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Abstract 

The use of a simple CCD-based imaging system for digitising an x-ray film 

image is demonstrated. A method of extending the region of linear response of the film 

based upon an analytic representation of the observed response to a series of increasing 

exposures is described. The validity of the procedure is illustrated through an example 

of the absolute intensity measurement of a reflection of cadmium sulphide. 

Introduction 

In spite of its limited dynamic range, film continues to be frequently used to 

record x-ray intensities. This is largely due to the resolution with which it records 

position sensitive information which is high even when compared with commercially 

available imaging plates whose resolution does not exceed 100 ujn. The conversion of 

this high-resolution information into quantitative form, however, presents two 

challenges. The first of these is the point-by-point conversion of the film images to 

digital form and the second is the extension of the dynamic range of the film. The first 

of these can be accomplished with a scanning densitometer. Methods of extending the 

dynamic range of the film have been attempted by the use of multiple film packs or by 

modifications to the processing chemistry (Stone, Dittmore & Henke, 1986). 

Here we describe an alternative method for the quantitative analysis of film 

images which utilises a single film, standard processing and is based upon a relatively 
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inexpensive CCD (charged coupled device) imaging system connected to a personal 

computer. 

Experimental 

Figure 1 is a block diagram of the CCD imaging system in which a white light 

source followed by a light diffuser is used to illuminate the film. The image on the film 

is focussed by a lens system onto the CCD camera whose output, converted by an 8-bit 

frame grabber to a 512x512 pixel array, is stored in a personal computer ready for 

processing by custom image processing software, FLMPRS. This software allows access 

to each pixel of the array, applies individually calculated corrections to the data to 

produce a final image for analysis. The individual pixel intensities of this image may 

then be summed to produce a quantity proportional to the total x-ray dose in each 

selected area. The CCD camera used had a pixel size of approximately 20 um 2. The 

imaging lens was adjusted until the system magnification was approximately 1:1 

producing a final spatial resolution of approximately 20 urn. We shall use the 

measurement of the absolute intensity of the (300) reflection of cadmium sulphide as an 

illustration of the technique. 

The x-ray film, sealed in a light tight envelope, was placed behind the detector 

aperture of a Philips PW1100/20 four-circle diffractometer. A series of direct beam 

exposures was obtained over a range of time intervals ranging up to 100 seconds. These 

exposures were made by opening the beam shutter for a fixed interval of time controlled 

by a quartz crystal based timing system. Measurements of the actual opening and 

closing times of the beam shutter indicated that this had a negligible effect on the total 

exposure times. The direct beam exposures were then followed by a set of diffracted 

beam exposures of the CdS (300) reflection. The diffracted beam exposure was 

performed at two co scan speeds of the extended-face crystal of 0.0002 and 0.0004 °/sec. 

All the exposures in a particular measurement were on a single piece of film, so 

that differences between films especially as a result of differences in development 

conditions were avoided. The film used in this study was A^fa RP1 which is a high 

speed film commonly used for medical imaging. The film was developed and fixed 
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using the developer and fixer specified by the film manufacturer. Once developed, fixed 

and dried, the film images corresponding to the direct and diffracted beam exposures 

were digitised using the CCD imaging system. 
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Figure 1. Block diagram of the CCD imaging system used for conversion of the x-ray 

film images to digital form for processing. 

Prior to any measurements being made, the CCD camera and imaging system 

were tested for linearity. This procedure was accomplished by first adjusting the 

intensity of the white light illumination source to a known maximum pixel value over 

the image field. A set of calibrated Melles-Griot neutral density filters was then used to 

attenuate the illumination source and the resulting intensity versus filter transmission 

data was obtained. The response of the imaging system was found to be close to linear 

up to a pixel value of 220. Since the frame grabber used to digitise the CCD camera 

output has 8-bit resolution, the maximum pixel value obtainable with this system is 255. 

This procedure was used to establish the maximum pixel value allowable on any of the 
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images produced ensuring that the results remained within the linear range of the 

imaging system. 

All of the direct-beam and diffracted-beam images were acquired such that the 

maximum pixel value was less man 220, thus guaranteeing the data obtained were 

within the linear range of the imaging system. This w. s accomplished by first placing a 

piece of identical unexposed, developed film on the film mounting plane and adjusting 

the maximum intensity over die image field to approximately 220. The resulting 

intensity corresponded to the minimum fog level of the film and was thus the maximum 

value observable on any of the images. The film was then removed and a reference 

image produced which represented the intensity distribution of the illumination source. 

All further images were acquired using the same illumination source settings and were 

thus processed using this reference image. Since the maximum value of the reference 

image exceeded 255 it was necessary to use a neutral density filter to attenuate the 

illumination source until the maximum value was within the linear range. A filter with 

D=0.31 was used making the scale factor (ie. the factor by which the reference image 

must be multiplied to obtain the actual pixel values) for the reference image equal to 

2.04. 

