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Abstract 

 

Diffusion of ferric ions in ferrous sulfate (Fricke) gels represents one of the main 

drawbacks of some radiation detectors, like Fricke gel dosimeters. In practice, this 

disadvantage can be overcome by prompt dosimeter analysis, constraining strongly the 

time between irradiation and analysis. Due to required integral accuracy levels, special 
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dedicated protocols are implemented with the aim of minimizing signal blurring due to 

diffusion effects.  This work presents dedicated analytic modelling and numerical 

calculations of diffusion coefficients in Fricke gel radiation sensitive material. 

Samples are optically analysed by means of visible light transmission measurements 

capturing images with a CCD camera provided with a monochromatic 585 nm filter 

corresponding to the XO-infused Fricke solution absorbance peak.  Dose distributions 

in Fricke gels are suitably delivered in order to assess specific initial conditions further 

studied by periodical sample image acquisitions. In a first analytic approach, 

experimental data are fit with linear models in order to achieve a value for the 

diffusion coefficient. The second approach to the problem consists on a group of 

computational algorithms based on inverse problem formulation, along with suitable 

2D diffusion model capable of estimating diffusion coefficients by fitting the obtained 

algorithm numerical solutions with the corresponding experimental data. Comparisons 

are performed by introducing an appropriate functional in order to analyse both 

experimental and numerical values. Solutions to second order diffusion equation are 

calculated in the framework of a dedicated method that incorporates Finite Element 

Method. Moreover, optimised solutions can be attained by gradient type minimisation 

algorithms.  Knowledge about diffusion coefficient for Fricke gel radiation detector 

might be helpful in accounting for effects regarding elapsed time between dosimeter 

irradiation and further analysis. Hence, corrections might be included in standard 

dependence of optical density differences and actual, non-diffused, absorbed dose 

distributions. The obtained values for ferric ion diffusion coefficient, in mm2 h-1, were 

(1.24 ± 0.07) and (1.15 ± 0.05) for the 1D and 2D method, respectively, in the first 

approach method and (0.65 ± 0.01), (0.68 ± 0.02) and (0.65 ± 0.02) in the second 

approach method. The results show good agreement with previous works 

corresponding to similar Fricke gel dosimeter compositions. Thus, more accurate 2D 

and 3D dose mapping might be attained that constitutes valuable improvements in 

Fricke gel dosimetry, and parallel a high precision methods of diffusion model and 

calculation have been developed. 
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1.- INTRODUCTION 

 

Due to the introduction of modern radiotherapy techniques, like conformal radiotherapy or 

IMRT, there is an increasing need for accurate 3D dosimetry techniques for dose 

verification. In order to achieve precise 3D dose verification for modern radiotherapy 

treatments it is necessary the development and improvement of integrating dosimeters with 

sufficient enough precision and resolution in all dimensions. Traditional dosimeters like 

ionization chamber, TLD or film dosimeters do not satisfy the requirements for 3D 

dosimetry [Schreiner 2006]. On the other hand, gel dosimeters appear as a valuable and 

promising tool for 3D dose verification systems. 

There are two main types of gels used for dosimetric application: Fricke gels and polymer 

gels. The supposed advantage of polymer gels was that they do not diffuse significantly 

after irradiation, while that represents the main disadvantage of Fricke gel dosimeters. 

However, due to more complicated elaboration process as well as a greater cost, polymer 

gels result less convenient than Fricke gels. Fricke gels can be analysed either by nuclear 

magnetic resonance (NMR) [Gore et al., 1984] or by optical systems which are, 

economically, largely more convenient. In order to optimise the optical analysis method, a 

novel technique employing thin Fricke gel dosimeter layers of suitable shapes was earlier 

proposed [Gambarini et al., 2004; Gambarini et al., 2006]. 

