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ABSTRACT 
 
 
A general objective in the treatment of cancer is to eradicate the tumour 
cells without inducing severe complications in healthy normal tissue. 
The use of light ions for radiation therapy increases the possibility to 
deliver tumour suicidal doses almost without normal tissue injury, not 
least in cases where the target is unresectable, radio resistant and located 
near organs at risk. The success in the application of such beams in 
radiation therapy is largely determined by a thorough understanding of 
particle transport, biological dose response functions and their accurate 
integration in the treatment planning system. The focus has therefore 
been on the radiation quality of the light ions, their transport and to 
develop analytical tools and theories for their application in biological 
optimized radiation treatment planning. New analytical approaches for 
the light ion transport in matter have been developed and new range 
concepts have been identified.  
A refined version of the Monte Code SHIELD-HIT was developed and 
used for calculating fundamental physical transport quantities that could 
be directly compared with the analytical theories and methods as well as 
with experimental data. The present results are useful for biological 
optimized treatment planning, biologically optimized dose delivery 
techniques, dosimetry and for in vivo dose delivery verification. 
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1. INTRODUCTION 
 
 
Chaos theory describes the behaviour of dynamical systems that might 
exhibit dynamics that are highly sensitive to initial conditions. To some 
extent, the complexity of cancer induction and the development and 
behaviour of the disease belong to this category of phenomena with 
strongly individual characteristics. For example, it may be sufficient 
with a single error in one out of  base pairs to develop cancer. 
Improvements of the dose and biological effect delivery have a key role 
in the development of radiation therapy of cancer and can significantly 
improve the therapeutic outcome. In the last decades great developments 
in radiation therapy have been achieved in the fields of molecular 
tumour imaging, dose delivery techniques, new treatment principles and 
treatment objectives, and not least through the application of light ions 
[1-8]. This thesis is focused on the development of light ion transport 
methods for biologically optimized radiation therapy. The term “light 
ions” generally means ions of low atomic charge and weight 

, but the theories presented could be applicable and useful 
beyond these limits.  

9103 ⋅
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 The aim of the thesis is to present aspects considering the radiation 
quality and therpeutic efficiency of the light ions, their transport and to 
develop analytical tools and theories for their application in biological 
optimized radiation treatment planning. 
 The thesis is based on four main publications. The first paper (I) 
discusses the depth dose and radiation quality distribution of different 
light ions with regard to their therapeutic value. The second paper (II) 
develops new energy and range relations for light ions as well as for low 
energy delta-electrons. This paper also introduces a new generalized 
range concept. The third paper (III) discusses fundamental transport 
quantities of broad ion beams where new transport approaches are 
developed. The fourth and last paper (IV) deals with transport of the 
primary light ions and their fragments in three dimensions. A solution of 
the Boltzmann equation for the primary light ion and the transport of the 
fragments is presented. The low and high LET dose regions in the pencil 
beam kernel can be analytically identified based on the developed mean 
energy, range and scattering relations.  
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2. FUNDAMENTAL ASPECTS ON LIGHT IONS 
FOR BIOLOGICALLY BASED RADIATION 
THERAPY OPTIMIZATION 
 
 
2.1 General 

The main clinical advantages of light ion beams for radiotherapy are the 
increased physical and biological selectivity through increased absorbed 
dose, LET and biological effectiveness towards the end of the particle 
range. This allows a higher dose and a therapeutic effect to be delivered 
to deep-seated tumours than is possible when using conventional 
radiation and high-energy proton beams at the same time as the 
absorbed dose and toxicity in normal tissues are reduced. A larger 
charge and atomic mass of the ions results in a reduced range straggling 
and multiple Columb scattering, which gives a very narrow beam 
penumbra of the primary particle fluence and dose (cf. papers I, III, IV 
and [9]). In general, the RBE increases with LET to reach a maximum 
around 30-200 eV/nm and then decreases, somewhat dependent on dose, 
ion species, initial energy of the beam, cell or organ type, and the 
biological end point studied [10-12]. The decrease in RBE at very high 
LET values is an effect of increasing recombination of free radicals and 
waste of high ionisation density energy loss between DNA fibres. 
However, an increase in RBE in itself offers no therapeutic advantage 
unless there is a differential effect making the RBE in normal tissue 
substantially lower than that in the tumour, as learned from neutron 
therapy. The different RBEs will increase the level of tumour cell kill, 
reduce the normal tissue damage and thus increase the therapeutic 
outcome in terms of the probability of achieving complication free 
tumour control. 
 
 
2.2  Properties on absorbed dose and LET distribution 

Since the high LET track segment of high-energy protons at the end of 
the primary particle range is very short compared to the range straggling 
(cf. Fig. 1-2 in paper I), the mean LET and RBE of high-energy protons 
are very close to that of photons and electrons. On the other hand, 
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heavier ions beyond oxygen have a very high stopping power in the 
plateau region and an extensive fragmentation tail beyond the Bragg 
peak (cf. Fig. 6 in Paper I, and Fig. 1), which also reduce their clinical 
usefulness.  
 
At LBL neon ions where available for human trials from about 1980 to 
1992. A series of patient were treated with gradually escalating doses, 
unfortunately without significant improvements in local tumour control 
or survival [13-14]. As seen in Fig. 1a, heavy ions such as neon have a 
fairly high LET in the beam entrance and the plateau regions, where 
healthy normal tissue generally is located. In addition, these ions have a 
substantial high LET dose from fragments in the region in front of and 
behind the Bragg peak.  
 