The films containing both the direct-beam and diffracted-beam images were then 

placed on die film mounting plane in turn to produce a set of digitised images as 

512x512 x 8-bit pixel arrays. These arrays were then reduced to 256x256 pixel arrays 

for storage by averaging over groups of 4 pixels. This reduced the storage requirements 

by a factor of 4 without any appreciable loss of information in the images. The first 

stage of the film image data processing involved determining the response 

characteristics of the film, ie. the linear density (D L ) versus the exposure time (TE). The 

original digitised data were produced as negative images for which the greater the x-ray 

exposure the smaller the pixel value (ie., the denser the x-ray image as a result of longer 

exposure, the less light is transmitted). In order to analyse the image data, each of the 

images was reversed to produce a positive image. This was done by subtracting each 

digitised image from the reference image, a procedure which also compensated for any 

non-uniformity in the illumination field. The steps in this process can been seen in 

Fig. 2. 
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The film response may now be determined using the positive images for each of 

he direct beam exposures. Using the program FLMPRS a small area of uniform 

maximum intensity was sampled on each direct beam image (Fig. 3) and the average 

pixel value recorded. The same area was sampled on each image to produce the film 

response curve. This sampling is equivalent to placing a small pinhole in front of the 

film to define an area of uniform x-ray illumination. 

300 

100 130 

Pixel Number 

100 ISO 

Pixel Number 

(a) (b) 

Figure 2. Original image data (shown is a sample cross section through the 2D data of a 

40-second direct-beam exposure), (a) The reference white light source illumination 

distribution (R,) and the film image (Fj) pixel distribution are shown, (b) The final 

positive image is obtained after subtraction from the reference image (Rj - Fj). 
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Figure 3. Molybdenum Ka direct-beam intensity distribution showing the area sampled 

on each direct-beam image. The wavelength variation is along the vertical direction in 

this image with the Kaj (lower) and Kot2 (upper) peaks clearly seen as distinct regions 

of the image. 

The resulting film response is shown in Fig. 4. Note that in this case both axes 

are on a linear scale; when plotted using logarithmic scales the response is of the form 

normally found to represent film response characteristics, ie., the log D vs. log E curve. 

Two points on our curve should be noted, they are the fog level which is the reduction in 

transmission of light through the film with no exposure to x-rays and the saturation level 

which is the level at which the film no longer responds to any further x-ray exposure 

due to the fact that the film grains within a particular region are no longer sensitive to 

x-rays. 

For the x-ray film used in this study the fog level DL » 60 (or D = 0.1 expressed 

on a logarithmic scale) and the saturation level of the film measured with this system 

D L = 260 (D * 1.9). The saturation density measured with this system may not be 

intrinsic to the film and may very likely be a result of the limited dynamic range of the 

imaging system. This limitation is imposed by the dynamic range of the frame grabber 

used which has 8-bit resolution and not by the CCD camera itself which has a much 

greater dynamic range. Since the range used for the measurements is approximately 
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200:1 the maximum logarithmic density that can be measured with this system is 

D = 2.0. Ideally one would have chosen a frame grabber with a greater dynamic range. 

If the film had a much greater dynamic range, then one would expect the initial 

linear section, which occurs up to a density of approximately 130, to continue well 

beyond this point. If we assume this to be the case, men extension of this initial linear 

section of the film response lead., to an 'linearised' density (Dy) versus exposure time 

(TE), Fig. 4, which would be the response of the film plus image acquisition system 

given a larger linear dynamic range. 
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Figure 4. (a) The actual film response D L (open circles) with the sixth-order polynomial 

fit superimposed, (b) The 'linearised' film response. This is the response expected if the 

film had a greater linear dynamic range. 

The 'linearised' film plus image acquisition system response is assumed to have 

the linear form, 

DU.GFTE + FL (1) 
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where Du is the 'linearised' film density, GF represents the system gain, TE is the film 

exposure time and FL is the fog level of the film. In this case the actual film response DL 

can be linearised by determining the value of TE for each pixel value in the image and 

applying equation (1). However, before this can be done it is necessary to find an 

analytic expression for the film response, DL versus TE. Morimoto and Uyeda (1963) 

suggest an empirical expression containing an exponential function while Henke et al. 

(1986) have based a simple analytical model upon the film properties. In this study we 

have found that an empirically determined sixth-order polynomial produces a very close 

fit to the film response data. Both the original data and the calculated values of the sixth 

order polynomial are shown in Fig. 4(a). 

Using the polynomial expression, each pixel value in the image from the fog 

level to the saturation level can be assigned an effective exposure time, TE. The value of 

TE corresponding to each pixel in the original film image can then be substituted into 

equation (1) to produce a 'linearised' film image. This procedure was carried out for 

each image using a computer program FLMPRS to produce a set of 'ideal' images 

which were then used for the quantitative processing. The value of the system gain, GF, 

was determined graphically from the film response data as was the film fog level, FL. 