The main reaction of Fricke gels caused by radiation is the oxidation effect of ferrous 

(Fe2+) ions into ferric (Fe3+) ions. In addition, the Fe3+ yield is correlated to the absorbed 

dose. A gel matrix is used to fix spatially the ferrous sulphate solution achieving better 

spatial resolution slowing down the movement of produced Fe3+ ions.  

However, Fricke gel dosimeters are susceptible to a not negligible Fe3+ ion diffusion 

effect after irradiation, which alters significantly the dose spatial distribution. Diffusion is a 

well-known effect in Fricke gel dosimeters [Gambarini et al., 2004; Gambarini et al., 2006; 

Olsson et al., 1992; Valente 2007]. Previous works have studied the diffusion effect mainly 

with magnetic nuclear resonance imaging (MRI) methods [Olsson et al., 1992; Harris et 

al., 1996; Pedersen et al., 1997].  
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Fricke gel dosimeters infused with Xylenol Orange (XO) in form of thin layers can be 

suitably optically analysed [Gambarini et al., 2004; Gambarini et al., 2006; Valente 2007; 

Valente et al., 2007]. The analysis method consists basically in visible light transmission 

measurements through the thin dosimeter layers. The XO compound changes 

radiochromically the Fricke gel properties. The optical density difference, between before 

and after irradiation, can be proportionally correlated to the Fe3+ yield, therefore it results 

proportional to the absorbed dose as well [Gambarini et al., 2004; Gambarini et al., 2006; 

Valente 2007]. 

Previous works have shown that dose distribution degradation, due to Fe3+ diffusion, is 

significant beyond 30 minutes after irradiation [Olsson et al., 1992].  

Diffusion is a convolution process. There is a correlation between the concentration 

distribution at time t and the initial distribution (at time t=0). As a first approximation, this 

correlation can be considered as a Gaussian kernel convolution; therefore the so obtained 

diffusion coefficient represents the average distance that ferric ions diffuse. A full 

description of the Fe3+ diffusion effect should be obtained from a 3D solution of the 

diffusion equation taking into account, also, the steepness of the concentration distribution 

[Chu and Wang 2000].    

Modern radiotherapy techniques, as IMRT or stereotactic radiotherapy, usually involve 

high-gradient dose distributions; therefore, the dose gradient dependency is of particular 

importance in employing the Fricke gel dosimetry. It is necessary, then, to look for a 

method in order to avoid significant Fe3+ diffusion effects; while diffusion effect 

corrections may be made by deconvolution techniques. Therefore, more accurate 

determination of dose distribution, employing Fricke gel dosimeters, could be achieved by 

means of the determined diffusion coefficient (D) and developing suitable computer 

programs for deconvolution taking account of ferric ion diffusion within the elapsed time 

(t).    

The impact of the different ingredients concentrations on the diffusion coefficient and dose 

resolution in gelatine Fricke gels was previously studied [Saur et al., 2005]. The effect of 

increasing the gelatine concentration showed no significant differences in the diffusion 

properties, while Fe
2+

 concentration from 0.5 mM to 1.0 mM did not change significantly 



ISSSD 2014 
April 13 to 16th, 2014.  Cusco, Peru 

 

314 

 

diffusion effect and pH values between 1 and 2 did not seem to alter the diffusion of Fe
3+

 

ions in the gel.  

The present study is dedicated to the determination of the diffusion coefficient D of XO-

infused Fricke gel dosimeter suitably elaborated in form of thin layers. The adopted Fricke 

gel layers dosimeter composition and elaboration procedure has been described in previous 

works [Gambarini et al., 2004; Gambarini et al., 2006; Valente 2007; Valente et al., 2007]. 

Fricke gel dosimeter layers of different shapes were prepared and irradiated with photon 

(18 MV) and electron (12 MeV) beams from a linear accelerator (Varian 2100C) 

employing adequate irradiation configurations in order to obtain convenient initial dose 

distributions within the dosimeters. The dosimeters have been systematically analysed, by 

means of visible light transmission images, at several times after irradiation for the 

determination of the diffusion properties of this kind of dosimeters. 

