross section
- Multiple scattering

3) Ionization and production of X-rays
- X-ray lines 
- Ionization models and computer codes 
- Experimental data

4) Nuclear reactions
5) Biologic aspects, dosimetry
6) Photon-induced charged particles



Particles in matter – trajectories of electrons and protons

Cu target (Demortier)



Computer simulations 
of particle trajectories

1 MeV protons (TRIM89) (CASINO)



Principal effects in solid targets

1) Scattering
- with nuclei: zig-zag trajectory lateral spread of the beam,

backscattering (RBS)
- with electrons: stopping finite range for ions

2) Ionization emission of X-rays, Auger electrons (PIXE)

3)  Displacement of atoms: lattice defects, 
emission of light atoms (ERD)

PIXE PIGE

ERDRBS, NRA

proton, α, ...



Coulomb collision – target charge infinitely heavy

1) Head-on collision 

half-distance of closest approach:
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Atomic units
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Scattering (Rutherford) cross section

cross section:   jdt
dN  σ=

no. of events per unit time [s-1]
events: scattering into solid angle ∆Ω, ionization…

density of projectile flux [m-2 s-1]
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Target atom heavy, but not infinitely mass analysis 
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Concept of mass resolution

1) Energy of scattered particles is measured with a resolution ∆E
2) What is the smallest difference ∆M2 that can be detected? 

1KEE =

21 2
MEE dM

dK ∆=∆

:)( πθ =
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2 121
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21
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MM

E
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+∆=∆

minimal at  M2=2M1

Example: 1 MeV alpha (∆E=15 keV):     M2~  16 ∆M2 =0.6 a.m.u. (0.8 for M1=8)
M2 ~100 ∆M2 =11 a.m.u.  (5 for M1=50)
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Thick targets: projectiles gradually loose energy

)( ES
dx
dE ρ= stopping power

energy of surface-scattered ions: KE1

energy oh ions scattered at depth h: E E1

EKEE −=∆ 1

Variation of S with energy only partly
taken into account: S(E1), S(E)
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Rutherford spectrum from a thin slice of material 
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Rutherford scattering from a thick target

I. Scattering cross section – finite mass, electron screening
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II. Infinitely thick target

smearing due to stopping – energy spectrum dY/dE

distribution of the target into slices: 
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1
1

impact energy: E0

multiple scattering detector resolution



Target chemical compound Am1Bm2…Zmn

stopping cross section ε = ∆E1σ

∆E1 – energy loss in a single atomic collision

in ∆x: attot NENEE  t j   11 σ∆=∆=∆

Aat N
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Stopping cross section of a molecule Am1Bm2…Zmn:
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Scattering spectrum of a thick target:
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Example: a layer of compound AmiBmj
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Ionization

K

L

M

X



X-ray spectra
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Ionization models

I. Semiclassical picture

electrons: independent particle approximation:
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Separation of electronic and projectile coordinates:

1. Momentum approach (P. Amundsen)
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1. Coordinate approach (Trautmann et al.)
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Time-variation of atomic wave function: coupled channels
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coupled channel calculation, transition to a single final state (wave packet), Hartree-Fock 
wave functions
hydrogenic bound state
united atom approximation
reference cross section of Paul (with error limits  )

Ž. Šmit, Nucl. Instr. and Meth. B 189 (2002) 1.

Comparison of experimental and calculated cross section
K-shell ionization
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II. Plane-wave Born approximation

projectile-atomic electron wave functions:
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Improvements of the PWBA approach: ECPSSR theory 

ECPSSR                        SCA

projectile kinematics       corr. for hyperbolic paths      exact hyperbolic paths
exact kinematics in 
screened potential

atomic wave functions                        PSS                united atom
(averaged binding energies)   coupled channels

relativistic effects                   electron mass            hydrogenic Dirac w.f.
recoil                                                Ø +
inelasticity                   exact momentum transfer          symmetrized  v

CODES                               Paul, Cipolla, Šmit IONHYD, HIPGL    

(Basbas, Brandt, Lapicki, Laubert, 1978-1981)



K-shell cross sections – experimental values (H. Paul et al.)
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L- shell reference cross sections

Sow, Orlić, 1993

Campbell, Hopman, Maxwell, Nejedly, 2000

New set of L-subshell fluorescence and Coster-
Kronig yields for proton induced ionization

J.L. Campbell, K. Dinelle, PIXE 2004.
J.L. Campbell, ADNDT 85 (2003) 291. Ratios between new and 1979 (Krause) yields



Cross section data:

- K-shell
reference cross section of Paul:

H. Paul, J. Muhr, Phys. Rep. 135 (1986) 47
H. Paul, J. Sacher, At. Data Nucl. Data Tables  42 (1989) 105

- L-shell
averaging procedures:

I. Orlić, C.H. Sow, S.M. Tang, At. Data Nucl. Data Tables
56 (1994) 159. 
S.H. Sow, M.S. Thesis, National University of Singapore (1993)
J.L. Campbell, T.L. Hopman, J.A. Maxwell, Z. Nejedly, Nucl. 
Instr. and Meth. B170 (2000) 193. (appl. in GUPIX)

M.A. Reis, A.P. Jesus, At. Data Nucl. Data Tables 63 (1996) 1.



X-ray production in thick targets
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Secondary fluorescence  effects i j
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Nuclear reactions

excitation of compound nucleus:

elastic scattering:
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Particle-particle reactions for protons and alphas

QEE cm +=1



Energy of gamma rays, 
induced by 3-4 MeV protons 

Thick targets:
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Important proton-induced resonant reactions in light atoms.

Energies of strongest          Reaction
or



Biological aspects, dosimetry

dose: absorbed energy per unit mass    

equivalent dose:  multiplication by RBE  [J / kg = sv]

]/[      gykgJ
m
ED ==

(density of ionization) photons, fast electrons:   1              slow neutrons:      3
protons 1-10 MeV:         2              fast neutrons:      10
alpha particles:           10- 20          fission products: 20

Relative Biological Effectiveness:



Photon-induced charged particles

1) Photoelectrons
2) Compton electrons
3) Pairs electron-positron

1. Photo effect
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Hubbell, Seltzer, NIST



Hubbell, Seltzer, NIST
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2. Compton scattering
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Differential cross section:
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3) Pair production
γ

e+

e-

mc 2

mc 2

Threshold energy: 2mc2 (field of nucleus)
4mc2 (field of electron)

εσ 2ln~ 2Zp

Total attenuation coefficient

photo-peak

annihilation
mc2

SEDE

Measured gamma spectrum



X-ray attenuation coefficients
Tabulations

1) W.H. Mc Master et al. UCRL-50174 (1969) CRC Handbook of Chemistry and 
Physics (…1975…)

2) E.B. Saloman, J.H. Hubbell, J.H. Scofield, ADNDT 38 (1988) 1.

Semiempirical fits

1) Wm. J. Veigele, Atomic Data 5 (1973) 51.
2) T.P. Thinh, J. Leroux, X-ray Spectrom. 8 (1979) 85.
3) I. Orlić et al., Nucl. Instr. and Meth. B74 (1993) 352.

Programs

XCOM (M.J. Berger, J.H. Hubbel, NBSIR 87-3595, 1987)

Ex(keV)                µLT(cm2/g)              µXCOM(cm2/g)        diff.
Fe                     1 1.11e4                       9.08e3    22%

3                    555                            558                  -0.5%                             
10                     174                            171                   1.8%

N                     1                      3180                          3310                  -3.9% 
3                    141                            146                  -3.4%

10                     3.52                           3.88                 -9.3%