The shape of the primary particles depth absorbed dose distribution is 
strongly influenced by an exponential depth fluence decrease and a high 
ionsation density in the end of the primary particle range. This is 
illustrated in Fig. 1-2 in a case of neon and lithium ion beams. In Fig. 1a 
and 2a it is also seen that the total depth doses are very similar, although 
the attenuation of the primary beams are very different (cf. Fig. 1b and 
2b). The increased loss of the primary ion with the high atomic number 
is here compensated by a significant higher stopping power at the Bragg 
peak (cf. Fig. 1, and Table in paper III). These compensating 
mechanisms are the main reasons why the central axis depth absorbed 
dose curves of all light ions are very similar, as seen by comparing Fig. 
1 and 2 (cf. papers II, III). Furthermore, an increasing microscopic dose 
heterogeneity of ions with increasing nuclear mass and charge, could 
also be expected [15-16]. In addition, a rather uniform dose in the 
plateau region is obtained since the increasing fragment production 
closely compensates for the loss of primaries. 
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Figure 1a. The total depth absorbed dose and the dose and LET distribution 
(including primary and secondary particles) for different low and high LET 
components of the primary particles in water for a 500 MeV/u broad 20Ne beam. 
 

  
 
Figure 1b. The mean energy and depth fluence distributions are shown for the 
same Neon ion beam. 
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Figure 2a. Depth dose distribution of a broad 7Li 234 MeV/u beam with the 
primary and secondary dose, divided into its low (< 10 eV/nm) and high (> 20 
eV/nm) LET components in soft tissue. The dose from total, primary 7Li and 
the secondary particles are shown as solid lines. The low LET dose from 
primary 7Li, secondary 1H and 4He is given by dashed lines, whereas the high 
LET dose from primary 7Li is presented with dotted lines.  
 

 
Figure 2b. The mean energy and depth fluence distributions are shown for the 
same Lithium ion beam.  
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The more clear separation between a low LET plateau and fragmentation 
region and a high LET Bragg peak, as well as a reduced fragmentation 
tail, explains why the light ions from helium up to carbon are of special 
clinical interest in radiation therapy (cf. Fig. 3-5 in paper I and Fig. 2-4). 
 

 

Figure 3a. Depth dose distribution of a 391 MeV/u broad 12C beam with the 
primary 12C and the secondary particles components: The dose distribution of 
the primary particle is divided into its low (< 10 eV/nm) and high (> 20, 40 and 
60 eV/nm) LET components in soft tissue.  
 

Similar to the 7Li beam, the primary 12C ions contribute with a high LET 
Gaussian-shaped distribution in the Bragg peak region. In contrast to the 
lithium ion beam, there is a negligible amount of low LET (< 10 eV/nm) 
primary particles in the plateau region, and the high LET (> 20 eV/nm) 
components are already present in the distal part of that region. The 
dose distribution of the positron-emitting isotopes 11C and 10C reaches 
its maximum in the region in front of the Bragg peak in close relation to 
the primary particle energy and range relation. (cf. Fig. 4a and paper III). 
 
Radioactive projectile light ion beams such as 11C, 10C, 9C and 8B are 
clinically very interesting in many aspects, not least considering treat-
ment verification. These beams also have reduced fragmentation and 
improved radiation quality in relation to their heavier stable ion beams 
as shown in Fig. 3b-e [17]. 
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Figure 3b. The depth absorbed dose distribution including primary and 
secondary particles for different low (< 10 eV/nm) and high (> 20, 40 and 60 
eV/nm) LET components in water for a 391 MeV/u broad 11C + beam. β
 

 
Figure 3c. The depth absorbed dose distribution including primary and 
secondary particles for different low and high LET components in water for a 
391 MeV/u broad 10C + beam. β
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For similar initial velocity as the primary 12C, the range of 10C has a 
shorter practical range in close relation to their energy (cf. paper II). 
The depth absorbed dose and LET distribution of the primary 10C appear 
to be quite similar to that of the 11C and 12C beams, but with reduced 
fragmentation due to the lower inelastic nuclear interaction cross 
section, and much shorter half life (cf. upper part in Fig. 3b-c). 
 

 
 
Figure 3d. The depth absorbed dose distribution (including primary and 
secondary particles) for different low and high LET components in soft tissue 
for a 391 MeV/u broad 9C + beam, calculated with the SHIELD-HIT.  β
 
The improved radiation quality distribution of the 9C ion in terms of 
reduced contribution of fragments and high LET Bragg peak, illustrates 
the therapeutic advantages relative the heavier isotopes. A further 
interesting property of the 9C beam is the particle decay as shown in the 
upper left part in Fig. 3d. The nuclide 9C decays into two low energy 
alpha and protons [18-19]. The energies of the emitted alpha particles 
and protons are low with associated short ranges and within quite high 
LETs [20]. The 9C beam and also the radioactive 8B beam have 
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potential, due to their decay into low energy alpha and protons, to result 
in an enhanced therapeutic efficiency in the Bragg peak region (cf. Fig. 
3e). 
 

 
 
Figure 3e. The depth absorbed dose for a therapeutic high energy 8B beam 
illustrated for different absorbed dose and LET distribution regions of the 
primary 8B particles in water.  

+β

 
The dose of the primary particles in the beam entrance is comprised of 
LET components below 10 eV/nm, within a slightly increase in the 
latter part of the plateau region. Also, similar to the previous 
exemplified light ion beams (cf. Fig. 3a-d) the absorbed dose of the 
generated fragments is mainly of low LET character, within a negligible 
contribution of high LET components. The 8B ion decays very rapidly, 
within a half-life of 0.77 s, into two low energy alpha as shown in the 
upper part in Fig. 3e. 
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Figure 4a. A close up of the depth absorbed dose distribution (including 
primary and secondary particles) for different low and high LET components in 
soft tissue for a 391 MeV/u broad 12C beam. 
 