The main objective of this work was to determine, by mean of two different approaches as 

mention previously, the diffusion coefficient D of ferric ions in Fricke gel solution. 

 

 

2.- MATERIALS AND METHODS 

 

The Fricke gel layer dosimeters (3 mm thick) were manufactured following the preparation 

protocol for Fricke gel layer dosimeters, which has been described in previous works 

[Gambarini et al., 2006; Valente, 2007; Valente et al., 2007]. Hence, Fricke gel layer 

dosimeters have been elaborated, essentially, having two different shapes: rectangular 

120x60 mm
2
 and square 120x120 mm

2
.  

The manufactured dosimeters have been separated in two sets for the first approach to the 

diffusion coefficient calculation: the first one, consisting of rectangular dosimeters, was 

dedicated to the 1D approximation, while the second set, consisting of square dosimeters, 

was employed to the 2D approximation. The three of the samples have been use for the 

second approach to the diffusion coefficient calculation.  

The sample sets have been irradiated in different ways. The first group of rectangular 

dosimeters has been irradiated with an 18 MV photon beam from a linear accelerator 

(Varian 2100C, Varian®). The dosimeters were carefully shielded from the 50x50 mm
2
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photon beam employing suitable 50 mm thick cerrobend blocks. Therefore, one half of this 

group has been irradiated in such a way to produce a rectangular (30x20 mm
2
) initial dose 

distribution, while the other half has been irradiated producing a circular (30 mm diameter) 

initial dose distribution. The corresponding initial dose distributions are shown in Figure 1. 

 

 

 

Figure 1.- Transmittance (585 nm) images (30 minutes after irradiation) within the 

dosimeters. On the left: 30 mm diameter circular shape and on the right 30x50 mm
2 

rectangular shape. 

 

The set of square dosimeters were irradiated with a 12 MeV electron beam from the same 

linear accelerator but, in this case, dedicated shielding cerrobend blocks (30 mm thick) 

have been used to produce a narrow beam by means of a 1 mm hole at the center of the 

block. Hence, this suitable shielding configuration would produce an almost punctual (1 

mm diameter) initial dose distribution in order to mimic Dirac-delta initial conditions, as 

shown in Figure 2. 

 

 

 

Figure 2.- Transmittance (585 nm) images (45 minutes after irradiation) within the 

square dosimeter. 
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The optical analysis method has been already widely described in previous works 

[Gambarini et al., 2004; Gambarini et al., 2006; Valente, 2007; Valente et al., 2007]. 

However, a briefly description of the method is presented here. The method is based on the 

visible light transmittance imaging through the dosimeters, which is detected just before 

and suitably after irradiation. The dosimetric gel is inserted in properly designed containers 

composed of two transparent Perspex sheets, held by a frame. 

 

Dosimeters can be manufactured having different shapes depending on the convenience. In 

order to perform optical transmittance analysis, gel dosimeters are in form of thin (3 mm) 

layers and they are placed on a plane and homogeneous illuminator. The images are 

detected by means of a CCD camera, which is supplied with a suitable optical filter (around 

585 nm). 

 

The acquired images are analysed with of a dedicated software “AQUILES” (MATLAB® 

support; The MathWorks Inc, Natick MA, USA; Official license MathWorks 3407-8985-

4332-9223-7918). The images are first converted by AQUILES in Grey Level (GL) 

matrices and then analysed in order to obtain the optical density difference (∆OD) 

distribution within the selected region of interest (ROI) defined by the user. 

