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ABSTRACT 

In this work we present and discuss a proposal to describe the degradation of the 
energy of photons when they interact with matter, which can be applied in 
radiation dosimetry and protection. Radiation dosimetry is founded in the well 
known physical approach of field theory as showed by Roesch and Rossi. Fluence 
and energy deposited are the most fundamental quantities in radiation 
dosimetry allowing us to calculate absorbed dose. One of the main 
characteristics of absorbed dose, sometimes ignored, is that it is an intensive 
quantity pushing radiation dosimetry into the field of statistical physics. In 
radiation dosimetry it is often used what we can call collective or macroscopic 
concepts, such as, for example, effective energy, beam quality or beam 
hardening and absorbed dose. Some of these concepts are trials to describe 
macroscopically and with simplicity what happens microscopically with a rather 
higher degree of complexity. In other words, is a tentative to make a bridge 
between the non continuous world of atoms and photons to the continuous world 
of radiation protection dosimetry. In computer simulations, that allow to known 
accurately the energy deposited in matter, absorbed dose (or fluence) is still a 
very useful and used quantity; however, some issues are still open problems, 
source of many discussions in conferences and journals in spite of the 
development of microdosimetry and nanodosimetry. In spite of that, macroscopic 
quantities like absorbed dose are still important quantities. One of the 
important and controversial open question in biological effects at low doses is 
the linear no threshold concept (LNT). In our opinion this problem is directly 
related with the problem mentioned above of the bridge between microscopic 
and macroscopic concepts. Actually, the extrapolation to low dose region is a 
good expression of the challenge we have to deal in order to make the 
connections between both worlds, the discrete micro-world to the continuous 
macro-world. Our assumption it is that absorbed dose cannot connect both 
worlds and the aim of this work is to propose another quantity: the entropy. It is 
well known that the biological effects of radiation is a function of the absorbed 
dose weighted by other corrected factors like RBE, LET, quality factor, weight 
factors, etc. Some of these additional factors are mainly related with the 
biological response of tissues and cells and aren’t true physical quantities 
because include some subjective judgement. Biological studies have a major role 
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in this process however there is still room for the introduction of new physical 
quantities. We present entropy as a physical quantity to be used to seek 
relationships between physics and biology. In order to conclude about the 
viability of the entropy, we present some results that clearly show very good 
relationships between entropy and the so called subjective corrected factors. 
Also some studies in radiation physics show very consistent results. However, 
there is still a lot of work for doing because the entropy can have many 
applications. 
INTRODUCTION 

Biological cells, tissues, organs or living beings are complex systems. The 
biological effects due to the exposure of the ionizing radiation are changes in the 
structure and behaviour of these complex systems. When organic or inorganic 
matter is exposed to radiation, changes happen in the target due to an enormous 
statistical complexity that arises from the point of view of radiation physics. 
Any radiation beam can also be seen as a complex system due to the interactions 
in matter, what leads to statistical complexity at the level of energy deposit. All 
the developments were founded on the Shannon definition of entropy of a 
probability distribution, which emerges from the information theory (Shannon, 
1949). This work aims to make a summary of previous developments of this 
approach and to propose a new methodology for application in radiation 
biophysics and eventually in radiation dosimetry and protection. 

 
ENTROPY OF A RADIATION BEAM 

At the beginning it was made a very simple assumption. For the sake of 
simplicity, suppose an ideal monoenergetic pencil beam, incident perpendicularly 
at a surface point of a half-extended medium, for example water. The straight 
line of the incident beam is well visible at the primary interactions of the beam 
in matter (Figure 1 - step 0). Due to the physical interactions, it happens what 
we named photon track evolution (Oliveira, 2005). In Figure 1 it is shown 4 steps 
of the photon track evolution.  

 
Figure 1 – Photon track evolution for primary energy 

150 keV. From left to right: steps 0, 1, 5 and 10, 
respectively. 

Our simple assumption was that the distribution of energy deposited is described 
by the equation ∑ =

−= N

i ii EpEpS
1

)(ln)( , where N is the number of different values of 

the energy in the spectrum (it was used bins of 1 keV) and p(Ei) is the probability 
of finding a photon with energy Ei. The first results obtained correspond to an 
analysis in layers as a function of depth in water (Figure 2). 
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Figure 2 – Entropy as a function of depth in water (legends: number of photons 

simulated). Left: primary photons with 30 keV. Right: primary photons with 100 
keV. 