The dose from total, primary 12C and the secondary particles are shown 
as solid lines in Fig. 4a. The low LET dose, from 1+2+3H, 3+4He, 7Li , 9Be 
and 10+11B, is given by open symbols, whereas the high LET dose, from 
1+2+3H, 3+4He, 7Li , 9Be , 10+11B and 10+11+12C, is presented as filled 
symbols. In the beginning of the fragmentation tail beyond the Bragg 
peak, a quarter of the total dose has high LET values (25-50 eV/nm) due 
to low energy secondary 10B and 11B ions. The sum of the absorbed 
doses from the main secondaries (1H, 4He, 10B, 11B, 10C and 11C) 
corresponds at maximum to 40% of the total dose in front of the Bragg 
peak.  
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Figure 4b. A close up of the depth absorbed dose distribution (including 
primary particles and all fragments) separated in low and high LET components 
in water for a 234 MeV/u broad 7Li ion beam. 
 
The dose from total, primary 7Li and the secondary particles are shown 
as solid lines in Fig. 4b. The low LET dose from, 1H,2H, 3H,3He,4He,6Li, 
is given by dotted lines, whereas the high LET dose from 1H,2H, 
3H,3He,4He,6Li is presented as dashed dotted lines. The dose deposited 
by heavier nuclear recoils and short range secondaries is negligible. The 
small tail of dose beyond the Bragg peak is of a low LET character. The 
contribution from light fragments such as protons, deuterium, tritium 
and helium ions can, as seen in Fig. 4b, be associated with a dose of low 
LET character which simplifies effect calculations in the optimized 
therapy planning. 
 
Some of the major biological factors influencing light ion therapy are 
summarized below. 
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2.3 Hypoxia 

Hypoxia is one of the major reasons of failure in conventional radiation 
therapy often related to elevated radiation resistance and increased 
metastatic potential. There are two forms of hypoxia that are due to 
different mechanisms: chronic hypoxia and acute hypoxia. Chronic 
hypoxia results from the limited diffusion range of oxygen through the 
tissue, whereas acute hypoxia is a result of temporary closing of blood 
vessels [21]. Whereas normal tissues are generally quite well 
oxygenated, most tumours have different degrees of hypoxia. The 
oxygen concentration is quite heterogeneously distributed in the tumour 
volume and it may change during the course of radiation therapy [22-
24]. The dependency on the oxygen concentration of the biological 
response to ionizing radiation is related to the production of free radicals 
and their impact on the biological damage in the presence of oxygen. 
The OER expresses the ratio of the dose required under hypoxic 
conditions and the dose required under oxic conditions for a specific 
biological endpoint. 
 
At 1 Gy, almost independent of LET, about 40 DSB are formed in the 
cell nucleus, but only 1% of these are lethal at low LET [25] where the 
main damage is caused by radicals. For densely ionizing radiation, such 
as carbon ions, the damage is more lethal due to the increased amount of 
complex lesions [25-27]. It has been shown that the OER is lower for 
high LET radiation, relative to sparsely ionizing low LET radiation such 
as photons, electrons and high-energy protons [28-30]. This could be 
due to the more complex lesions induced by high LET irradiation where 
the influence of the presence of oxygen is largely reduced. The lower 
OER and the increased microscopic dose heterogeneity for densely 
ionization radiation relative to sparsely ionization radiation [15-16], 
indicate that the spatial distribution of surviving tumour cells is different 
after low and high LET radiation exposure [24]. This might promote 
accelerated repopulation in favour to low LET radiation [31]. This may 
require a shortening of the total treatment duration with high LET 
relative to low LET radiation. 
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2.4 Cell cycle 

The radiation sensitivity of cells after exposure to sparsely ionizing 
radiation is known to vary considerably in different phases of the cell 
cycle. In general cells are more radiation sensitive in the G2 –M phase 
and most resistant in the late S phase, the G0 phase, and to some extent, 
in the early G1 phase [32]. The reason for the resistance in the latter part 
of the phase of S is due to HR by sister chromatin exchange that is more 
likely to occur after the DNA has been replicated. Furthermore, the 
growth rate of the tumour is related to the cell cycle length, growth 
fraction and cell loss fraction. It is well known that the growth rate 
varies considerably between different tumours. In contrast to low LET 
radiation, there is less variation in radiation sensitivity over the cell 
cycle after exposure to high LET radiation, due to the increased amount 
of complex DNA damages induced by high LET irradiation. High LET 
radiation can therefore be of advantage for treating radiation resistant 
slowly growing tumours with a large fraction of cells in G0 and G1 but 
also for the treatment of fast growing tumours with a high proportion of 
cells in the late S phase. [14] . 
 
 
2.5 Apoptosis  

The tumour protein p53 has received much attention due to its function 
as a “guardian of the genome”. The p53 gene is commonly mutated in 
human cancers [33] and known to play a crucial role in tumour develop-
ment and progression. The p53 protein is involved in cell cycle check-
points, DNA damage, signalling, and programmed cell death by 
apoptosis etc. A mutation in the p53 gene often inhibits cell cycle arrest 
and apoptosis [34] and is therefore believed to play an important role in 
the apparent radiation resistance of many cancers.  
 
