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Abstract 

Using a wide range of published data from irradiation experiments by sparsely ionizing radiation over mammalian cells, 
a tangible relationship between the cellular damage; effect cross-section and radiation quality represented the spacing 
between ionizing events over the path of generated primary electrons; the mean free path for linear primary ionization. 
The maximum damage by sparsely ionizing radiation can only be established by ultra-soft x-rays from C (k) where the 
mean free path along the track of the cell nucleus is about 2 nm. At higher mean free path, other ultra-soft and soft x-
rays become potentially harmful only with the contribution of water radicals. A simple semi-theoretical model is 
proposed to define absolute biological effectiveness based on effect inactivation cross section which is interrelated to 
the mean free path for linear primary ionization. For sparsely ionizing radiation, the model shows a feasible saturation 
region for the effect cross-section 5 µm2 for mean free path less than 1.8 nm. The model explains the mechanisms leading 
to cell death via DNA strand scissions. The effect of sparsely ionizing radiation contributes only to a fraction of (1/20) 
of the maximum reachable damage.  
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1. Introduction

Although heavy charged particles (termed as densely ionizing radiation; DIR) have its own advantages over 
conventional x-ray, γ-ray and electron beams (termed as sparsely ionizing radiation; SIR) in the therapeutic treatments, 
especially for deep situated tumors, SIR are still important in other areas of medical sciences including radiography, 
mammography computer tomography and even therapeutic treatments [1]. Depending on their energy, photons 
propagate through matter and interact with its atomic electrons. For energies up to 100 keV, the photon is completely 
absorbed by the atomic electron via photo-electric effect. At energies up to few MeV, Compton scattering becomes the 
predominant interaction, where the photon gives up part of its energy to the electron. With higher energies up, pair-
production will be more important. In all processes, primary electrons are produced. The fate of these free electrons 
inside biological matter is decided by their kinetic energy. They lose energy through ionizations and excitations events 
while slowing down in biological matter. The average energy lost per ionization along the electron track in water is 
within the range of 22 - 26 eV [2]. The average distance between successive ionization is longer, for higher energy 
electrons and deceases as the electron slows down. As whole, primary electrons produce sparse ionization tracks as 
compared to dense tracks produced by heavy charged particles like protons or other heavier charged ions. Different 
radiation qualities such as track Linear Energy Transfer (LET) and the mean free path for linear primary ionization 
(MFP; λ) can be characterized by the ionisation density. LET is defined as the mean energy deposited per track length 
and is measured in (keV/µm), while MFP represents the mean spacing distance between two consecutive ionizations 
along the primary track measured in (nm) [3-4]. Unlike DIR which are characterized by their high LET values, SIR 
identified by their lower LET values. LET of x-rays with values 0.1 – 20 keV/µm depend on x-rays spectrum, which is 
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determined by a combination of three factors, the x-ray tube anode material, the x-ray beam filtration material and the 
high operational voltage (KV). LET for γ-rays is about 0.5 – 1. KeV/µm [5 - 6]. LET of high energy photons produced in 
linear accelerators varies between 0.15 – 4.5 keV/µm for electron energies varies between 50 – 4 MeV. These LET 
values are substantially low as compared with heavy charged particles LET, i.e. for 4 MeV α-particles, LET is about 100 
KeV/µm.

Deoxyribonucleic acid (DNA) is widely accepted as the vital target for the induction of cell killing by ionizing radiation. 
Upon their interaction with DNA molecules, ionizing radiations produce a variety of damages, including double-strand 
breaks (dsb’s), single-strand breaks (ssb’s) and base damages, as presented in Figure-1 a. Due to their high ionization 
density, DIR interact directly with DNA molecules to induce adjacent DNA breaks forming what is known as dsb’s.  On 
the other hand, Photons and energetic electrons interact with DNA molecules either directly with lower probability, or 
indirectly via ionization of water molecules with higher probability (as compared to DIR) to generate a spectrum of 
lesions, of which base damage and ssb’s are the most abundant [7]. The enhancing role of water radicals produced by 
SIR interactions with water to damage the DNA is shown in Figure-1b. In the last few decades, researchers have provided 
evidences that the double breaks of DNA opposite strands are responsible for cell death [8-11].  

