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Some applications of nuclear physics, to solve problems in dentistry and medicine are 
presented. The following two topics are going to be discussed:  

  
A. NUCLEAR ANALYTICAL METHODS FOR TRACE ELEMENT STUDIES IN TEETH 

Various nuclear analytical methods have been developed and applied to determine the 
elemental composition of teeth. Fluorine was determined by prompt gamma activation analysis 
through the 19F (p,α ν)16O reaction. Carbon was measured by activation analysis with He-3 ions, 
and the technique of Proton-Induced X-ray Emission (PIXE) was applied to simultaneously 
determine Ca, P, and trace elements in well-documented teeth. Dental hard tissues: enamel, dentine, 
cementum, and their junctions, as well as different parts of the same tissue, were examined 
separately. 
  
B. SECONDARY NEUTRON PRODUCTION FROM PATIENTS DURING HADRON 
THERAPY 

We have estimated the secondary neutron yields from tissue under irradiation with Hadrons 
(protons, alphas, carbon and neon ions, etc.) of up to 400 MeV per nucleon energies. Our results 
indicate that at least 4.2 neutrons, with energies greater than 5 MeV, are produced for every carbon 
ion of 400 MeV / u energy incident on tissue. This number reduces to 3, 1.4 and 0.3 respectively at 
carbon energies of 300, 200 and 100 MeV /u. The energy range of carbon ions considered here, 100 
MeV/u to 400 MeV/u, corresponds to that being actually used in therapy. It is suggested that due to 
the very high number of the secondary neutrons being produced in patients during therapy with 
carbon-ions extreme care should be taken while deciding to treat patients with C-ions, especially 
the younger patients who have many years of their lives ahead of them. 

 
 

INTRODUCTION 
 

The inorganic content of dental hard tissues has been shown to consist not only of Ca, 
P, and H, as indicated by the formula of hydroxyapatite, Ca10(PO4) (OH)2, but also of C, 
Mg, Na, Cl and F, as well as a number of trace elements [1]. It is also well established that 
F hardens teeth and makes them less soluble in acids and more resistant to caries [2, 3]. On 
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the other hand, the role of carbon in dental health is not so well defined, although it is 
suspected that the introduction of carbon in the dental matrix increases the solubility of the 
enamel and makes teeth more prone to decay. There is very little information regarding the 
role of other trace elements in dental health, either on their own, in relation to F, or to one 
another. One possible reason for the lack of such information may be the difficulty and the 
inaccuracy associated with chemical analysis of teeth. In order to overcome these 
difficulties, we developed nuclear analytical methods for investigating the role of different 
trace elements in dental health. 

The technique of activation analysis with He-3 was developed and applied to 
determine carbon content of teeth. For the determination of fluorine, and other heavier 
elements in teeth, the methods of proton-induced gamma emission (PIGE) and X-ray 
emission (PIXE) analyses were adopted. These nuclear analytical methods are well suited 
for trace elements analysis of teeth since they require little sample preparation and also 
offer the possibility of studying close lying regions independently. 

 
MATERIALS AND METHODS 

 
To avoid any possible errors owing to the external effects on teeth (such as the 

environment, topical treatment, varying cleaning habits, etc.), we chose to investigate the 
inside regions of the teeth which were especially cross-sectioned for this purpose. All the 
teeth in this study came from children who have lived in South Australia since birth, where 
the water supply is generally fluoridated in most areas. 

 

 
 

Figure 1:  Schematic diagram of a typical sectioned tooth, clearly showing various dental tissues. 
 
The teeth were carefully cross-sectioned along the vertical median plane and the 

samples prepared for analysis using the method that has been described in details, along 
with the technique for preparing various Apatite standards having the same matrix structure 
as the teeth [4]. Different dental hard tissues, enamel and dentine were clearly 
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distinguishable in the sectioned teeth, as shown in Fig 1, and were investigated 
independently. The elemental composition of cementum (the special “glue” that binds teeth 
in the jaw bone with firmness but is also flexible) in most of the teeth was also determined. 

Fifteen sectioned teeth, and three apatite “Standards”, were mounted in the same 
aluminum target ladder of an insulated stainless steel scattering chamber at an angle of 45° 
to the incident beam. The target ladder could be manipulated externally, and any one of the 
teeth or standards, or any part of them, could be exposed to the incoming proton beam, 
which was collimated to a 1 mm2 area. A 40 µg/cm2 thin carbon foil was mounted 15 mm 
in front of the target in order to eliminate any charging of the teeth during irradiation 
Before entering the scattering chamber the incident beam had to pass through a 12 inches 
long liquid nitrogen trap that stopped any contamination coming into the chamber along 
witgh the incident particle beam. 

