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ABSTRACT 

 
The composition of a radiographic film gives its values of speed, spatial resolution and base density. The 

technical knowledge allows to predict how a film with a known composition works, and simulate how this film 

will work with changes in composition and exposure. In this paper, characterization of films composed by 

different emulsions was realized, in a way to know the characteristic curve, and to study how the format, 

organization and concentration of silver salt crystals set the radiographic film images. 
This work aims to increase an existing simulator, where parallel programming was used to simulate x-ray 

fluorescence processes. The setup of source and x-ray interactions with objects stills the same, and the detector 

constructed in this work was placed to form images. 

At first, considering the approach that the film is a square matrix where each element has a specific quantity of 

silver grains, that each grain fills a specific area, and that each interaction to radiation transforms a salt silver 

grain in to metallic silver grain (black grain), we have a blackening standard, and it should show how is the 

behavior of a optic density in a specific area of the film. Each matrix element has a degree of blackening, and it 

is proportional to the black grains area. 

Keywords: Monte Carlo simulation, radiographic film, density/exposure curve 

 

 

1. INTRODUCTION 

 

Currently, radiography has many applications. In some applications, the quality and 

general properties, like speed, spatial resolution and optical density are important to 

successful radiography [1]. For each situation, a certain characteristics are recommended. If 

the object is thin and with less radiopacity, a kind of film is used; if the object is large and 

with much radiopacity, another kind is used. These characteristics also were influenced by 

the radiation beam and the components layout. These films are made to attend these 

requirements [1] [2] [3]. 

The change in elements of the radiographic film implies the change in its properties, 

and it is possible to establish a standard for each film made. Knowing how the latent image 
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appears, it’s possible to set the film model to simulate the radiography with this film, and also 

the changes resulting from alteration of the film properties [4]. 

So we can use computer simulation to establish the characteristics of a given film and 

predict how it works in certain exposures, or even, try to model the film by their known 

properties. 

 The objective of this work is to build a simulator of radiological film which will be 

integrated into radiography system simulation constructed by Santos [5] 

 

 

2. THE RADIOGRAPHIC FILM: THEORY AND MODEL 

 

The film itself is constructed from the superposition of different structures: protective layers 

against abrasion, emulsion, adhesion layers and a base for mechanical support. The protective 

layer, adhesion layer and the base do not collaborate directly for the image on radiographic 

film. This process is reserved for the emulsion that may be a colloid, or a gelatin impregnated 

by grains of silver salt (silver bromide, basically) [1] [2]. 

 

2.1. Emulsion 

 

The emulsion, which is composed of silver halide grains, is the component responsible for 

image formation and lies between the substrate and the protective layer. Since the purpose of 

this work is reproduce features of image, only emulsion was modeled and used in the 

simulation. In fact, silver halide grains (about 95% silver bromide and 5% of silver iodide) 

are arranged within a gelatin layer, the same gelatin in the protective layer, so,  the only 

difference between the emulsion and protective layer is the presence of these grains. The 

latent image is formed when the interaction of radiation with these grains forms "speck 

sensitivity regions" where the silver atoms are no longer in salt form. In the development 

process, these specks start a chain reaction, dissociating all of the silver salt molecules, which 

is concentrated and becomes black. This process increases the optical density of the region, 

and the contrast between exposed region and unexposed region forms the image [1] [2]. 

 

The blackened area per grain Ae is proportional to the cross section of the grain sensitized Ag 

(between 1 and 2.3 square micrometers). The relation of grain area density (about 6x10
10

 

grains per square centimeter) and the average size of these grains feature the "speed”, i.e. the 

rapidity with which the latent image is formed on the film before development [3]. 

 

The process of interaction of radiation with the silver grains is stochastic, and the probability 

of a photon to interact with a silver grain can be estimated. As the entire process is 

probabilistic, a grain that interacts with radiation may have previously been affected, it 

means, the probability of interaction of grains that have not yet been sensitized decreases 

with the increase of the number of grains sensitized [3]. 

.  