Figure 1 (a) Schematic representations of selected types of ionizing radiation damage to the DNA; ssb, dsb (two adjacent 
ssb’s) and base damage. (b) Direct and indirect damage by SIR to the DNA where free radicals (OH●, H● or hydrated 
electron formed by the water hydrolysis; the radicals then diffuse to damage the DNA by chemical reaction 

The correlation between biological effects and a suitable physical parameter led to propositions of many biophysical 
models [12-14]. While the main objective of each model is to predict the shortage of experimental outcomes, it is also 
providing a deeper insight of the damage mechanisms at cellular level [15-17]. Watt and his group suggested that the 
spacing of ionizing events along primary charged particle tracks can explain the details of the different mechanisms at 
nanometric scales in terms of MFP for linear primary ionization [18]. 

Cell death is commonly considered as a reference endpoint to characterize the action of ionizing radiation in different 
subcellular targets. It is also the goal for any tumor therapy. With this respect, radiobiological experiments involving in 
vitro exposure of mammalian cells to different types of SIR, still provide a useful source of information. The damaging 
effect of what is known as reproductive death as an end point presented by survival curves; where fraction of survival 
usually on logarithmic scale, against radiation dose in linear scale. The shape of the curve depends on radiation type 
and to a certain extent on Eukaryotic cells type. In general SIR such as x-rays, and fast electrons have shoulder type of 
curve, while heavy charged particles such as protons, alpha particles have linear response type. It is useful to make use 
of linear quadratic fitting formula;  

F(S) = ln(S/So) = -αD-βD2, 

where α (Gy-1), β (Gy-2) are constant parameters for any specific curve. The first term represent the slope of survival 
curve at zero dose, which is also known as the radio sensitivity parameter. For linear survival curve; β= 0, and the 
equations becomes simply as F(S) = ln(S/So) = -αD.  

The present study will focus on physical parameterization of the biological damage caused by different ionizing 
radiations. Hence presenting a model that unifies the action of SIR on mammalian cells.  
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2. Method of Approach 

It is far much better to quantify the cellular damage induced by ionizing radiation in terms of the probability of 
producing damage in units of area, inactivation cross section; σ s(µm2) Inactivation cross sections σ s (in µm2) of a variety 
of mammalian cells were calculated using the relation: 
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Where LT is the track average LET (in keV/µm) for the equilibrium spectrum of charged particles involved, Do (in Gy), 
and Þ (in gm/cm3) is the density of biological matter. Cross sections were determined for the initial slope of survival 
curves to avoid any problems associated with cell recovery. The initial slope for cell survival curve is simply the slope 
of curve at zero dose. For both survival curves whether shouldered or linear types, the initial slope is equivalent to α. 
Hence the inactivation cross section is evaluated at Do = 1/α. For wet cells, the density of medium is assumed of water.  

The cell survival radio-sensitivity parameter α (Gy-1) for mammalian cell lines by the various SIR were extracted from 
published data [19-41]. The present study include mammalian inactivation data caused by SIR of different qualities; 
ultra-soft and (0.277 keV Ck, 1.456 keV Alk, 4.51 keV Tik, and Crk 5.4 keV), soft x-rays (10 KVp – 40 KVp), medium hard 
x-rays (50 KVp - 110 KVp), hard x-rays (varied 120 kVp - 300 kVp), very hard x-rays (4 MV - 50 MV), 60Co, 137Cs γ-rays, 
and energetic electrons (~1 MeV and 18 keV), as tabulated in table-1 below. The track average structure parameters; 
Average energy of electrons emitted assumed to be emitted from a radiator source; Es (keV), the average LET (keV/µm) 
and λ (nm)), are all estimated using Watt's group foundations [42]. Here the average values are calculated for the 
electron equilibrium spectrum. The corresponding cross sections σ (µm2) were estimated using the above formula and 
the results are tabulated in Table-1.  