 

According to the Boltzmann main radiation equation, it is possible to demonstrate the 

suitability of approximating light fluence in this case by means of the Bouger-Lambert Beer 

(BLB) law [Valente 2007; Vedelago 2013], the employed optical analysis method can be 

mainly described by the following equation: 

 











After

Before
BeforeAfter

GL

GL
ODODOD 10log    (1) 

 

where “Before” and “After” stand for transmittance measurements carried out before and 

after irradiation. 
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The transmittance images are directly read by AQUILES and therefore, the ∆OD values are 

automatically calculated providing 1D information (profiles), 2D (surfaces) and 3D (3D 

reconstructions from piled up single dosimeter layers) [Valente et al., 2007]. 

2.1.- Linear approach 

 

The employed mathematical model is based on the linear diffusion equation, i.e. constant 

diffusion coefficient. The 2D diffusion equation for the probability distribution P and 

diffusion coefficient D is given by: 

 

0
12 





t

P

D
P      (2) 

 

Solutions to Equation 2 can be immediately obtained by means of a Fourier Transform (FT) 

procedure. Therefore, solutions for both 1D and 2D cases can be straightforwardly obtained 

just applying required boundary and initial conditions. Hence, for the present conditions: 
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where t0 and x0 represent the initial time and position, respectively, in the 1D 

approximation, while “erf” stands for the Error Function. 

 

On the other hand, for the 2D approximation it is convenient to express it in polar 

coordinates, i.e.: 
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where ρ0 is the initial radial position. As follows from Equation 4 there is no dependence on 

the angular coordinate (θ) and this can be easily explained by the fact that linear diffusion 
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equation is an isotropic process, assuming uniform homogeneous isotropic distribution of 

chemical compounds within the sensitive material (Fricke gel);  which should be actually 

satisfied because the careful elaboration process [Valente 2007]. 

Calculating the second moment of Equations 3 and 4 it is possible to obtain a useful 

relationship for a diffusion process, given by: 

 

  nDtddtP 2,,2

0

2

0

2
 






    (5) 

 

where n is the “isotropic dimensionality”, i.e. n=1 for 1D and n=2 for 2D isotropic media. 

As it is known, the second moment is correlated with the distribution spread for a Gaussian 

kernel distribution, therefore, the present method is based on the diffusion coefficient 

calculation by means of Equation 4, provided that the probability distribution P has been 

suitably created in such a way to mimic the Gaussian distribution, as is the choice of high 

spatial localized and angular symmetric initial distribution. 

 

2.2.- Inverse problem technique 

In order to estimate the value of D in Equation 2 an inverse problem technique is proposed. 

Strictly, the function P represents the solution of the problem: 

 

 Tin
t

P

D
P ,00

12 



    (6) 

 

 TinPn ,00ˆ 


    (7) 

 

     inxPtxP
 00,     (8) 

 

for each choice of D. In this way, the diffusion coefficient is treated now as a fitting 

parameter which allows solutions optimization. Here, Ω represents the ROI,  ∂Ω its 
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boundary and n̂  the corresponding outside outward normal vector. The initial condition 

 xP
0

  is considered as the first optical transmittance acquired image. 

 

Mathematically, the inverse problem can be established as: Find a parameter D able to 

generate data P that best match the available (experimental) information over time 0≤t≤T. 

For these propose, objective functional J is constructed by:  

 

         dtxdttxPtxPDPJ

T

2
2

0

,ˆ,
2

1
;


 



  (9) 

 

which gives a notion of distance between the real data  txP ,ˆ 
 and the solution of the Partial 

Differential Equation (PDE)   txP ,ˆ 
 for each choice of the parameter D. Experimental data 

(optical transmission images of Fricke gel samples) are available only for specific times ti 

in the interval [0,T]. Thus, the  t  function defined as: 
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is a characteristic function of [0,T]. With an adequate large value of M,    0 tti  

and   Mti  , allowing J calculation for the experimental data. For the mathematical 

formulation an operator E is defined such that: 
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is the weak variational formulation of Equations 6, 7 and 8 is written as E(P;D)=0. 
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The parameter that best matches the experimental information with the generated data 

provided by the direct problem can be computed by solving a PDE-constrained 

optimisation problem, namely, minimise: 

 

  DDPJ :;    subjected to     abUDDPE  :0;         (12) 

 

where abU  denotes the set of admissible values of D. In the ferric ion diffusion case, abU  

should be a subset of (0,∞). Notice that a solution (P,D) must satisfy the constraint 

E(P,D)=0, which constitutes the direct problem. 