Several studies have also shown evidence that high LET radiation can 
induce a p53 independent apoptosis [35-36]. Furthermore, a recent study 
has shown interesting aspects of the p53 dependent apoptotic pathway 
[37] showing correlation between severe DNA damage and activation of 
apoptosis inducing genes. The apoptotic fraction could depend on the 
correlation between fluence and LET (cf. paper I), where many tracks 
of intermediate LET could be more efficient than a few of very high 

 13 



LET tracks giving the same absorbed dose (cf. paper I and [38]). The 
well localized intermediate LET component of lithium and boron ions in 
the Bragg peak region is clinically very interesting since a high 
therapeutic effect with a high apoptotic response may then be obtained 
in otherwise radiation resistant tumours at the same time as the LET in 
the surrounding normal tissue is low (cf. paper I and [37-40]).  
 
 
2.6 Fractionation  

The radiation response of cells irradiated with low LET radiation is 
generally dose rate dependent, whereas densely ionizing radiation is 
extremely dose rate independent with regard to cell survival due to the 
high LET. 
 
The high RBE and low OER of light ion beams generally make the dose 
response curves steeper and the therapeutic window sometimes wider 
for light ions as compared to photons, electrons and high-energy 
protons. The five “Rs” of radiation therapy: radiosensitivity, reoxy-
genation, repopulation, repair of damage, and redistribution, have all 
different relevance in comparison to sparsely ionizing radiation. The 
dose fractionation schedule could also be different. The improved dose 
conformity and radiation quality distribution with the light ions (cf. Fig. 
2-4) make it possible to give fewer and more efficient fractions [41-42] 
compared to conventional radiation therapy. The increased radiation 
sensitivity seen for the most resistant cells, after exposure to high LET 
radiations, will also result as an increased normalised steepness or 

value [43] of the probability of tumour control as a function of dose 
for light ions, relative to photons, electrons or high energy protons. This 
has recently been seen in clinical data [44]. A reduced steepness of the 
probability of normal tissue injury as a function of dose of organs of 
more parallel functional organisation [45-47] such as the lung, might be 
expected.  

γ
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3. ANALYTICAL APPROACHES FOR    
BIOLOGICALLY OPTIMIZED TREATMENT 
PLANNING WITH LIGHT IONS 
 
 
3.1 Treatment optimization 

Classical radiation therapy planning solves forward mathematical prob-
lems where the absorbed dose in the patient is calculated for a given set 
up of beams and treatment technique. In order to improve a treatment 
plan, the forward calculation process is generally used as a trial and 
error process, where several beam combinations are tested until a satis-
factory plan is obtained. A far better approach is to treat treatment 
planning as an inverse problem [3, 6, 48-50]. More precisely the treat-
ment planning process is a biological optimization problem answering 
the question: which configuration and radiation quality of the incident 
beams can maximize the probability to achieve complication free 
tumour cure? The optimal beam configuration can then be calculated 
based on biological objectives and acceptance of the patient with regard 
to the tolerability of different adverse reactions. 
 
 
3.2 Integral equations of particle therapy planning 

A physical quantity such as the absorbed dose of light ions at a point r 
in the patient can be obtained from the incident fluence and the relevant 
pencil beam energy deposition kernels according to: 
 

( )∫∫ ∫∫∫=
S

E ρEΦGEπD 2dd)d()()( Ωρrρ,r,Ω,,r Ω,  (1) 
 
where  is the incident particle fluence differential in energy 
and solid angle at a point 

)(ρΩ,EΦ
ρ  on the patient surface. The energy 

deposition kernel ( ))(rr,Ω,, GEπ ρ,  is the mean specific energy 
imparted at r per charged particle of energy E, direction Ω  incident at 
ρ . Here the sequence of patient geometries is given by { })(rG [6]. The 

possibility to use different types of light ions with their unique physical 
properties increases the degree of freedom in the biological optimization 
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process. For a combined treatment with different radiation modalities 
the pencil beam energy deposition is given by: 
 

( )∫∫ ∫∫∫∑=
S

m
E

m

m ρEΞGEΠD 2dd)d()()( Ωρrρ,r,Ω,,r Ω,  (2) 
 
where mΠ  is the generalized energy deposition kernel of modality m, 
and  the associated generalized incident fluence. From a practical 
point of view when handling the optimization problem, the patient 
geometry is discretized into many small treatment voxels. The physical 
quantities in Eq. (2) can then generally be expressed in vector and 
matrix or tensor notations such as, 

m
E Ω,Ξ

( ) Πrρ,r,Ω,, →)(GEΠ m  and 
 [6, 48-50].  Ξm

EΞ ρ →)(Ω,

 
 
3.3  Kernel Library 

In the optimization of the treatment plan the generalized fluence or 
pencil beam weighting functions  have to be determined. Each 
intensity modulated beam can here be decomposed into segments where 
each segment can have its own beam modifier setting, such as beam 
energy, relative pencil weights etc [6, 50]. The generalized pencil beam 
dose distribution kernel,

Ξ

Π , and/or the pencil beam distribution kernel, 
, for specified transport quantizes (see definition of kernel in chapter 

3.4 below) can be calculated by the MC or analytical methods. 
However, MC simulations of particle transport are often quite time-
consuming for routine treatment planning, particularly the 
inhomogeneous anatomy of the patient and in materials used for range 
modulation. Analytical transport calculations are therefore often more 
useful for fast determination of the absorbed dose and for other physical 
quantities within the patient (cf. Fig. 5a-c, papers II, III ,IV and [51-52]). 

