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Extracting statistical characteristics from radiographic films is vital for film system
classification and contrast sensitivity evaluation and serves as a basis for film noise
simulation. A new method for digitising radiographic films in order to extract these
characteristics is presented. The method consists of a camera-based setup and image
processing procedure to digitise films. Correct optical density values and granularity
can be extracted from the digitised images, which are equal to results obtained by
standardised measurement procedures. Specific statistical characteristics of film noise
are theoretically derived and subsequently verified by the obtained data, including
characteristics such as Gaussianity and spatial spectral characteristics of the optical
density fluctuations. It is shown that the presented method correctly measures the
granularity of film noise and can therefore replace time-consuming microdensitometer
measurements traditionally required for film system classifications. Additionally, the

inherent unsharpness of film systems was investigated and compared with literature

data. This comparison serves as another validation approach of the presented method.
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1. Introduction

Radiography is one of the key Non-Destructive Testing (NDT) methods broadly used to
investigate the inner structure of components and materials. This method is image-
based, and therefore the resulting images need to be interpreted by humans in order to
localise inhomogeneities such as potential defects. Despite the rise of digital detectors,
radiographic films are still widely used in the industrial environment for capturing the
image and the measurement and interpretation of these is therefore of critical

importance.

Regular assessment of the film systems in order to ensure that they meet the quality
standards [1] is necessary. Film characteristics such as film noise (e.g. granularity) or
inner film system unsharpness affecting the image quality are evaluated. Currently, the
assessment of film granularity is performed by time-consuming pointwise
microdensitometer measurements, which therefore provides a significant need for a
technique which could evaluate the film more efficiently. This data can also be valuable
in other areas, for example in realistic simulation of film noise, as required in the
simulation process of radiographic testing applied in industry for improving test setups

[2] which are based on accurate film noise characteristics from real film samples [3].

In this paper, a new procedure for evaluating radiographic film systems is presented.
The method is an approach to achieve the correct digitisation of the film. It consists of a
setup based on an optical camera and an image processing procedure enabling

radiographic film images and film noise to be digitised.



In order to validate the method, statistical properties of film noise are derived
theoretically, and it was confirmed that these match the statistical properties extractable
from the gained digital data of the real film. Furthermore, a comparison with
microdensitometer measurements of the investigated film samples validates that the
presented method can achieve the same results with significantly less cost and time.
Another application of the method presented in this paper is the measurement of the
inner film system unsharpness. It is shown that the measurement results are in
accordance with the literature data and this comparison, therefore, provides a further

validation basis of the introduced digitisation approach.

In section 2, film noise characteristics such as Gaussianity of the optical density (OD)
fluctuations and spatial spectral properties are theoretically derived. The optical setup
including the measurement procedure is presented in section 3 followed by results and
validations in section 4. Applications of the method such as film system classification
and the measurement of the film system inherent unsharpness are described in section 5

and 6. The paper is concluded with section 7.

2. Characteristics of film noise

In order to provide the basis for this study, we outline some of the concepts associated
with film characteristics. Firstly, the concept of optical density is introduced.
Afterwards, this section focuses on two main characteristics of film noise, the
Gaussianity of the noise grey value distribution and the collinearity of the Noise Power

Spectrum (NPS). These main characteristics will be derived theoretically.



2.1 Concept of optical density (OD)

Developed silver particles of an exposed film obstruct visible light in passing through
the film. Areas of the film where more radiation was detected during the exposure are
more blackened than less exposed areas. The concept of “visual diffuse Optical
Density” (OD, see 1SO 5 [4-6]) quantifies this film blackening depending on the

transmittance T via the relation

0D=—10g10T (1)
where the transmittance T is defined as the ratio between the radiant flux transmitted
through the film relative to that incident upon it. A value of OD = 0 represents complete

transparency whereas a value of OD = 6 represents almost complete opaqueness.