 

A MATLAB® (The MathWorks Inc, Natick MA, USA; Official license MathWorks 3407-

8985-4332-9223-7918) computational routine implementation is developed to compute the 

weak solution of  Equation 11 by using the Finite Elements Method (FEM) and the 

optimisation problem (Equation 12) is solved by using a Trust Region Reflective method, 

by means of the built-in MATLAB® function fmincon. For this propose, the derivative of 

the functional J is computed using the adjoint method. This method is much cheaper, 

computationally, than the sensitivity approach in which the direct problem is solved many 

times per iteration. For more details see, for example, [Hinze, 2009; Quiroga et al., 2013; 

Nocedal and Wright, 2006]. 

Several error sources are associated with diffusion coefficient calculation. Assuming that 

variables contributing to error are independent, the uncertainty in D can be determinate by 

means of propagation theory as follows:  

 

2222

NumericalNoisePositionD       (13) 

 

where Position  is due to sample position in optical transmission measurement instrument, 

Noise  accounts for inherent noise in acquired images and Numerical represents the numerical 

calculation error. 

The experimental data are used as input of a high level developed algorithm. Dedicated 

computational routines are implemented in order to allow automatic ROI’s centering, 
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minimising possible discrepancy in sample position. Due to the high performance over all 

simulation process, numerical errors can be considered discarding. Typically obtained 

diffusion coefficient uncertainties are less than 2 % of corresponding D value. 

 

 

 

3.- RESULTS 

 

Visible light transmittance measurements of XO-infused Fricke gel layer dosimeters have 

been carried out just before and periodically after irradiation in order to obtain the dose 

distribution for several times after irradiation.  

According to the linear approach previously described, optical density difference profiles 

(1D approximation) and surfaces (2D approximation) were calculated by means of 

AQUILES as shown in Figures 3 and 4, respectively. 
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Figure 3.- Sequence of some optical density differences ∆OD profiles and model 

fittings (red solid lines) at several times after irradiation corresponding to the 

rectangular initial distribution. Top on the left: 30 minutes after, top on right: 90 

minutes after, bottom on the left: 600 minutes after, bottom on the right: 1200 

minutes after.  

 

 

 

 

Figure 4.- Sequence of optical density differences (∆OD) surfaces for several times 

after irradiation. Starting from up to left (45 minutes after) to right to down (239 

minutes after).  

 

According to Equations 2 and 3, the fitting functions for the 1D profiles and the 2D 

surfaces have been, respectively: 
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where f0, f1, σ, yo, y1, w and A are fitting parameters, and Q is an adequate rational 

functional that approximates the error function. 

 

The fitting process, for the 1D and 2D approximation, has been carried out by means of 

Equations 14 and 15. The obtained results are shown in Figures 5 and 6, respectively. 

 

 

 

 

Figure 5.- Square of 1D Gaussian spreads in function of time and linear fit for 

rectangular shape (left) and circular (right).  

 

 

 

 

Figure 6.- Square of Gaussian spreads as a function of time and linear fit. 

 

The results that follow correspond to the inverse problem technique approach. In order to 

traduce the input of the optical transmittance images of the Fricke gel samples; the 

developed software makes a special triangular grid of experimental data, as shown in 
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Figure 7. The meshing original method is capable of automatically resize triangles 

according to gradient changes along the image. Furthermore, this algorithm could be 

extended to volumetric information tetrahedron grids. A resume of the obtained D values is 

shown in Table 1. 