Q
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Figure 5a. The depth variation of the analytical fluence for a primary pencil 7Li 
ion beam of an initial ( )0r 2  value of 0.3 mm. (cf. paper IV). At depths for 
which ( ) 22 rzr << , the shape of the pencil fluence distribution coincides with 
shape of the broad beam depth fluence curve. The loss of primary particles and 
their enhanced scattering events explain the significant reduction in fluence and 
absorbed dose at the larger penetration depths, cf. Fig. 5c 
 
 

 
 
Figure 5b. The depth variation of the analytical fluence for a primary pencil 
beam, of 7Li ions in water (cf. paper IV ) for an initial ( )02r  value of 3 mm. 
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Figure 5c. The depth variation of the analytical calculated absorbed dose for a 
very narrow pencil beam, of primary 7Li ions (cf. paper IV).  
 
The very few primary 7Li that reach the Bragg peak without frag-
mentation and lateral displacement, are of high LET (>20 eV/cm).  
Aspects which deals with the more heterogeneously distributed dose 
followed by light ion radiation are considered below. See chapter 3.4.  
 
 
3.4 Quantities of interest for light ion beam transport with 
physical and biological objective functions 

The relevance of different physical quantities that need to be optimized 
is directly linked to the stated treatment objectives and known individual 
dose response relations. In general, two main groups of objective 
functions have been used, physical and biological [53]. 
 
In the aspect of delineation of the target and organ at risk, target outlines 
and margins can be improved using detailed information about the 
primary tumour and its lymphatic spread [54] as well as molecular PET-
CT based tumour imaging [55-57] and with advanced MR [58-60].  
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A very import aspect of this is to take into account that the target 
delineation is a dynamic process, where tumour proliferation and the 
tumour hypoxic regions will change during the course of irradiation  
[61-64]. The latter can trigger the need for adaptive approaches, such as 
in the set up of the beam configuration, fractionation etc. [61]. The  
light ion pencil beams can here be very useful in treatment verification 
(cf. paper IV and Fig.6b). 

+β

 
In contrast to the dose deposit from sparsely ionizing beams such as 
photons and electrons, the dose from light ions is more heterogeneously 
distributed, within regions of large energy loss gradients, (cf. paper I 
and Fig. 2-4, 5c and [15, 65-66]).  
 
The contribution of the low and high LET absorbed dose components in 
the light ion beam can be separated as shown in Fig. 2-4, where for 
example the absorbed dose of hydrogen and helium fragments is mainly 
identified being of low LET character.  
 
In order to make the best use of the light ions therapeutic advantages (cf. 
paper I and chapter 2), kernels of quantities such as the low (l) and high 
(h) LET dose and energy fluence  and of particle type 
m , could then be useful to be determined, cf. Eqs. (3-5).  

m
l

m
h

m
l ,ΨDD ,, , m

lΨ

 
The associated mean LET, mean energy and fluence, 
 

m
l

m
h

m
l

m
h

m
l E,,LL ,,,, , ΦΦ  and 

m
hE could then indirectly be given by the 

simple average relations: 
 (3) 

)(
)(

)(
d)d(

d)d()(

d)d()()(

4 0

4 0

4 0

rΘ
rΘ

rΘ
ΩrΘ
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E
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E
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ii
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c

c

c

Φ=Φ

∫∫ ∫

∫∫ ∫

=∫∫ ∫=

π

π

π

 
where  is the dose comprised of low energy components 
of particle type m at a point defined by the coordinate vector r  in the 

( r,Θ, ii
m
l ED )
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patient, for a given energy  and direction  of an incident beam. 
Furthermore, , defines the fluence differential in 
energy, E, and solid angle, Ω , for a given energy 

iE
)r,

iΘ
( ΘΩ, ,EΦ ii

m
E

cEE < . Here  is 
the selected cut off energy for a given low and high LET limit. These 
low and high LET limits should be based on the desired biological effect 
in the tumour and normal tissue. The mean stopping power, 

cE

)
cE

( rΘ ,,EL i

m
l i

E
, and fluence, , of particles of 

energies
)r,i( Θ,EΦ i

m

<  at a point defined by the coordinate vector r  in the 
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In the case when the stopping power is increasing with decreasing 
energy, such as for light ions in therapeutic energies (cf. paper II) 

in Eq. (3) could then be related to the dose comprised of 
high LET components, such as in the case of primary 7Li in the Bragg 
peak region (cf. paper I and Fig.2, 5c, 6a). 
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Furthermore, could be defined by the relation: 
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where  is the dose comprised of high energy components 
of particle type m at a point defined by the coordinate vector r  in the 
patient, for a given energy  and direction  of an incident beam. 
Furthermore,  defines the fluence differential in energy, 
E, and solid angle, Ω , for a given energy . Here  is the 
selected cut off energy for a given low and high LET limit.  is the 
maximum energy in the energy spectra. 
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and  are the mean stopping 
power and fluence of particles of energies at a point defined by 
the coordinate vector r  in the patient for a given energy  and 
direction Θ  of incident beam.  
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In the case when the stopping power is increasing with decreasing 
energy, then in Eq. (4) could be related to the dose 
comprised of low LET components, such as  hydrogen fragments, in a 
light ion beam (cf. papers I, III and Fig. 2-4, 10). 

)( rΘ ,,ED ii
m
h

 
The possibility to analytically calculate the absorbed dose and at the 
same time identify the low and high energy components in the pencil 
beam kernel could allow fast biological optimized treatment planning, 
(cf. paper IV).  
 