The teeth were irradiated with 2 MeV protons at intensities varying from 20-10 nA. 
The characteristic X-rays produced from from different elements in the4 teeth passed 
through a 24 µm Kapton window of the scattering chamber at 90° and were measured with 
an ORTEC X-ray detector and conventional electronics. Lighter elements were determined 
using low beam currents (20-50 nA), where as for elements heavier than Fe, the proton 
intensity was increased to about 100 nA . A 1.5 mm thick Perspex filter was placed in front 
of the X-ray detector in order to reduce the large number of X-rays coming from P and Ca, 
the main constituents of teeth. The elemental concentrations of different regions were 
calculated simply by comparing their X-ray yields with those from the Apatitite Standards 
having identical matrices [4]. 

The F-contents in the teeth were simultaneously determined by observing the 6-7 
MeV gammas from the 19F (p, α ν) 16O reaction with a stabilized 6 x 5 inch NaI (Tl) 
detector placed in the forward direction. Pulses from an ORTEC Research Pulser were also 
fed through the same electronics as the gamma signals and displayed on the multichannel 
analyzer in order to accurately estimate the dead time of the system and to correct for it. 
For these measurements, the beam current was kept to 20 25 nA only, which reduced the 
dead time to no more than a couple of percent. The F-standard was also prepared by doping 
ultrapure hydroxyl apatite with analytically pure CaF2. 

Since the PIXE and prompt gamma analyses were carried out simultaneously, it was 
possible to measure the concentrations of F and other trace elements in any selected spot on 
the tooth and study any correlation.  
The carbon content of teeth was measured by activation analysis with a 2.7 MeV He-3 
beam and counting the 2.3 MeV gamma from the 72 s half life  14O activity produced 
through the  12C(3He,n)14O reaction with a NaI(Tl) detector [6]. A piece of silver steel, the 
carbon content of which was accurately measured by chemical technique [7] was used as 
the carbon standard. For the C-determination the He-3 beam was focused on or around the 
same spots on the teeth that had been previously analyzed for F and other trace elements.  

          
RESULTS AND DISCUSSION 

 
Proton induced gamma ray and X-ray spectra, from the dentine region of a diseased 

tooth are, shown in Figs 2 and 3 respectively.. It should be mentioned that, although the 
tooth was diseased, the region investigated was still free from any visible sign of decay. In 
the gamma spectrum (Fig 2), the three lines from the 19F (p, αν) 16O are well separated 
from any other gamma line, with practically no background. These have been labeled 
accordingly, along with their single and double escape peaks. The total area underneath 
these peaks can be easily determined, and compared to the corresponding area from the F-
standard, in order to calculate fluorine concentrations in various teeth. 
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Figure  2: A prompt gamma ray spectrum from the clean dentine region of a carious tooth. The 6-7 
MeV gammas from the 19F (p, α ν) 16O reaction. 
 
 

The PIXE spectrum (Fig. 3) was taken using a 1.5 mm thick Perspex filter in front of 
the detector. The X-ray peaks from Ca, Fe, Ni, Cu, Zn, Br, Sr, Ag and Pb are easily 
identified in the spectrum and have been labeled accordingly. From the areas of these 
peaks, concentrations of different elements have been calculated. In the no-filter case, the 
lighter elements (Na, Mg, Al, P, Cl, Ca, and Mn) were alos detected and their 
concentrations determined.  

 
 
Figure 3: The PIXE spectrum from the unaffected region of a carious tooth. 
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In the gamma spectrum from the activation of C in tooth, through the 12C (3He,n)14O 
reaction, the 2.313 MeV gamma peak and its first escape peak from the 14O were very well 
resolved (Fig 4) and could therefore be integrated quite easily. The absolute C-
concentration were obtained by comparing the areas of the 2.313 MeV peaks from the teeth 
and the C-standard.  
 

 
 
Figure 4: The 2.313 MeV gamma line from O-14 after activation of C with He-3 beam. 

