
• Long range interaction 
--- between charges (ions, electrons); Coulomb Τ1 𝑟2

• Intermediate range interaction 
--- between charges and neutrals (atoms/molecules); 

induced dipole, Τ1 𝑟4

• Short range interaction 
--- between neutrals, Τ1 𝑟6

Collisional Processes



A two-body encounter, 
[# of collisions] = [total # of particles in the (moving) volume]

so 𝑁 = 𝑛 (𝜎𝑣𝑡)

 # of collisions per unit time = Τ𝑁
𝑡 = 𝑛 𝜎𝑣

 Time (interval) between 2 consecutive collisions, 
mean free time (𝑁 = 1), 𝑡col = 1/ (𝑛 𝜎𝑣)

 Mean free path ℓ = 𝑣𝑡col = 1/(𝑛 𝜎)
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Gas (mostly H atoms), the root-mean-squared speed 
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In H I regions, 𝑇~100 K, 𝑣rms,HI~ 1 km s−1,𝑣rms,𝑒−~ 50 km s−1

For neutrals, hard spheres (physical cross section) OK,   
𝜎HI,HI ← 𝑎 ~ 5.6 × 10−9 cm

This is to be compared with the Bohr radius of the first orbit 
of 𝑎0 = 5.3 × 10−9 cm

𝜎 = 𝜋 𝑎1 + 𝑎2
2
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In an HI cloud, 𝑛𝐻𝐼~10 cm−3; 𝑣𝐻𝐼~1 km s−1; 𝜎𝐻𝐼,𝐻𝐼~10−16 cm2

𝑡𝐻𝐼,𝐻𝐼~1010 s ~ 300 years; ℓ ~1015 cm ~100 au

∴ Collisions are indeed very rare.  

𝜎𝐻𝐼, 𝑒−~10−15 cm2 (polarization) 

𝑡𝐻𝐼, 𝑒−~ 10 × 10−15 × 105 −1~ 1010 s ~ 30 years  

𝜎𝑒−, 𝑒−~10−12 cm2; 𝑛𝑒~0.2 cm−3

𝑡𝐻𝐼, 𝑒−~1010 s ~ 10 days  



For free 𝑒− and 𝑝+, 𝜎 ≫ 𝜎physical, because of Coulomb force

Need QM, 𝑎~ ൗ2.5 × 10−2 𝑣km/s
2 [cm]

If 𝑣𝑒−~ 50 km s−1, 𝑎~10−5 cm for 𝑒−-𝑒− encounters 

If 𝑇 = 3 × 104 K, 𝑣 ~103 km s−1 ⟶ 𝑎~ 2.5 × 10−8 [cm]

c.f., the classical electron radius 𝑟𝑒 =
𝑒2

𝑚𝑒 𝑐2 = 2.82 × 10−13 [cm]

Conventional unit: 1 barn =10−24 [cm2]
𝜎𝐻𝐼,𝐻𝐼~10−16 cm2~ 108 barns

𝑟proton ≈? 0.8 fm ≈ 0.8 × 10−13 cm



In general, for a two-body collision, 

A + B ! Products 

[reaction rate per unit volume] = 𝑛𝐴𝑛𝐵 𝜎𝑣 𝐴𝐵,

where the rate coefficient is 

𝜎𝑣 𝐴𝐵 ≡ න
0

∞

𝜎𝐴𝐵 𝑣 𝑓 𝑣 𝑑𝑣 [cm3 s−1]

and 

𝑣: relative velocity between 𝐴 and 𝐵
𝜎𝐴𝐵 𝑣 : reaction cross section; vel. dependent
𝑓(𝑣): velocity distribution function



If the density is high, e.g., in the Earth’s atmosphere, three-body 
collisions may become important,        

A + B + C → Products, 

The reaction rate per unit volume is then 𝜅𝐴𝐵𝐶 𝑛𝐴𝑛𝐵𝑛𝐶 , where 
𝜅𝐴𝐵𝐶 is the three-body collisional rate coefficient [cm6 s−1]

In thermal equilibrium, the Maxwellian velocity distribution applies

𝑓𝑣 𝑑𝑣 = 4𝜋
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In terms of energy, 

𝜎𝑣 𝐴𝐵 =
8 𝑘𝑇

𝜋𝜇

Τ1 2

න
0

∞

𝜎𝐴𝐵 𝐸
𝐸

𝑘𝑇
𝑒− Τ𝐸 𝑘𝑇

𝑑𝐸

𝑘𝑇

𝜇 ≡ Τ𝑚𝐴 𝑚𝐵 𝑚𝐴 + 𝑚𝐵

is the reduced mass



Elastic scattering by an inverse-
square force, e.g., Rutherford 
scattering

Exact solutions complicated; so 
use the “impact approximation”, 
i.e., motion in a straight line

Assumption: constant velocity during the encounter between 
the target and the projectile

Question: How much momentum is transferred (⊥ direction)?

b  impact parameter; 

closest distance

v1 relative velocity

Figure from Draine’s book



Impact Approximation



Collisional ionization: an electron energetic/fast 
enough (𝐸 = Τ𝑝2 2𝑚) to ionize an atom or ion of 
ionization energy 𝐸𝐼



For minimum velocity, 𝑣𝑚𝑖𝑛 = 2𝐼/𝑚𝑒
Τ1 2

For large 𝑛 (highly excited), 
the collisional ionization rate is 
high (i.e., easy to happen)



The effective range of the 𝑬 field of a charge



𝛬 ≡ Τ𝑏𝑚𝑎𝑥 𝑏𝑚𝑖𝑛= relative importance of distant encounters to close encounters

ln 𝛬 = 22.1 + ln 𝐸kT 𝑇4
3/2

𝑛e
−1

generally very large; in ISM, ln Λ ≈ 20 − 35

So impact approximation OK



Electron-Ion Inelastic Scattering

An ion originally in state 1, with 
degeneracy 𝑔1, is deexcited to state 0. 

where Ω10 𝑇 is collision strength.
 Ω𝑗𝑖 is dimensionless; almost independent of 𝑇 for 𝑇 ≲ 104 K

 Typically 1 ≲ Ω𝑗𝑖 𝑇 ≲ 10.

When an electron comes in about the atomic dimensions, the 
atom is suddenly perturbed 
 transition deexcitation line radiation

𝜎𝑣 1→0 ≡ 𝛾10 =
8.629 × 10−8

𝑇4

Ω10 𝑇

𝑔1
[cm3s−1]



Ion-Neutral Collisions





Electron-Neutral Collisions



Neutral-Neutral Collisions

Repulsive at short distances, and weakly attractive at longer 
distances due to van der Waals interaction (mutually induced 
electron dipole moment)

Hard sphere OK; each with a radius 𝑅i ≈ 1Å; impact parameter 
𝑏 < 𝑅1 + 𝑅2, 𝜎 = 𝜋 𝑅1 + 𝑅2

2 ≈ 1.2 × 10−15 cm2

𝜎v = 1.81 × 10−10
T

102 K

1/2
mH

𝜇

1/2
𝑅1 + 𝑅2

2Å

2

[cm3 s−1]

For 𝑇 ≲ 100 K, the rate coefficient for neutral-neutral scattering is 
smaller by more than an order than that for ion-neutral scattering. 