The energy fluence is of importance due to its relationship to the mean 
energy and absorbed dose (cf. paper III) and the transport of uncharged 
particles such as photons and neutrons. A low (l) energy fluence kernel 
could then be defined by the simple relation: 
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where  is the energy fluence comprised of low, energy 
components of particle type m at a point defined by the coordinate 
vector  in the patient, for a given energy  and direction  of an 
incident beam. Furthermore, , defines the fluence 
differential in energy, E, and solid angle, Ω , for a given energy 

. Here  is the selected cut off energy that should be based on 
the desired biological effect in the tumour and normal tissue. In Eq. (5), 
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 in the patient for a given energy  and direction  of incident 

beam. The high (h) energy fluence kernel, Ψ , could further 
be determined with a similar approach such as in Eq. (5) but for a given 
energy  up to the maximum energy in the energy spectra. 
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For a combined treatment with multiple incident beams, a generalized 
pencil beam distribution can then be used to determine the suggested 
different radiation quantizes  according to: Q
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where  is the generalized fluence for a given energy  and 
direction  of incidence at a point 
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generalized pencil beam kernel for radiation quantizes such as 
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  and  of particle type m. The variance of 
the quantity of interest could further be determined.  
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The developed analytical methods (cf. papers II, III and IV) could here 
be useful for fast transport calculation of the quantities . mQ
 
The biological objective functions should quantify the probability that 
the patient will have as good as possible treatment outcome. The use of 
combined treatment modalities, such as different light ion beams, allows 
for a more accurately fulfilled criteria for the objective functions relative 
to that of conventional beams alone. This is due to the fact that the type 
of damage and cell kill can be related to the type of particle and its 
physical prosperities [25-27, 35].  
 
A general optimization criteria is of the type: Maximize the complica-
tion free tumour control,  , under normal tissue injury con-
strains [cf. 6]. But  could be , which is the probability of 
tumour control as a function of different types of cell kill, i . Similarly, 

 could be , which is the probability for normal tissue injury 
as a function of several types of normal tissue injuries . In order to 
specify the normal tissue complications, a formulation of the biological 
objective function could then be: “The tumour recurrence probability 
should be as low as possible, preferably through apoptotic cell kill, 
throughout the target volume without causing severe damage to normal 
tissues”. An optimization criterion could then be formulated in terms of 
(cf. [6]): 
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where the specified constraint function could be related to the pre-
defined normal tissue tolerance level,  of type j . The constraint 
function could also be formulated in tolerance levels of physical 
quantities (cf. Eqs. (3-5)) such as high LET dose to organs at risk,  
or low energy fluence to organs at risk 
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lΨ  of particle type 

m. Alternative approaches in a treatment problem formulation could be 
given in terms of minimizing the normal tissue injury under the 
constrain of  (cf.  concept in [6]). ++

∧

+ Δ−≥ PPP ++P
 
Realistic cell survival models and dose response relations for mixed 
radiation qualities are needed in order to accurately predict the 
biological response for treatment plan optimization. Predictive assay 
may play an important role in recognizing parameter changes and 
providing new parameters of the survival models and biological 
response relations for tumours and normal tissue sensitivity [8, 61, 67-
72]. 
 
A biological response model, , as a function of different physical 
quantities, could be combined with the developed transport methods (cf. 
papers I, III, IV). In Fig. 6 this is illustrated in the aspect of a 3D 
distribution apoptotic fraction. [40] for different primary light ion 
beams.  

)(QB
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Figure 6a. The 3D distribution of the apoptotic fraction of 7Li in tissue like 
medium is illustrated in Fig. 6a.  
 
 
 
In Fig. 6a an apoptotic function [40] is combined with the developed 
analytical expressions for the energy variation (cf. paper II), multiple 
scattering (cf. paper III) and pencil beam fluence distribution of low and 
high LET fluence components (cf. paper IV and Fig. 6b-c). 
 
 

 
 
Figure 6b. An analytical 3D distribution of the apoptotic fraction of the 
primary 8B emitting beam within a initial mean square radius of 5mm.  +β
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Figure 6c. The analytical 3D distribution of the apoptotic fraction of the 
primary 20Ne (cf. Fig. 1) within a initial mean square radius of 5mm. 
 
 
Since the final beam configuration should preferably be determined as 
an inverse problem, we may find the optimal solution from our physical 
and biological knowledge about these beams at clinical relevant 
energies. The recent study considering depth absorbed dose and LET 
distribution of different light ion beams (cf. paper I) can help to predict 
which pencil beam configuration optimizes the therapeutic outcome and 
minimizes normal tissue side effects. For example helium, lithium and 
boron ions could be useful in the treatment of both medium and deep 
seated small tumours situated close to critical organs, such as the spinal 
cord. Since the effect of a high LET in helium, lithium, beryllium and 
boron beams will be quite diluted when treating large hypoxic tumours, 
ions with higher LET in the Bragg peak region, such as carbon and 
oxygen ions may then be of therapeutic advantage as shown in Fig. 3-
4a. See further aspects of low and high energy protons versus helium 
ion beams in Fig. 7. 
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3.5 Treatment delivery  
 
3.5.1 Particle and energy selection  

In addition to the choice of radiation modality (ion species), beam 
energies, relative beam weights and temporal variation, the degree of 
freedom also includes, dose fractionation, selection of optimal beam 
directions, beam weights and irradiation techniques. The energy needed 
to reach deep seated tumours with light ions often requires accelerators 
of larger dimensions (φ 25 m) in comparison to the electron linacs ( 1 
m) used in conventional radiation therapy. In synchrotrons, the range of 
the pencil beam can be adjusted by varying the energy of the extracted 
beam [75]. In order to smooth the narrow Bragg peak, and reduce the 
number of energy steps, a thin heterogeneous absorber (ripple filter) 
may be used [76]. Instead superconducting cyclotrons can be built to a 
lower cost and within a much smaller foot (

φ

φ 6 m).  
 