 

In order to perform quantitative comparisons between the two different models, linear 

approach and the inverse problem technique, applied in this work for diffusion coefficient 

calculation, a forward evolution of Equation 2 is calculated, with D values shown in Table 

1. 

A pixel to pixel difference between experimental data and obtained diffusion equation 

solution is shown in a three-dimensional visualization in Figure 8, comparing the two 

different approaches.  Data shown in Figure 8 correspond to the second set of Fricke gel 

dosimeters. 

In order to have a quantitative comparison between both methods, obtained solution  txP ,


 

after initial conditions evolution and respective experimental data  txP ,ˆ 
 are compared, 

using the norm: 

 

    

  22

22

,ˆ

,ˆ,

xdtxP
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    (16) 

 

For the first and second sets of Fricke gel samples comparison are shown in Figures 9 and 

10 respectively. 
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Figure 7.- Triangular grid trace over corresponding ROI of optical transmission 

signal (in arbitrary units).  

 

Table 1.- Obtained values for each diffusion coefficient calculation approach, for each 

initial dose distribution. 

Applied method Initial distribution and set D value  

[mm
2
 h

-1
] 

Linear Approach Circular set 1 1.15±0.05 

Inverse problem technique 

Inverse problem technique 

Inverse problem technique 

Inverse problem technique 

Circular & rectangular set 2 

Circular set 1 

Circular set 2 

Rectangular set 2 

1.24±0.07 

0.65±0.01 

0.68±0.02 

0.65±0.02 
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Figure 8.- Sequence of difference between acquired images and obtained solution from  

forward diffusion equation solutions with D values obtained with the linear approach (top) 

and inverse problem technique (bottom). 
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Figure 9.- Sequence Integral measure of the difference between data and equation solution 

result for the first set of Fricke gel dosimeters with circle (left) and rectangular (right) 

initial dose distributions. 

 

 

 

 

Figure 10.- Integral measure of the difference between data and solution result for the 

second set of Fricke gel dosimeters. 

 

 

 

 

4.- DISCUSSION 

 

Although the linear approach is a simpler implementation, it takes into account (in both 1D 

and 2D approximations) only a single profile of information. As is known, diffusion 

phenomenon depends on the concentration of ferric ions in the surroundings and due to the 

inherent geometry of the thin layers technique of Fricke gel dosimetry, it should be natural 

to compute the diffusion coefficient calculation in two dimensions. In this sense, the 

inverse problem technique approach is a more trusty and appropriate mode of attaining the 

diffusion coefficient value.  Besides, the inverse problem technique has a robust theoretical 

background. 
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The linear approach method presents bigger qualitative differences between experimental 

data and exact solutions, as shown in Figure 8. This result is consistent with quantitative 

measures given in Figure 10, and remains so for the other cases (see Figure 9). 

 

A more exhaustive study of diffusion effects in Fricke gel solutions should take account of 

differences in chemical compositions of the sensible material of the dosimeter [Gambarini 

et al., 2004; Valente, 2007], as possible variations due to storage temperature of irradiated 

samples [Valente, 2007; Zahmatkesh and Healy, 2003]. 

 

 

5.- CONCLUSIONS 

 

This paper has presented a novel method for achieving a bidimensional approach to the 

diffusion coefficient calculation by means of optical analysis. 

 

Moreover, the obtained results agree, within the experimental errors, with previous works 

[Gambarini et al., 2004; Harris et al., 1996; Olsson et al., 1992; Valente, 2007]. In 

particular, it is worth remarking that the agreement exists even when calculation was 

carried out by means of NMR analysis. Therefore, the present work provides a 

bidimensional approach to the diffusion coefficient calculation and at the same time it 

represents a better approach to the problem.  

 

The methods described here may also be applied to the problem of compensating for the 

effects of diffusion in clinical applications of the Fricke gel technique, which could be 

possible by specifying the deconvolution process characterized by the determined diffusion 

coefficient D.  