 
So far we have investigated healthy and diseased teeth from 25 Children and 

determined the elemental composition of their enamel, dentine and cementum. 
Occasionally large variations in the elemental concentrations have been observed among 
hard tissues from healthy and diseased teeth, in different tissues from the same tooth, and 
sometimes also in different region of the same dental tissue. The results are summarized in 
Table 1, which givers the ranges of concentrations in different dental hard tissues from 
healthy and diseased teeth. The concentrations of Ca and P for enamel and Cl for the 
dentine, of decayed teeth have been shown in Table 1 as the means of two sets of widely 
different ranges observed.   
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Table 1: Trace elements in teeth. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From Table 1, certain differences  between the elemental compositions of healthy and  
decayed teeth are obvious. The concentrations of P, Al and Cl are higher in the enamel of 
healthy teeth than in the enamel of decayed teeth, whereas for Mg and V, the 
concentrations order is reverse. The carbon and iron concentrations are higher in dentine 
from decayed teeth than in the dentine from healthy teeth, whereas there is no difference 
between the C and Fe concentrations of healthy and decayed enamel. From amongst the 
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other elements observed, the concentrations of Na, S, Ni, Cu, Zn, Sr and Pb are found to be 
higher in both decayed enamel and dentine than in their healthy counterparts, whereas F, 
Ca, Cr and Mn show no significant difference between healthy and diseased teeth The Pb 
concentrations of of 2-50 ppm is in agreement with other measurements on the teeth of 
urban children [8, 9]. 
In the preliminary study of Pb measurement in the teeth from mentally retarded children, it 
was observed that the teeth from all children, except those suffering from Down’s 
syndrome (a genetic disease), contained appreciable amount of Pb (40 ppm and higher). 
Further studies are in progress to investigate the correlation between the Pb content of 
children’s teeth and their mental abilities. 
 
 

INTRODUCTION 
 

Radiotherapy treatment of different types of cancers with carbon ions is being 
conducted at the National Radiological Centre in Chiba (Japan), at the Heavy Ions research 
Facility at Darmstadt, Germany by the German Cancer Research Centre and the University 
of Heidelberg and at Particle Accelerators for Therapy, Radiology and Oncology Centre at 
Hyogo, Japan [10]. So far more than 3000 patients have been treated with C-ions at these 
centres [10]. Further facilities to conduct carbon- ion therapy are under construction at 
Heidelberg and Lanzhou (China) and being planned in Italy and Austria [10]. However, in 
spite of all this activity and interest in carbon-ion therapy, it is surprising that the matter of 
secondary neutron production from patients, and its potential implications, has not been 
given due attention. 
 

METHODS AND MATERIALS 
 

There appear to be no measurements or calculations in the literature, on neutron 
production from tissue under bombardment with carbon ions. However, experimental data 
is available where neutron yields from thick- targets of C and other heavier elements have 
been studied for carbon ion incident energies of up to 400 MeV / u [11], which covers the 
energy range being actually used in therapy. It is shown that the secondary neutrons 
produced have energies ranging from 5 MeV to twice the incident carbon- ion energy per 
nucleon with a abroad peak, at about 60-70 % of the incident carbon-ion energy, in the 
forward direction.  

Furthermore, it is also pointed out by the authors, Kurosawa et al [11], that the 
dependence of the yield of neutrons with energies greater than 5 MeV (apparently the 
minimum neutron energy which they could measure), integrated for a hemisphere from 0 to 
90°, on the target mass is very small compared with the difference of neutron numbers of 
the targets. For example the differences in the total yields of neutrons with energies greater 
than 5 MeV, from thick targets of carbon and aluminum, bombarded with carbon ions of 
100, 180 and 400 MeV / u, are only 11.6, 13.0 and 13.6 % respectively, while the 
differences in the neutron yields from thick carbon and lead targets, are 10.8, 22.4 and 4.4 
% respectively at incident carbon ion energies of 100, 180 and 400 MeV / u.. This means 
that the intensity of the secondary neutrons produced from thick targets of H, C, N and O 
would be similar, and at the most no more than around 10-15 % different from each other, 
under bombardment with C-ions in the energy range being presently considered.  

Therefore, based on these observations, one may be justified to use the secondary 
neutron production yields from a thick target of carbon in order to approximately estimate 
the numbers of such neutrons produced within patients (tissue), undergoing therapy with 
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carbon ions, as the major constituents of tissue are H, C, N and O. 
 