In cyclotrons the beam energy cannot easily be varied, so that there is a 
need of variable absorbers to adjust the energy and thus the range of the 
particles. In order to remove the nuclear fragments, produced with the 
material of beam modifiers, a magnetic particle selector is used. For 
both type of accelerators, the recent analytical theories for mean energy 
and range relations (cf. paper II) and beam attenuation (cf. papers III, 
IV) may be useful for correct selection of thickness of absorbers and 
determination of particle yield and beam direction (cf. Fig. 8-9). In order 
to minimize the multiple scattering, a material of low atomic number, 
(Z), is to prefer (cf. Eq. (7) in paper III). The application of the  
analytical theories from papers II and III  in a case when high energy 
11C  beams are produced in a secondary beam line through projectile 
fragmentation [77-78] are exemplified in Fig. 8 and 9 below. The results 
in Fig. 8 illustrate good description of the analytical fluence of 
fragments, energy fluence, mean energy and mean square scattering 
angle. The optimal target thickness can thus be analytically determined 
so that the prescribed beam parameters are obtained (cf. Fig. 9). 
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Figure 8. Application of the developed analytical methods for calculating the 
fragments, 11C, fluence, planar fluence, energy fluence, planar energy fluence 
(solid lines, cf. papers II and III) in a secondary beam line.  
 

 
 
Figure 9. Application of the analytical mean energy, range and fluence 
relations (cf papers II and III) (solid lines) used for calculating; 1) thickness of 
target material in the production of 11C, 2). thickness of the range shifter 
(PMMA) for a given prescribed energy at the patient’s surface . 
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The results in Fig. 8 and 9 are compared with the  SHIELD-HIT+ code 
(dotted lines). The usefulness of analytical energy, fluence, scattering 
and range relations for the primary and associated fragments in 
heterogeneous media are well described by the presently developed 
methods (cf. papers II, III).  
 
 
3.5.2 Dosimetry and particle yield aspects 
For clinical use it is important to use a range concept that is well related 
to the energy of the beam. A practical range  for ions can be defined 
as the point where the tangent at the inflection point to the descending 
portion of the total depth absorbed dose curve meets the exponentially 
extrapolated fragmentation tail (cf. Fig.5, 6 in paper II). The location of 
the absorbed dose maxima could be approximated by the depth where 

, where  is the longitudinal standard deviation of the 
specific ion. More accurately, the absorbed dose maxima could be 
determined from the depth where the dose gradient is equal zero and the 
energy fluence has an inflection point where 

pR

zp σz −≈ R zσ

( ) 0)div(grad =Ψ , (cf. Fig. 
4 in paper III, and Fig. 10 below).  
 
Experimental beam properties are determined and particles are identi-
fied through the use of devises such as ionization chambers, Faraday 
cups, BGO scintillators, plastic scintillatior, semiconductor and solid 
state detectors, calorimeters etc [79-85]. Theoretical studies about the 
range-energy relations, multiple scattering, absorbed dose and fluence 
(cf. papers II, III and IV) can be used to assist in interpretation and 
identify major contributions to the absorbed dose. From the initial 
conditions of the beam, the expected depth dependency of several 
physical quantities such as the fluence, energy fluence, mean energy, 
LET and the absorbed dose can be derived and compared with that of 
the detected beam (cf. papers II ,III, IV). 
 
The fact that the fluence weighed mean LET will always be less or 
equal to the dose weighted mean LET (cf. paper I) should be taken into 
account when comparing experimental data with the analytical theories 
of the stopping power. This is of importance especially when comparing 
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the analytically calculated mean LET with experimental data for the 
projectiles and heavier fragments since a greater variation with depth of 
the LET of these particles is expected (cf. paper I and [74]). 
 
Knowledge about the charged particle fluence is of importance to 
determine the absorbed dose. The planar and total fluence components 
can both be analytically derived and verified by the use of the MC code 
SHIELD-HIT+ (cf. paper III) since the fluence differential in both 
energy and angle can be determined. The angular dependence of the 
detection system is not likely to be a critical issue for the primary 
particles or the heavier fragments, but becomes more important for the 
light fragments such as hydrogen and helium ions as shown in paper III 
and Fig. therein and the present Fig. 10 and 11. 
 

 
 
Figure 10. The analytically calculated depth variation of the absorbed dose, 
fluence, and planar fluence, of 1H fragments in a broad 234 MeV/u 7Li ion 
beam in water (solid curves, cf. paper III) compared with MC data (dotted 
lines).The results have been normalized to the primary particle values at the 
phantom surface.  
 
As seen in Fig. 10, for these light fragments there is a clear difference 
between the fluence, energy fluence and their associated planar 
quantises, mainly due to the angular spread in the production but also 
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due to multiple scattering. Furthermore, the shape of the depth dose 
curve of these light fragments is mainly determined by their depth 
fluence distributions, due to the small variation in their mean stopping 
powers, cf. Fig. 2-4. The absorbed dose maxima are closely correlated 
with the inflection point of the vectorial energy fluence where 

0)grad(div =ρΨ/ .  
 