After development and fixation of the film, the metallic silver generated by a grain adheres to 

the film base blackening a small area. To view the image, it is necessary to illuminate it from 

behind (opposite the observer). The perception of the image depends on the contrast between 

the blackened and "transparent” areas. The ratio between the intensity of light transmitted 

across the film and the intensity of incident light behind the film is called transmittance (T), 

and is modeled by the expression [3] [4]:  
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                (1) 

 

Where I is the transmitted light intensity, I0 is the incident light intensity and g is superficial 

density of sensitized grains. Therefore, the transmittance T is: 

 

   
 

  
            

 (2) 

 

A more appropriate parameter to describe the blackening of the film is the optical density (D) 

calculated from transmittance [3], 

 

        
 

 
           

 (3)

 

Thus, the maximum optical density is reached when all grains in the film are sensitized. If the 

film has G grains per square centimeter, the maximum optical density [3] is 

 

         
 

 
           

 (4) 

 

For a blackened grains area of 6.3 square microns and a superficial density of grains equal to 

1.2 x10
8
 grains per square centimeter, the maximum optical density will be near to 3.2 [3]. 

 

 

The probability of any silver salt grain in the film to be sensitized by an X-ray photon is 

proportional to the ratio between the total area filled by grains unsensitized and the area of 

the film. Thus, the sensitization rate of grains per incident photon flux (photons per square 

centimeter) [3] is 
  

  
         

 (5)

 

Integrating this expression, is obtained the characteristic curve of a radiographic film directly 

exposed to X-ray in terms of photon flux which indicates the superficial density of sensitized 

grains [3] 

 

                   (6)

 

Due to the care of radiological protection, this last expression must be rewritten in terms of 

exposure X to X-ray film 

                 
 

 (7)

Where k is a proportionality constant that relates the exposure X and the photon flux per area 

in the film. Applying each of the expressions of superficial density of sensitized grains in the 

expression of optical density [3]:  

 

                                           (8)

 

                                         (9) 
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Equation (9) gives the theoretical relation between optical density and exposure, usually 

plotted in a semi-log graph [4] [6]. 

 

2.2. Modeling the film 

 

The film, as an element described for the simulator, is an object like the samples and must be 

positioned at some coordinate in simulation space. The difference is the vector, normal to the 

surface of the film, which determines the “detection direction.” 

 

We can reproduce the film behavior on different exposures and construction parameters: 

grains superficial density, grain area, film area, digital resolution of the film. This last 

parameter is necessary since the simulated image is natively digital because of the nature of 

simulation. 

 

It assumes that one interaction with X-ray photon is sufficient to sensitize a grain, regardless 

of the energy of incident photon. Thus, the probability of one grain to be sensitized on the 

film corresponds to the equation (5). In the simulation process, for each sensitized grain, the 

total number of available grains (G - g) is updated. So, for each emitted photon, there is a 

total number of sensitized grains which should follow the behavior described by equation (6). 

 

The grains are distributed homogeneously on the surface of the film, and the because of 

discrete nature of the film model, in the simulation, we need a threshold number of sensitized 

grain per discrete image element (pixel). When all grains of a pixel are sensitized, we say that 

the pixel is saturated, no further sensitization is permitted 

 

 

2.3 Simulation mechanism 

 

The intersection of photon trajectory with the plans that describe the film must be inside the 

useful film area, if not, the photon is considered lost and a new emission is made, restarting 

the process. Once given the coordinate of the intersection point, it is converted to the film 

space, and the corresponding pixel coordinate (discrete coordinate) is calculated. Each pixel 

contains a number of grains (initially not sensitized). The count matrix (with discrete 

dimensions) is updated of each sensitized grain. From this matrix content, the probability of a 

grain be sensitized is calculated (equation (5)). 

