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This talk is based solely on the author’s opinion and does not 
reflect that of NCI as an institution.
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1. What is Stopping Power? Connecting “physical” dose  and “biological” dose.

2. Bethe-Bloch formulation of the Coulomb scattering process .

3. Bethe-Bloch + Bragg additivity to calculate tumor dose in ion–beam therapy (p+

or C6+).

4. Identify 4 Open Questions:  what happens in the microscopic regime when 
physics meets biology? 

5. Proposal: Reframe Stopping Power via the Lindhard dielectric function

6. Significance:  open questions #4  impact  radiobiology, microdosimetry and 
cancer therapy.

Summary of this talk
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Background materials:

C. Obcemea, “Potential clinical impact of laser-accelerated beams in cancer ion 
therapy”, Nuclear Instr. Meth. Phys. Res. A: 82, 149-152 (2016).

P. Sigmund: “Stopping of Heavy Ions: A Theoretical Approach” Springer 2010.

P. Sigmund: “Particle Penetration and Radiation Effects, Volume 1: General 
Aspects and Stopping of Swift Point Charges” Springer-Verlag 2007.

P. Sigmund, “Particle Penetration and Radiation Effects, Volume 2: Penetration of 
Atomic and Molecular Ions”, Springer-Verlag 2014.

… pending 2022 ?: P. Sigmund, “Particle Penetration and Radiation Effects 
Volume 3:  (collective effects, wakes) 
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1

Stopping Power Sp = -dE/dx 
is the energy imparted by a charged particle incident on a target medium of 
thickness dx.  
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The beam energy deposition as a function of  depth 

In ion-beam therapy, we 
choose the beam energy so 
that the tumor gets located in 
the Bragg peak.
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How does Stopping Power relate to Dose?

where: Φ is fluence at energy E.
The unit is J/kg or Gy.

Dose = dE /dm is energy absorbed by the medium 
per given mass 

If  we divide the stopping power by the density of the 
medium, we arrive at mass stopping power S/ρ

Dose =
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The most commonly-used formulation of the Coulomb 
scattering process is the Bethe-Bloch equation:

Bethe-Bloch Equation

which for the non-relativistic case, simplifies to:

2
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In ion–beam therapy, we use Bethe-Bloch + Bragg additivity 
to calculate tumor dose:

c/o M. Witt et al. Z Med Phys 25, 251-263 (2016)

3
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With Bragg additivity, the mean excitation value of tissues =  
the weighted sum of mean excitation of their atomic 

components.
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c/o   https://www.tcm.phy.cam.ac.uk/~bds10/aqp/lec20-21_compressed.pdf

4 Open questions: (around Bragg peak)
A)  What if the target medium can affect the charge state/dressing of 
incident ion (first Born approx. may no longer be valid). 



J. Schuemann AAPM 2017

4 Open questions:
B) σs, Sps for cellular components, DNA, etc. are not known 

cell image from @LoversScience

Structure of a generalized cell as seen by:

a biologist a chemist a physicist

H2O !



Simulation of early DNA damage after the irradiation of a fibroblast cell nucleus using Geant4-DNA

Sylvain Meylan1, Sébastien Incerti 2,3, Mathieu Karamitros3,4, Nicolas Tang1, Marta Bueno1, Isabelle Clairand1 & Carmen Villagrasa1

www.nature.com/scientificreports 7: 11923 Sept (2017)

Figure
2.

B-DNA double helix built from a stack of 10 pairs of
nucleotides.

Simulation of the physical interactions within
the DNA geometry. The physical interactions
between the incident protons (including
secondary electrons) and the DNA target were
simulated with the physical models present by
default in Geant4-DNA (version 10.1) and
already detailed in the literature9,10,12. The DNA
volumes were filled with liquid water, which
constitutes an approximation for biological
medium, to simulate the physical interactions
because the Geant4-DNA models available use
interaction cross sections in liquid water only.

Can σS of water approximate that of DNA?

http://orcid.org/0000-0002-0619-2053
http://www.nature.com/scientificreports
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4   Open questions: 
C)  What if Bragg additivity is no longer valid?
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R H Ritchie and P Echenique, “The wake of 
charged particles in condensed matter”, 
Phil Mag A 45, 347-356 (1982).

P. Sigmund, “Particle Penetration and 
Radiation Effects”, 2014. Chap 5. 

4   Open questions: 
D)  In condensed matter, collective excitations and wakes affect stopping power. 



DNA as ultimate target of radiation cell damage



Is DNA a conductor, capable of carrying collective excitations
(e.g. plasmons)? 

What is the band structure of in-situ, hydrated, DNA?



J. Barton COSB 2002,   Biochem. 2015

Charge transport in DNA

The base pair stack within double helical 
DNA provides an effective medium for 
charge transport. 



…recent nanotechnological research has focused on the possible application of DNA
duplexes as one-dimensional quantum wires (6–8) and as templates for directed material 
deposition (9). In the same arena, larger nucleotide assemblies, like crossover junctions, 
have been used as building blocks for nanoscale structures and signaling devices (10–14). 
Understanding the molecular mechanisms of charge transport for these nanoscale building 
blocks is of fundamental importance to designing DNA microarray electronics …

J Barton et al:  Nucleic Acids Research, Volume 29, Issue 10, 15 May 2001, Pages 2026–2033

Experimental indication that DNA is conducting!
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5.  Proposal
Lindhard formulation of Stopping Power, with possible vicinage effects

C Obcemea Nuclear Instr. Meth. 
Phys. Res. A: 82, 149-152 (2016).
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Nestor R Arista and Alberto Gras-Marti
J Phys Condensed Matter 3 (1991) 7931-43

At high-flux, or projectiles as clusters, there is an enhancement of stopping power 
due to collective excitations in the medium and vicinage effect

Enhancement of stopping power 
of 1.6 to 1.8
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Resolving the open questions in #4 can:

• Lead to a better understanding of the microscopic physical 
mechanisms underlying radiation effects (LET, RBE, etc.).

• Account for the actual characteristics (electronic structure, 
binding, phase) of biological targets. 

• Better describe novel particle acceleration schemes (LPA) that 
can potentially improve cancer treatment outcomes.

6.     Significance 
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In summary:
1.Bethe-Bloch = Σ binary collisions between incident ions and 

target. 

2.Around Bragg peak, Born approx. and Bragg additivity may not 
be valid.

3.The electronic structure, phase, collective excitations of the 
target may affect Sp.

4.We need experimental data and/or theoretical guidance to 
understand Sp of actual biological targets.

5.We seek collaboration with the nuclear physics community on 
these questions.
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I am deeply grateful  to Prof. Peter Sigmund for the many 
instructive and enlightening discussions on stopping power theory 
and applications, and to my colleagues in the Radiation Research 
Program at NCI for discussions on biological and clinical aspects 
of cancer therapy.
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