The expected energy loss of the primary particle and associated 
fragments based on the developed analytical expressions for the energy 
and range may be useful for particle identification. Light particles such 
as protons, deuterium and tritium ions are expected to have a quasi 
constant low energy loss along their path (cf. Fig. 2-4, 10), in contrast to 
the primary particles and the heavier fragments where the energy loss is 
strongly increasing with penetration depth (cf. Fig. 2-3 in paper III and 
Fig. 2-4). Since particles of similar charge and velocity have almost 
equal stopping power, a third component should be required in order to 
separate a beam of different isotopes. From a theoretical point of view, 
separation between the different isotopes could then be within the 
assumption: the heavier isotope, the higher energy (cf. Fig. 1a in paper 
II). Shown in paper III, 

 
ΦΨp

ΘΘrEzrE coscos)()( //, =
∧

, where generally 1coscos ≥
ΦΨ

ΘΘ /  
 
since a larger weight is given to the high energy component in the 

weighted cosine value, consisting mainly of forward moving particles 
(cf. paper III and Fig. 11). In the case when the stopping power is in-
creasing with decreasing energy, the mean stopping power, of those ions 
that are transported in the forward direction should then be equal or 
lower than the total mean value.  

Ψ

 
As illustrated in Fig. 11 below, secondary 1H generated in a high energy 
7Li and 12 C   beams have a lower cosine mean value as well as 

Ψ
/ ΘΘ

Φ
coscos  ratio due to the larger angular spread and origin of 

production. The lower values for 1H fragments close to the surface are 
caused by low statistics, where the amount of fragments that are 
generated by the primary particles is very low and distorted by the few 
fragments that are target generated and almost isotropic produced. The 
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negligible influence of multiple scattering of the primary particles and 
heavy fragments transport is clearly seen by the 1cos ≈

Φ
Θ  in Fig. 11. 

This can also be seen in the lower part of the figure of the lower value of 
their analytical root mean square angle.  
 

 
 
Figure 11. The root mean square angular spread for the primary 7Li and 12C 
ions and for 11C fragments at different depths (solid line), (cf. paper III). Also, 
the depth variation of the fluence weighted cosine, and energy fluence weighted 
cosine, as well as the ratio between the two weighted cosines and mean 
energies for the primary 7Li particles and the light fragments 1H in 7Li and 12C 
ion beams, are presented.  
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3.5.3 Dose delivery verification 
When high energy photon and stable ion beams interact with matter, 
positron emitting target and/or projectile fragments are generated [88-
94]. Radioactive projectile beam such as 8B, 9C, 10C, 11C, 13N, 15O, could 
bring increased dose and activity to the Bragg peak as compared to the 

 emitters produced by the projectile fragmentation such as 9C, 10C 
and 11C in a 12C ion beam [95-96]. In use of positron emitting light ion 
beams and PET imaging the developed transport methods could be 
useful in the delivered dose and range verification (cf. paper II, III, IV). 

+β

 
Additional advantages of the 8B, 9C, 10C, 11C, 13N, 15O beams are: 
reduced fragmentation and improved radiation quality in relation to the 
heavier stable isotopes (cf. Fig. 3-4) as well as potentially enhanced 
therapeutic efficiency in the Bragg peak region (cf. Fig. 3d-e, 6b and 
[17-19, 97]).  
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4. MONTE CARLO CODE 
 
 
A refined version, SHIELD-HIT+ of the MC code SHIELD-HIT [98-99] 
has been developed in close collaboration with Nikolai Sobolevsky. In 
this new code the fluence, , double differential in both energy and 
angle is calculated. Fundamental physical quantities of interest can then 
be derived as integrals over the fluence, planar fluence, energy fluence, 
planar energy fluence and mean energy. The particle fluence differential 
in energy and angle can be used to make more detailed comparisons 
with analytical theories and experimental data as seen in Fig. 12. 
Additional improvements of the SHIELD-HIT code allow now the 
radiation quality and absorbed dose distribution of all particles in 
arbitrary materials and beams to be calculated as shown in the present 
Fig. 1, 3b-e and 4.b. 

ΩE,Φ

 

 
 
Figure 12. The analytical depth fluence and planar fluence (p) dependence of 
carbon, and associated boron fragments, in a 200 MeV/u 12C beam in water and 
a 279 MeV/u 12C beam in PMMA are compared with MC (dotted lines) and 
experimental data ([100] open circles), ([84] closed circles ), and ([85] closed 
squares). The results have been normalized to the primary particle values at the 
phantom surface.  
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5. DISCUSSION 
 
In this thesis several aspects on the light ion transport in matter have 
been presented and analytical tools and theories have been developed to 
be used for the biological optimized light ion therapy.  
  
The results in paper I give indications about the therpeutic efficiency 
and optimal choice of light ion beam depending on size, location and 
radiation resistance of the target volume. Frequently seen limitations in 
finding the optimal treatment plan for conventional sparsely ionizing 
radiation in the treatment of critical located and/or radiation resistant 
tumours, can probably be overcome by proper use the light ions and  the 
most specific depth path ways that could be induced. In order to make 
the best use of the light ion therapeutic advantages, specified particle 
beam kernels could be needed that take into account the light ions more 
heterogenic dose distribution. The developed transport approaches 
(paper II, III and IV) could further be useful to speed up transport 
calculations in the inverse treatment planning. The results in paper II 
and III serve as a basis for fast transport calculations of light ion pencil 
beams, since both energy loss and scattering can be formulated as 
simple analytical expressions of the spatial coordinates, multiple 
scattering and the energy and range. This also allows identification of 
the more sparsely and densely ionization regions in the six dimensional 
analytical theory )( Ezyx yx ,,,,, θθ  for the transport of the primary 
particles and the associated fragments developed in paper IV. The 
present thesis gives information about what kind of processes that are 
responsible for the build up of the absorbed dose and other physical 
quantities.  Some outlooks in the application of the present work have 
here been discussed and illustrated in the aspect of biological optimized 
light ion radiation therapy using specified objective functions, treatment 
delivery, dosimetry, and treatment verification. However, the results in 
this thesis should also be useful beyond these limits. 
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