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Ionisation energy loss6 34. Passage of Particles Through Matter
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Figure 34.2: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous helium, carbon,
aluminum, iron, tin, and lead. Radiative e�ects, relevant for muons and pions, are not included.
These become significant for muons in iron for —“ & 1000, and at lower momenta for muons in
higher-Z absorbers. See Fig. 34.23.

34.2.4 Mean excitation energy
“The determination of the mean excitation energy is the principal non-trivial task in the eval-

uation of the Bethe stopping-power formula” [15]. Recommended values have varied substantially
with time. Estimates based on experimental stopping-power measurements for protons, deuterons,
and alpha particles and on oscillator-strength distributions and dielectric-response functions were
given in ICRU 49 [6]. See also ICRU 37 [12]. These values, shown in Fig. 34.5, have since been
widely used. Machine-readable versions can also be found [16].
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Ionisation energy loss:

〈
dE

dx

〉
= Kz2

Z

A

[
1

2
ln

(
2mec

2β2γ2Wmax

I 2

)
− β

2 −
δ(βγ)

2

]

Bortfeld parameterisation:

Energy fluence, Ψ:
Ψ = Φ(x)Eremain(x)

“Terma”, T :

T (x) = −
1

ρ

dΨ

dx

Terma is “Differential dose deposited” over fixed area
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Bortfeld parameterisation

HT’s implementation of Bortfeld parameterisation for 206MeV kinetic energy protons in water
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Proton slowing down

β versus range (cm)
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 5 10 15 20 25 30 35

be
ta

Range (cm)

γ versus range (cm)
0.95

1

1.05

1.1

1.15

1.2

1.25

0 5 10 15 20 25 30 35

ga
m

m
a

Range (cm)

βγ versus range (cm)
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 5 10 15 20 25 30 35

be
ta

*g
am

m
a

Range (cm)

K. Long Ion-acoustic: Bragg peak Ad name 4 / 9



From dE
dx

(LET) To dE
dx

1
ρdA

(dose)

Multiple Coulomb scattering
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the projected angular distribution, with an rms width given by Lynch & Dahl [40]:
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(34.16)

Here p, —c, and z are the momentum, speed, and charge number of the incident particle, and x/X0 is
the thickness of the scattering medium in radiation lengths (defined below). This takes into account
the p and z dependence quite well at small Z, but for large Z and small x the —-dependence is not
well represented. Further improvements are discussed in Ref. [40].

Eq. (34.16) describes scattering from a single material, while the usual problem involves the
multiple scattering of a particle traversing many di�erent layers and mixtures. Since it is from a fit
to a Molière distribution, it is incorrect to add the individual ◊0 contributions in quadrature; the
result is systematically too small. It is much more accurate to apply Eq. (34.16) once, after finding
x and X0 for the combined scatterer.
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Figure 34.10: Quantities used to describe multiple Coulomb scattering. The particle is incident
in the plane of the figure.

The nonprojected (space) and projected (plane) angular distributions are given approximately
by [35]
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where ◊ is the deflection angle. In this approximation, ◊2
space ¥ (◊2

plane,x + ◊2
plane,y), where the x

and y axes are orthogonal to the direction of motion, and dœ ¥ d◊plane,x d◊plane,y. Deflections into
◊plane,x and ◊plane,y are independent and identically distributed. Fig. 34.10 shows these and other
quantities sometimes used to describe multiple Coulomb scattering. They are
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Calculation for a prototypical beam

Take Terma, T , from HT’s calculation:

T (x) = −1

ρ

dΨ

dx

Area illuminated by beam grows due to MCS

Take radius, r , of the beam at x = 0 to be r0 = 0.5 cm

At x > 0, radius of beam given by: r ≈ r0 + yplane
Approximate because yplane is an “RMS” quantity

So instantaneous dose deposited in a step ∆x is:

∆D =
1

πr2∆x
(T∆x) ≈ 1

π(r0 + yplane)2
T
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Elements of calculation of dose
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For next slide: arbitrarily assume MCS dominated growth of beam width “stops” at x = 25 cm

∆V calculated for a beam that initially has a radius r0 = 0.5 cm
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Evolution of instantaneous dose, D
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Exact shape depends on r0, “regularisation” of MCS ...
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Comments

Energy loss, divergence of beam, much more complicated that “just” electromagnetic
effects

Need to be sure to understand various energy loss and scattering mechanisms in more
detail

Does Geant4 get it right? Some indication from HT’s fits that it does, but, need to be
quantitative

Need to take some care with energy density and dose

What are the consequences for the acoustic signal?
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