Table 1 SIR track structure data; Es (keV), LET (keV/mm), and  (nm) along with radio-sensitivity parameter  (Gy-1); 
Es is the average energy of electrons produced by photons (or electron) interactions 

No. Source/Type Es(keV)* LET (keV/µm) α(Gy-1) λ(nm) σs(µm2) Reference 

1 0.277 keV C(K) X-rays 0.1202 18.34 0.6220 2.45 1.8252 Goohead, 1980 

2 1.486 keV Al(K) X-rays 0.4137 15.010 0.5233 3.23 1.2568 Goohead, 1980 

3 4.510 keV Ti(K) X-rays 2.1050 8.534 0.4532 6.66 0.6188 Goohead, 1980 

4 5.4 keV Cr(K) X-rays 2.6200 7.645 0.3364 7.55 0.4115 Hiebera, 1990 

5 10 KVp X-rays 5.5000 3.500 0.4600 11.01 0.2576 Lehnert, 2008 

6 25 KVp X-rays 7.8000 5.800 0.2260 9.02 0.2097 Lehnert, 2006 

7 29 KVp X-rays 8.01 6.343 0.0760 8.57 0.0771 Heyes, 2004 

8 40 kVp X-rays 8.01 7.495 0.0780 7.54 0.09354 Hoshi, 1988 

9 50 kVp X-rays 7.77 8.113 0.2580 6.52 0.3346 Todd, 1965 

10 55 kVp X-rays 7.59 8.193 0.2900 6.46 0.3802 Spadinger, 1992 

11 80 kVp X-rays 6.79 8.347 0.2700 6.39 0.3606 Napolitanok, 1992 

12 100 kVp X-rays 6.69 8.102 0.2390 6.62 0.3098 Kroneberg, 1991 

13 150 kVp X-rays 7.65 6.980 0.1900 7.80 0.2122 Chang, 1992 

14 180 kVp X-rays 8.98 6.310 0.1370 8.80 0.1383 Tolkendorf, 1983 

15 200 kVp X-rays 10.26 5.823 0.1280 9.61 0.1193 Belli, 1989 

16 210 kVp X-rays 11.42 5.590 0.1358 10.10 0.1215 Hall, 1972 

17 225 kVp X-rays 12.65 5.280 0.1015 10.80 0.0858 Rodrriguez, 1981 

18 250 kVp X-rays 14.68 4.772 0.1475 11.95 0.1126 Chapman, 1971 



Global Journal of Engineering and Technology Advances, 2022, 10(02), 075–082 

78 

19 300 kVp X-rays 17.81 4.421 0.1280 12.96 0.0905 Nias, 1969 

20 4 MV X-rays 40.00 2.200 0.1220 29.00 0.0429 Zackrisson, 1989 

21 6 MV x-ray 55.00 1.700 0.1100 37.00 0.0299 Chithrani, 2010 

22 50 MV x-ray 500.00 0.420 0.148 180.00 0.0099 Zackkrisson, 1989 

23 Cs-137 γ-rays 150.70 0.985 0.2474 65.52 0.0298 Hei, 1988 

24 Co-60 γ-rays 335.60 0.607 0.1400 111.10 0.0099 Perris, 1986 

25 0.94 MeV Y-90 β-rays 508.20 0.531 0.0780 157.40 0.0066 Barendsen, 1962 

26 4 MeV electrons 1947.00 0.287 0.1282 276.00 0.0059 Haskins, 2020 

27 11 MeV electrons 5058.00 0.283 0.2100 292.50 0.0077 Spadinger, 1992 

28 18 MeV electrons 7876.00 0.284 0.0553 297.50 0.0025 Haskins, 2020 

 

The search for a model imply the multi-stage trials of a function F= F (λ), provided that the semi-empirical formula fits 
the trend observed by the σ (λ) in terms of the justifiable physical parameters λ  

3. Results and discussion 

 