RESULTS AND DISCUSSION 
 

Our results clearly show that 4.2, 3, 1.4 and 0.3 neutron, with energies greater than 5 
MeV, are produced for every C-ions with energy of 400, 300, 200 and 100 MeV /u 
respectively.  Besides these secondary neutrons, there would also be a considerable number 
of slower neutrons of energies lesser than 5 MeV for which there is no experimental data 
and therefore could not be included in the present estimation. 
Typically, the medium dose per treatment of skull base tumours is around 20 Gy (physical) 
in the Darmstadt-Heidelberg programme [12].The numbers of C-ions required to impart a 
dose of 1Gy in tissue in the Bragg Peak are 6.9 x 10 6/ cm 2 , 8.8 x 10 6 / cm 2 and 
18.7 x 10 6/ cm 2 at carbon ions energies of 100, 200 and 400 MeV / u. respectively [13]. 
This means that the total numbers of secondary neutrons, with energies > 5 MeV produced 
from tissue at incident carbon ions energies of  100, 200 and 400 MeV /u would be 4.1 x 10 
7 / cm 2,  2.5 x 10 8 / cm 2 and 1.6 x 10 9 / cm 2 respectively.  

These very large number of neutrons could potentially cause new secondary cancers 
and could also have other side effects, especially when the high radiobiological 
effectiveness (RBE) of neutrons is taken into consideration [14].  
Kurosawa et al [11] also measured the energy distributions of neutrons produced from 
thick-carbon-target under bombardment with C- ions of 100, 180 and 400 MeV / u. By 
making use of the arguments already given one may also be justified to regard these energy 
spectra as similar to those which would be coming from a tissue target under bombardment 
with carbon ions. Therefore, from these energy distributions we have been able to estimate 
the mean-energy of the neutron spectrum to be 29, 50 and 125 MeV respectively at C-ions 
energies of 100, 200 and 400 MeV /u respectively. We used these values for estimating the 
“effective whole body dose” as well as doses to a number of organs. The energy spectra are 
“smooth and slowly varying” and one is, therefore, justified to take the mean-energy of the 
secondary neutrons spectra in order to estimate the dose contributions, rather than 
calculating doses at all the energies.   

In order to estimate the radiation doses to different organs we made use of the 
tabulations of Bozkurt et al [15] which give fluence- to- dose conversion coefficients, at 
different neutron energies, based on their VIP-Man (Visible Photographic Man). However, 
it must be kept in mind that these calculations in Ref. 15 are valid for parallel beam of 
neutrons incident upon the organs concerned. This situation is only partially met when the 
incident carbon beam is very close to the organ in question; otherwise the inverse-square 
law would have to be applied   

Our results show that for a physical dose of 20 Gy in the Bragg peak, the doses to 24 
body organs due to these secondary neutrons for different incident geometries, again by 
using the tabulations of Bozkurt et al [15].The results are shown in the tabl for three 
different incident geometries ; anterior-posterior (AP), posterior-anterior (PA), and 
isotropic (ISO). 

It can be seen that thje corresponding doses to different organs range from 2-5, 15-30 
and 130-230 mGy cm 2 at incident Carbon-ion energies of 200 and 400 MeV /u , 
respectively. These doses are definitely not insignificant, especially when the radiation   
weighting factor for neutrons is taken into consideration for estimating the absorbed doses 
to different organs. 

According to Brenner et al [16] “good evidence exists of increased cancer risks in 
humans for acute exposure of 10-50 mSv “. Therefore, the secondary neutrons produced by 
patients’ tissues at incident carbon-ion energies of 200 MeV / u and above have the real 
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potential of causing new cancers. 

 

CONCLUSIONS 
 

Our estimation clearly show that a very large number of secondary neutrons are 
produced by patients undergoing therapy with C-ion beams, especially at energies of 200 
MeV / u and higher. The doses to different organs are not insignificant and have the real 
potential to cause new cancers in the patients. It is therefore strongly recommended that, in 
the interest of safety of patients undergoing therapy with C-ions, comprehensive 
calculations and measurements should be conducted as soon as possible in order to:  

 
(a) determine accurately the yields and energy distributions of the secondary neutrons, down 

to  thermal region, produced from the patients  
(b)  to estimate the radiation doses imparted to various organs 
(c) to assess the risks of new cancers and other side effects 

An accurate knowledge of the fluence and energy distributions of the secondary 
neutrons is also necessary in order to assess their contribution to the”observed” RBE of C-
ions. 
It is further recommended that most serious and careful consideration should be given 
before deciding to treat a patients with C-ions, especially children and younger people who 
still have many years to live.  
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