 

Initially, the film contains G non-sensitized grain. When a photon is detected in a specific 

film coordinate, the probability of this photon to sensitize a grain in this pixel is evaluated, by 

the Monte Carlo method [7] [8] [9]. If the result is grain sensitization, and if there is non-

sensitized grain in this pixel, the count matrix is updated, and the total number of grains is 

decreased. If the Monte Carlo results in a non-sensitization, the photon is lost, and the process 

restarts with a new photon emission 

When a pixel is saturated, that is, the number of sensitized grains in the pixel area reaches the 

limit; a photon sorted to sensitize a grain is not lost. A new discrete coordinate in the film is 

randomly selected and sensitization procedure is executed again. When the entire film 

reaches saturation, the simulation is finished. The other form of end of simulation is the 
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Photon emission 
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generation of all predicted events (emission) by the source model, or the desired photon flux 

has been reached. Thus, it is possible to know the exposure. The entire routine is shown in a 

flowchart in figure 1. 

 

 

2.4 Implemented algorithm 

 

A flowchart that represents the whole algorithm is shown in figure 1: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1:  Flowchart of implemented algorithm 

 

 

Saturated pixel? 
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3 MATERIALS AND METHODS 

 

The simulator was built on the CHARM + + platform, based on C + +, which incorporates 

distributed processing routines.  The algorithm shown in figure 1 was written for this 

platform  The total activity of the source can be distributed in n cores, each responsible for a 

set number events (photons). In general, the photons will be simulated one by one so that, 

later, the image was integrated into the main computer.  

 

For constructed algorithm was used only one core due to the fact that image integration is not 

markovian [9] ,i.e. the final image is not only a sum or average of the  existing images. 

 

The X-ray source is modeled as a black box and is responsible for the emission of the X-ray 

photons, obeying a specific emission spectrum. To reproduce the emission geometry, the 

model of source allows the configuration of spot size (circular) and the divergence angle 

(opening of the emission cone). The source model allows to set the position (spatial 

coordinate) and the emission direction (unit vector in the space of the simulation). The model 

of the source also predicts the total events (emissions) desired by the user. 

 

The sample (specimen) is described by volumetric elements (simple conical, as ellipsoids, 

parallelepipeds and cylinders). Each volume element defines a spatial region which is 

attributed to a medium, described by its chemical composition. The interaction of an X-ray 

photon with the sample starts from the location of the point of intersection of the trajectory of 

the photon with the surface of the volume element. With the identification of the medium and 

their description, is processed the probabilities of mechanisms interactions typical for X-ray: 

photoelectric effect, elastic scattering and inelastic. 

 

The basis for the calculus of cross sections is the database developed by Ebel [10]. The 

treatment of the photoelectric effect includes the simulation of X-ray fluorescence, emitting 

fluorescence according to the information of the incident photon energy and the binding 

energy of the electron orbitals. Thus, the incident photon is replaced by photon fluorescence 

whose trajectory is random. For inelastic scattering, the energy of the scattered photon is 

calculated and a new trajectory is established as a function of scattering energy. Finally, the 

elastic scattering, only the trajectory of the photon is changed. 

 

To test the film behavior, radiographic images were taken without any object as a sample, 

only the direct exposure of the film with the aim of seeing the behavior of the optical density 

in accordance with the exposure. This configuration can be built in the simulator, posing as 

sample a parallelepiped with size of the free space with zero attenuation coefficient. These 

images were acquired with different numbers of events, this number progressing 

geometrically by    
  

. The first image was made with 10
1
 events, and the last with 10

9
. This 

procedure was done with 1.2 x 10
7
, 1.2 x 10

8
 and 1.2 x 10

9
 grains in the film and the area of 

each grain was set at 6.3 x 10
-7

 cm. The film area was 4 x 3 cm, divided into 800 x 600 

pixels. Soon after, we fixed the number of grains at 1.2 x 10
8
, and did the same procedure 

with the grain areas of 6.3 x 10
-6

 and 6.3 x 10
-
8

8
, the other parameters were equal. To 

simulate the initial value due to the base optical density and due to "fog" was estimated that, 

initially 3% of the grains are already of sensitized. 
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For each image, the mean blackening and equivalent exposure has taken, to be used to fit the 

curves "film characteristic curve." These curves should be compared to theoretical curves 

(equation 7). 