In order to check the validity of this procedure, each of the direct-beam images 

was processed in the same manner to produce a set of 'linearised' images. The resulting 

images were then 'integrated' by summing the pixel values over an identical selected 

area on each image. These areas were chosen to include all the radiation associated with 

the direct beam. The total recorded intensity for each image represents the total intensity 

of the direct beam for each of the exposure times. The results of this processing are 

shown in Fig. 5. It is apparent from this data that the resulting response to the 

direct-beam intensity is very close to linear up to approximately TE = 40 seconds. This is 

what would be expected if the x-ray film and imaging system had a larger linear range, 

ie. a doubling of the exposure time should lead to a doubling of the recorded 

direct-beam intensity. Beyond the T E = 40 second point the effects of film saturation 

begin to be noticeable. The fact that this relationship is close to linear up to TE - 40 

seconds is confirmation of the validity of the technique used to extend the linear range 

of the >.-ray film and imaging system up to that exposure. 
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Figure 5. Direct-beam integrated intensity from the 'linearised' film data. The integrated 

intensity is close to linear up to approximately TE = 40 seconds which is well beyond the 

linear range of the unprocessed x-ray images. The nonlinear section of the data beyond 

TE = 40 seconds is due to film saturation. 

It is surprising that such a large correction to the original image data results in 

'linearised' image data which exhibits an extended linear range when the images are 

'integrated'. When the image data is taken pixel by pixel, the individual corrections can 

be quite large. An example of this effect is shown in Fig. 6 where a cross section is 

taken through the data from a 40-second direct-beam exposure. Shown is the original 

image data and the 'linearised' image data. For values of the original pixel data up to 

approximately 100 there is very little scaling; it is only for values of pixel intensity 

above approximately 140 that there is any significant scaling. It is in this region that 

small changes in the original data lead to quite large changes in the scaled data. It is only 

when we integrate over a large number of pixels that the sensitivity to these large 

changes is averaged out. 
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Figure 6. Cross section through a 40-second direct-beam exposure showing the original 

image data and the 'linearised' data. 

The diffracted-beam images were processed in the same manner as the 

direct-beam images to produce 'linearised' images. Figs. 7 (a) and (b) illustrate an 

example of a diffracted-beam image before and after processing. These images have 

been reduced from the original 256 x 256 pixel arrays to 32 x 32 pixel arrays by 

averaging over groups of pixels for purposes of illustration only. All quantitative 

processing was done with the 256 x 256 pixel images. This image of the CdS (300) 

reflection exhibits Kai and Kaz resolution. The ratio of the height of these two peaks 

should be very close to 2:1, and this is obviously not the case in the unprocessed data. 

The processed data on the other hand does in fact have the ratio closely equal to 2:1, as 

expected. It should be noted that the ratios of the Kai to Ka2 peaks will not be precisely 

2:1 in this case as the two peaks are not completely resolved. Furthermore the transition 

probabilities associated with the production of the Kai and Ka2 components are not 

exactly 2:1. 

T 1 1 1 , 1 1 1—1 [— 

linearised' pixel data 

. Actual pixel data 
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(a) (b) 

Figure 7. Diffracted beam images of the CdS (300) reflection before (a) and after (b) 

digital processing. Note that the ratio of the heights of the Kcti to Kcfc peaks in (a) is not 

2:1 as expected. The averaged film background fog level in this image is approximately 

55. In the processed image the ratio of the heights of the Kai to Ka 2 peaks is 

approximately 2:1 as expected. The film background fog level in this image has been 

subtracted. 

The resulting ratio uf the diffracted to direct-beam power was 5.2(7)xl0'5 in 

good agreement with the value of 5.26(9)xl0'5 which is the mean of three value 

measured with counter and imaging-plate techniques (Grigg, Davis & Bamea, to be 

published). 

Discussion 

We have described a simple CCD based technique for the film measurement of 

x-ray intensities and have demonstrated that it yields acceptable results even in the 

rather extreme case when the greatly differing intensities of the direct and diffracted 

x-ray beams are compared. Even better results would have been possible had the range 

of intensities been more restricted. Similarly, a slower film may have exhibited a more 
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extended range of linear response. And, as we have already pointed out, further 

improvement in the linearity of the system would have resulted from the use of a 16-bit 

frame grabber. If required, an increase in the spatial resolution can be achieved by 

increasing the magnification of the system. 

We would like to point to the possibility of the combined (or sequential) use of 

film with imaging plates, thus combining the superior resolution of film with the 

excellent linearity of response of imaging plates. Such a combination could serve, on the 

one hand, as an effective means of calibrating the film response and, on the other, as a 

direct imaging medium with qualities often sought in topography, x-ray optics and 

diffraction work. 

We are grateful to Professor K.A. Nugent for the use of the components of the 

CCD imaging system. The support of this work by the Australian Research Council is 

gratefully acknowledged. 
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