 

In Figure 2 it is shown the entropy as a function of depth in water for 30 keV and 
100 keV. In spite of the statistical fluctuations, it is well clear our first result: as 
expected, for 30 keV, the entropy, as a depth function, increases toward a 
constant equilibrium value, however for 100 keV, unexpectedly, the entropy 
decreases, meaning an energy distribution with a higher degree of order, as the 
depth increases. We pointed out a good relationship between this feature and 
the quality factor (Oliveira, 2000). 

 
ENTROPY OF POLYENERGETIC BEAMS 

An obvious development of this approach is the application to polyenergetic 
beams, such as X-ray. We pointed out, for instance, that the entropy decreases 
when filtration increases. For the same value of the tube potential, for example, 
50 kVp, the entropy of the primary energy spectrum is 3.46 and 3.37, for the X-
ray tube filtrations of 1.0 mm Al and 2.5 mm Al, respectively. This allows the 
conclusion that the filtration decreases the entropy of the energy distribution of 
the output of the X-ray tube. Moreover there is a completely different behaviour 
of the entropy for mono or polyenergetic beams (Oliveira, 2001, 2002), shown in 
Figure 3. The behaviour of a polyenergetic beam, at the light of the entropic 
analysis, shows a collective degradation of energy similar to higher values of 
monoenergetic beams, that is, the entropy decreases for both spectra, low 
energy X-ray (50 kVp) and high values of monoenergetic beams (100 keV). 
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Figure 3 – Left: entropy as a function of depth for monoenergetic and 
X-ray beams. Right: entropic parameters for X-ray beams. 

One of the most important remarks about Figure 3 is, at the left, the entropy 
increases for monoenergetic incident spectra and decreases for X-ray beams, as 
a function of depth. At the right, it is shown several parameters which can be 
defined for the behaviour of entropy as a function of depth. Moreover, the 
monoenergetic beam with the same value of the mean value of the X-ray spectra, 
which are about 30 keV, have a rather different behaviour, allowing us to 
conclude that the difference between a given spectrum and its mean value can be 
statistically quantified by the entropy, with respect to the degradation of the 
photons energies. 

Radiation physics were further developed, for example, in backscattering 
studies, which will be not presented here. We just mention that the results 
obtained shows consistency with other applications of the entropy (Oliveira, 
2003). 

 
ABSORBED DOSE 

Absorbed dose is a measure of energy imparted, ε , to a medium divided by the 
mass, m , of the medium, m/ε  (Kase and Nelson, 1978). However, the definition 
of absorbed dose has several restrictions, which are justified by those authors 
(Figure 4). “When m  is large enough to cause significant attenuation of the 
primary radiation (e.g. photons), the fluence of charged particles in the mass 
element under consideration is not uniform. This causes the ratio m/ε  to 
increase as the size of the mass m  is decreased. As m  is further reduced we will 
find a region in which the charged particle fluence is sufficiently uniform that 
the ratio m/ε  will be constant. It is in this region that the ratio m/ε  represents 
absorbed dose. Thus expectation value, ε , of the energy imparted over an 
appropriate size mass element must be used to determine absorbed dose. If m  is 
further decreased from the region of constant m/ε , we will find that the ratio 
will diverge… Hence, the determination of absorbed dose also requires that the 
mass element m  be large enough so that the energy deposition is caused by many 
particles and many interactions… It must be realized that the macroscopic 
quantities defined using the differential notation imply that a limiting process as 
described above has occurred” (Kase and Nelson, 1978).  
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Figure 4 – Left: Energy density as a function of the mass for which energy 
density is determined. The curve showed is one of the possible curves obtained 

if we choose a mass element at a random site inside the exposed medium. 
Right: Conjecture about the effect of decreasing dose. The zone with a pattern 

is where absorbed dose has physical meaning. 

The question that arises is: what is the appropriate size mass that can be used 
to calculate absorbed dose? Even without a quantitative answer to this question 
we can expect that a limited zone in the space { }mm /,ε  exist, where we can 
speak in absorbed dose (Figure 4 on the right, zone with a pattern). Another 
problem is: what happens when dose decreases? Our conclusion is that it is not 
possible to define absorbed dose below of a given value, because we fall into a 
stochastic zone as is shown in Figure 4 on the right side, for example, with the 
shadowed zone labeled as C. An alternative way to enunciate this problem is: 
what dose is high enough to fulfill the condition of continuity required by the 
dose concept? 