 

To test the image acquisition was simulated a phantom for contrast test, commonly known as 

"step edge", which is a ladder-shaped object, so that each region affected by radiation across 

different material thicknesses. The creation of this virtual element is basically simple, with 

the addition of parallelepipeds of equal length and width but different thicknesses. This image 

was acquired in order to take advantage of the linear region of the characteristic curve, 

acquired previously. For this reason, the parameters of the film and radiography remain the 

same. 

 

 

4 RESULTS 

 

Each image is generated by a "cycle" of the simulator. Using a single core of a computer 

DELL, ALIENWARE series, core i7 processor with 16 GB of RAM, UBUNTU 

operating system. At each cycle, the processing time increases linearly with the number 

of events. The maximum time spent for calculating 10
9
 events was about 2 hours and 5 

minutes without the specimen, and 3 hours and 8 minutes with the specimen. This 

variation is natural, since with specimen each event would have more interactions to be 

calculated. 

 

Using the directly exposure film images, it was possible to arrive at very similar curves 

with the theoretical model. The fact that the number of events grows in geometric 

progression helps fitting these curves, since, in logarithmic scale these values are equally 

spaced. To normalize the curves, the blackened area of grain was divided by the total 

area of grain. That would mean that, for the equation (5), are not calculated g, but g / G. 

The X-axis of the graph is an exhibition on arbitrary values, but proportional: since we 

are working with a monoenergetic beam, the number of photons reaching the film is 

proportional to the exposure value (in R), since the relationship between the two  is a Γ 

constant that depends on the energy of the photons. The results can be seen graphically 

in the figure below. 

 

 
Figure 2:  Characteristic curve - blackening x exposure  
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In figure 2 it's possible to see a correspondence between the theoretical and simulated 

curve for each setup of simulated film. At the same time we can observe that there is a 

correlation between the grain size and the film speed: the larger the grain has the faster 

the rate of blackening. This behavior also follows the equation (5). 

 

Changing the number of grains, if the grain size keep fixed as in standard curves, the 

result is exactly the same. Thus, in figure 2 curves for 1.2 x 10
7
 and 1.2 x 10

9
 grains with 

the size of 10
-8

 cm2 are exactly the same curve 1.2 x 10
8
. 

 

A                                B                                C                                D 

 
 

Figure 3: Images of the direct film exposure with 10
8
grains sized 10

-8
 cm

2
, with 

exposure: (A) 1 x 10
7
 , (B) 2.5 x 10

7
, (C) 6.3 x 10

7
 and (D) 2 x 10

8
 photons. 

 

 

 
Figure 4: "Step edge"  image with 10

8 
grains, 10

-8
 cm

2
 grain size and the exposure 2 

x 10
8
 photons 
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Figure 3 illustrates the images made with different exposures in a film with 1.2 x10
8
 

grains with 10
-7

mm
2
 area. The linear region of the curve was used to choose images 

inside the "useful range" exposure. So, it was chosen images with exposure of 1 x 10
7
, 

2.5 x 10
7
, 6.3 x 10

7
 and 2 x10

8
. These images show qualitatively that the film model 

working, because for each exhibition we have a different shade of blackening. If an 

object is placed in front of this film, the difference in thickness of the object will cause 

exposure difference in various regions of the film, forming the image contrast, as can be 

seen in Figure 4, where the “step edge" thickness allows each passing a specific number 

of photons. 

 

Images of direct film exposure are extremely faithful to what should be observed, there 

is a visual average blackening. With the images we can see factors that curve in Figure 2 

is not clear, for example, picture quality. For the same average blackening, we can see in 

Figure 5, the difference caused by different grain sizes, with equal grain superficial 

density. 

 

a)                                                            b)  

 
 

Figure 5: Image of the film direct exposure with 10
8
 grain. Size is 10

-6
 (a)  and 10

-7
 

cm
2
 (b) 

 

Figure 5 shows two pictures of the same optical density from two films with different 

grains sizes. The film with larger grains is the fastest as seen in Figure 2, but this 

efficiency has a price to be paid: the image quality is worse, because it has a higher noise 

level, which directly influences the spatial resolution. 