Figure 2 The effective cross section σ (µm2) for mammalian cells vs. mean free path for primary ionization λ (nm) for 
SIR (S; soft, US; ultra-soft, MH; medium hard, VH; very hard) 
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Effective cross sections; s (m2) for the various mammalian cells including human, hamster cells as a function of 
nmfor SIR, as depicted in the Table-1, shown in Figure-2 in log-log scale. The meddling of inactivation cross-sections 
data as well as the radiation quality parameters, as seen in the Table-1 and Figure-2, is healthy. The behaviour of each 
class for each type of SIR data is shown in the figure. Beside that all experimental radiobiological data through the years 
were performed at different laboratories, the interfering is mostly due to the nature of x-rays spectrum which are 
produced by different anodes, filters and HV’s, radiation quality parameters for different type of SIR may be interfere. 
High energy electrons with HV x-ray from linear accelerators are also inclusive.  

Visual inspection of log-log scale, clarifies the grouping of σ and λ data within the spread of the physical and biological 
errors. Based on earlier studies by the author [43], an inflection point is expected at λo=1.8 nm, attributed to the mean 
chord of the strands in the DNA segment and identify that the dsb’s of the DNA as the critical lesion to inactivate cells 
for all ionizing radiation types. 

The overall shape of the relation between σ and λ support the idea of having unifying response of mammalian cells to 
SIR with an inflection point at λo = 1.8 nm which is equivalent to the interspacing distance between DNA strands. Only 
Ck ultra-soft x-rays with photons of energy around 0.278 keV can induce highest biological damage near the inflection 
point where λo = 1.8 nm. Soft x-rays with maximum operating voltage around 40 KVp shown next to US x-rays, with 
ionization separated by 8 nm and lower effective cross-sections. Medium and hard x- rays and λ-rays, as expected have 
much lower cross sections due to their high energy photons and their lower ionization density. SIR like hard x-rays, γ-
rays and electrons have much smaller cross sections, as shown in Figure-2. 

 

Figure 3 The unified model of radiation action on mammalian cells by SIR, manifested by σ (µm2) vs. λ (nm) as 
indicated by the dashed and solid curves presented 

In searching of a mathematical model to manipulate this data, the following simple semi-empirical relation is used: 
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Where σ0 is the maximum reachable saturation cross section if ever exist, and λ0 is the value of the mean free path at 
inflection point (the spacing between the DNA strands). The result is presented by the solid line in Figure-3.  

The gradient of this linear portion in the log-log scale is -1.59  0.06. This part of the curve is attributed to the repairable 
ssb’s of the DNA. The maximum damage if ever established by ultra-soft x-rays, along with water radicals’ enhancement, 
will be around σs =5  0.6 µm2 

The merit of both values; the projected saturation cross section σ0 =5 µm2 and the mean free path λ0 = 1.8 nm (with n = 
1.6) indicate that the nature of this damage has got to be related to nanometric events. The scales of these events indicate 
that the induction of dsb's near the inflection point i.e. C (k) US x-rays is plausible. Whereas nearby soft x-rays contribute 
to the induction ssb's of the DNA. The crucial rule of generated water radicals in close proximity to soft x-rays can induce 
dsb’s of DNA. This means soft x-rays, medium and hard x-rays, γ-rays or even fast electrons will never reach saturation 
region by their own, and the dominant interactions produced are ssb's of the DNA, in the lower region of the linear part. 

4. Conclusion 

In this work a simple model is presented. The main features of this model relies on its specification of the cellular 
damage in terms of biophysical parameters that relates molecular events such dsb's of the DNA to macroscopic 
biological effects such as cell death. In simple mathematical form; σ (λ) =σo [1- exp(-λo/λo) n], the model indicate that the 
maximum damage is represented by σo (5 µm2). In theory, the highest saturation damage leading to the death of 
mammalian cells should be equivalent to the geometrical cross section, σg (60 µm2). SIR can only be attributed to 1/12 
of the geometrical cross-section.  

Further investigations are needed to indicate the rules of water radicals in cellular damage. A more sophisticated model 
will be vital to further demonstrate the action of ionizing radiation on mammalian cells in terms of additional radio-
chemical parameters related to the damaging effects by water radicals.  
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