These conclusions are relevant to the discussion of the linear no-threshold (LNT) 
hypothesis. Our conclusion is that dose-effect relationship at low doses is 
meaningless due to the failure of the absorbed dose concept. 

 
PHOTON TRACK AND ENTROPY 

Is there any physical concept that can be applied for whole space { }mm /,ε ? Our 
answer is yes. It is the entropy. Entropy allows new insights in the study of 
radiation track structures, independently of the dose values. We made several 
studies in photon track structure and extended this analysis to any other type of 
particles is straightforward. 

The photon track structure was defined elsewhere (Oliveira, 2005) through the 
probability P(E,j) which can be estimated by the relative frequency of the 
number of secondary interactions. We defined the concept of photon track 
evolution and pointed out several phases in the evolution of the photon track 
structure: primary attenuation, expansion, stable and dissipation phases 
(Oliveira, 2005). In Figure 5 (left) is shown the photon track structure with the 
labelling of the evolution phases of the photon track. The first phase, primary 
attenuation occurs only at step 0. Compare with Figure 1 where step 0 (j=0) is 
the primary attenuation phase, step 1 (j=1) is in the expansion phase (only for 
150 keV because for 50 keV the stable phase don’t occur), step 5 (j=5) is in 
stable phase and step 10 (j=10) is in the dissipation phase. For each step in the 
photon track evolution it is possible to calculate the entropy of the spectrum of 
energy deposit. On the right side of Figure 5 we would like to point out the 
different behaviour of the entropy along the photon track. In Figure 5 (right) 
there are two different behaviours which is in agreement with the results shown 
in Figure 2. 
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Figure 5 – Left: Photon track structure for 50 keV and 150 keV. It is shown the several 
phases of the photon track evolution. Right: Entropy of the energy deposit along the 

photon track. 

 
ABSORBED DOSE AND ENTROPY 

Accordingly our approach, entropy can have multiple applications in the analysis 
of the spectra of energy deposit as is shown above. Literally, where we have a 
probability distribution we have also an entropy value. As explained above, we 
made several analyses: entropy in layers, global entropy, entropy for 
backscattering spectra, entropy for X-ray and entropy for photon track 
evolution. Here we propose a methodology for analysis of dose-effect 
relationship in radiation biophysics. Usually biological studies of the radiation 
effects are focused on predefined end-points such as chromosomal aberrations, 
single or double strand breaks of DNA, etc. Very often the determination of 
absorbed dose on the interested target has great uncertainties because, for 
example, it is accepted uniformity of both the target and the radiation field, 
which is far from reality. How can the concept of entropy be applied in the study 
of dose-effects relationships in biological effects of radiation? Having well 
defined the target of interest and knowing the spectrum of the energy deposit on 
that target, then our goal is to explore a three-dimensional space: 
{ }entropy effect, biological dose, absorbed , which is shown in Figure 6. It is well known 
the importance of several factors like RBE or Q(L) on the biological effects of a 
given value of absorbed dose. We joint the entropy to the set of correction 
factors that can be related with the biological effect, pointing out that it is a 
well defined quantity. In other words, the same value of absorbed dose can cause 
different biological effects which have to be described by other factors and for 
that we propose the entropy. Our project is to answer the question: what 
happens if we joint the entropy as a correction factor to the absorbed dose? This 
project is expressed in Figure 6. 
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Figure 6 – Relationship between absorbed dose and biological effects 
of radiation is affected by several other factors. We propose entropy 

as a new factor. 

 
DISCUSSION AND CONCLUSION 

It is shown several applications of the entropy concept in radiation physics and 
dosimetry. Here it is proposed to extend the entropy analysis to the field of 
radiobiology or radiation biophysics, together with more realistic dosimetric 
models where, for example, uniformity doesn’t exist. Entropy can be used not 
only with absorbed dose determinations but also in the stochastic zone where 
specific energy is the quantity used. In conclusion, the entropy is a quantity that 
can be applied from the centimetre (human scale) to the nanometre (DNA scale), 
several decades in the spatial scale. Furthermore, a bridge between physics and 
biology can be made by an approach at the level of the energy organization in 
such complex systems with entropy. 
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