 

This happens because in figure 5a each grain has a greater weight in the pixel shade of 

gray. The curve is normalized, so, it is necessary fewer grains to reach the same shade of 

gray of Fig 5b. It makes the grain sample for each pixel is less, and the standard 

deviation is relatively higher. (Standard deviation is factor usually used to quantify noise 

in digital images). 
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Both are digital images with 800 x 600 pixels, but the edge of the images generated in 

the film with larger grains tend to be less clear, as we can see in Figure 6. With the 

increase of granulation is more difficult to see a straight line in edge of object image. 

Abrupt changes in grayscale on next pixels, also known as high frequency details are 

usually affected by granulation. The red arrow in the middle of the two images shows is 

the path that was covered to build the pixel value profile in both images. This profile is 

shown in Figure 7. 

 

a)                                                          b) 

 
 

Figure 6: Image of "step edge" with 10
8
 grains with size: 10

-6
 (a) and 10

-7
 cm

2
 (b) 

 

 

 

 
Figure 7: Profile of the "step edge" image (figure 6) with 10

8
 in size: 10

-6
 (a) and 10

-7
 

cm
2
 (b). The path to get to the profile is shown with the red arrow in Figure 6. 
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It is possible to see how the fluctuation noisy caused by larger dimensions of the grain can 

affect the border of the objects. In Figure 7a is hard to know where the beginning and end of 

each step, because the noise is almost as large as the difference between steps. In Figure 6B, 

the largest number of grains caused less noise, the steps are more visible. 

 

 

5. CONCLUSIONS  

 

The simulator is qualitatively and quantitatively similar to the analytical model used as 

reference for work. The average blackening on exposure follows the rule of equation (7), and 

grain size influences the image quality and the speed of the film, as expected. 

 

Observing equation (7), without a fog which can be preset, the characteristic curve assembled 

by the simulator is exactly the same. The normalized curve shows the different average 

optical density due various grain sizes, but there is no difference due varying quantity of 

grains per area. Without normalizing each configuration reach a maximum value itself, this 

does not correspond to reality. Whereas for each type and grain density there is a chemical 

development, and these different developments tend to reach the same average optical 

density, it is reasonable that the curves are normalized to be compared. 

 

Lower grain density could be compensated during chemical development for a relative 

increase in the blackened grain area. And this area increase of each grain compensates the 

lower number, in the total area. Films with different superficial density of equal grains tend to 

have different blackening, but the ratio of blackened area by total grain area is always the 

same. So, these curves can be normalized. 

 

Know the characteristic curve helps to choose what the best exposure for a given specimen. 

This was seen in Figure 4, whose exposure was chosen according to Figure 2 for exposing the 

"shoulder" of the curve, i.e. the end of the useful range of a directly exposed film. The 

attenuation caused by different thicknesses of the object would fall below the curve covering 

a greater area of the useful band. 

 

An important fact can be seen in the flowchart, the first draw is that the photon sensitizes a 

non-sensitized grain or not. If the draw is "yes", it necessarily must sensitize a grain. If the 

coordinates where it goes to are sensitized to all grains, is drawn a new coordinated for this 

photon. This process of drawing coordinated again is a way not to lose the photon that should 

sensitize a film and thus follow a behavior similar to what happens in equation (7). There is a 

concern that this mechanism increases the image random noise, and greater exposure brings 

high noise levels. At least visibly, it nor occurs. And indeed, the film having a region with 

saturation limit, if we continue to radiate a region already saturated, it begins to appear 

random noise in the rest of the film. One suggestion that can be tested in the future is to put 

the draw to sensitize the grain or not after choose coordinates which would increase the 

computational cost, but may correct future problems. 

 

All processing properties are implicit in the model. Additional factors such as the amount of 

base and fog also. To control these factors, it is necessary to understand how the model was 

built and what can be modified without losing coherence. 
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