 

Acknowledgments 



ISSSD 2014 
April 13 to 16th, 2014.  Cusco, Peru 

 

329 

 

The simplified approach to diffusion effects was developed in collaboration with Prof. 

Gambarini during a PhD. dissertation. Authors are grateful to Cristina Turner for the 

support. 

 

 

REFERENCES 

 

Chu W.; Wang J. (2000). Exploring the concentration gradient dependency of ferric ion 

diffusion effect in MRI-Fricke-infused gel dosimetry. Physical Medical Biology 45: 

63-64. 

Gambarini G.; Biratari C.; Mariani M.; Marchesini R.; Pirola L.; Prestini P.; Stella M.; 

Tomatis S. (2004). Study of light transmittance from layers of Fricke-xylenol-orange-

gel dosimeters. Nuclear Instruments and Methods in Physics Research Section B 213: 

321-324. 

Gambarini G.; Brusa D.; Carrara M.; Castellano G.; Mariani M.; Tomatis S.; Valente M.; 

Vanossi E. (2006). Dose Imaging in radiotherapy photon fields with Fricke and 

Normoxic-polymer Gels. Journal of Physics: Conference series 41: 466-474. 

Gore J.; Kang Y.; Schulz R. (1984). Measurement of radiation dose distributions by 

nuclear magnetic resonance (NMR) imaging. Physical Medical Biology 29: 1189-

1197. 

Harris P.; Piercy P.; Baldock C. (1996). A method for determining the diffusion coefficient 

in Fe(II/III) radiation dosimetry gels using finite elements. Physical Medical Biology 

41: 1745–1753. 

Hinze M. OPTIMIZATION WITH PDE CONSTRAINTS. Springer. (Volume 23, 2009). 

Nocedal J.; Wright SJ. NUMERICAL OPTIMIZATION. Springer Science+ Business Media. 

(2006). 

Olsson L.; Westrint B.; Franssons A.; Nordell B. (1992). Diffusion of ferric ions in agarose 

dosimeter gels. Physical Medical Biology 37: 2243-2252. 

Pedersen V.; Olsen D.; Skretting A. (1997). Measurement of the ferric diffusion coefficient 

in agarose and gelatine gels by utilization of the evolution of a radiation induced 

edge as reflected in relaxation rate images. Physical Medical Biology 42: 1575–

1585. 

Quiroga AI.; Fernández DR.; Torres GA.; Turner CV. (2013). Adjoint method for a tumor 

invasion PDE-constrained optimization problem using FEM. Prepint. 



ISSSD 2014 
April 13 to 16th, 2014.  Cusco, Peru 

 

330 

 

Saur S.; Strickert T.; Wasboe E.; Frengen J. (2005). Fricke gel as a tool for dose 

distribution verification: optimization and characterization. Physical Medical 

Biology 50: 5251-5261. 

Schreiner L. (2006). Dosimetry in modern radiation therapy: limitations and needs. Journal 

of Physics: Conference series 56: 1-13. 

Valente M. (2007). Fricke gel dosimetry for 3D imaging of absorbed dose in radiotherapy. 

PhD. Thesis.  University of Milan, Italy. 

Valente M.; Aon E,; Brunetto M.; Castellano G;. Gallivanone F.; Gambarini G.  (2007). 

Gel dosimetry measurements and Monte Carlo modelling for external radiotherapy 

photon beams. Comparison with a treatment planning system dose distribution. 

Nuclear Instruments and Methods in Physics Research Section A 580: 497 - 497. 

Vedelago J. (2013). Modelo teórico y desarrollo instrumental para dosimetría Fricke gel in 

situ de alta performance para ámbito clínico. Tesis de grado de la Universidad 

Nacional de Córdoba. Argentina. 

Zahmatkesh MH.; Healy BJ. (2003). Diffusion measurement in ferrous infused gel 

dosimeters. Iranian Journal of Radiation Research 1(2): 79 - 86. 