The measured OD of an optical image depends on the manner of illumination. Diffuse
light leads to a lower measured OD than specular light when using scattering media
such as radiographic silver films, and this is an important consideration with the two
main established techniques for measuring OD. Fig. 1 illustrates the two different
densitometry techniques. The incident parallel light beam scatters at the film which acts
as a diffusor. A standard macro densitometer measures with directional light
illumination in a 10° cone beam (see 1SO 5-2 [5]) and detects all diffuse light
transmitted through the film (see Fig. 1 a). In contrast, a microdensitometer measures
the specular light due to the low numerical apertures of the used microscopic lenses (see
Fig. 1 b). The scattered light will not be recorded leading to an increased difference
between incident and transmitted light intensity (see Fig. 1 b). This results in a higher
measured value of the OD compared to the measurement with diffuse light.
Consequently, the OD measured by a microdensitometer usually needs to be corrected

by a factor to become comparable to the measurement results of a standard



densitometer. This factor is named after André Callier who established a correction
approach for OD measured using specular light [7]. Typically, both optical densities are
correlated by a Callier factor Q larger than 1. Q ranges between 1.2 and 1.4 for

microdensitometers
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Fig. 1. Schematic of diffuse densitometry (a) and specular densitometry (b)

2.2 Theoretical derivation of Gaussian distribution

While exposing industrial radiographic film homogenously with X- or y-rays, each
photon is independent of each other and hence the photons are independently and
identically distributed. The photon radiation is characterised by quantum statistics
resulting in Poisson distributed noise [8]. For the Poisson distribution, the variance is

equal to the expected value of the random variable

g2 = E(N) (2)



with o2 as the noise variance and E(N) as the expected value for N quanta. It can be
supposed that the radiation E(N) by N, photons within an area A results in n, exposed

particles in the area A which is proportional to the number of exposing quanta

ny < Ny. (3)
It is expected that the optical film density OD (above fog and base) is proportional to

the number of exposed particles n, as described by the Nutting formula [9,10]

0D o« ny (4)
which leads to the proportionality
OD o< Ny. (5)
and
0D « o. (6)

This last relationship is known as the Siedentopf relationship [10]: the OD density of a

specific area is proportional to the squared standard deviation o in that area.

It can be supposed that a very large number (E(N) — oo) of photons are emitted during
the exposure. Under consideration of the Central Limit theorem, it can be concluded
that the photons N, which are Poisson distributed, tend towards a Gaussian distribution.
Therefore, the proportionality OD « N, implies that the OD tends also towards a

Gaussian distribution.

2.3 Theoretical explanation of NPS collinearity

Spatial correlation within film noise can be characterised by the application of the 2D
Fourier transform. The resulting Noise Magnitude Spectrum (NMS) describes

quantitatively the spatial correlation information of the noise caused by X- or y-ray



radiation mottle and clustering of film grains. In its squared form, the NMS is known as

the 2D Noise Power Spectrum (NPS) or sometimes referred to as the Wiener Spectrum

NPS(w,v) = |F(Iop (6, )| (7)
with I, (x,y) representing the noise image in OD values in the spatial coordinates
(x,y), F represents the 2D Fourier transform and (u, v) are the spatial frequencies in
both Cartesian directions. The NPS is the analogue to the 1D NPS known in electrical
theory and used for noise representation in electrical signals [11,12]. A theorem known
as the Wiener-Khinchin theorem leads to an important property of the NPS: the integral

of the NPS represents the variance 2 of the noise’s OD fluctuations [10]

0% = H NPS dudv. (8)

Therefore, the NPS is dependent on the underlying mean OD because of the Siedentopf

relationship

UNPSdudvocOD. (9)

NDT films are practically only used in the linear regime of the characteristic curve
between exposure and OD without occurrence of saturation effects [8]. Theoretically, a
single X-ray photon would expose a cluster of grains leading to a very low mean OD
with its own NPS. It is expected that exposure with many independent photons leads to
an accumulation of these spectra whereas the magnitude spectra are summable and the
shape of the NPS is independent of the mean OD. In other words, the NPS is collinear
and scalable in relation to the underlying OD. The OD and therefore the number of
interacting photons per film area only has an influence on the standard deviation but not

on the spectral form of the noise.



3. Optical setup and measurement procedure

The following paragraphs describe the new experimental setup and procedure for
digitising radiographic films. The noise is then evaluated from these digital images.
Additionally, the exposure conditions for the film systems used to test the method are

described in this section.

Images of the film are acquired by an optical setup consisting primarily of a digital
camera, a filter, and an objective lens. The film sample to be investigated is placed on
an illumination table creating a diffuse Lambertian illumination (see 1SO 10505 [13])
using a plastic diffuser and a white chip-on-board (COB) LED module designed for
30 W but used at only 2 W with a colour temperature of 2850 K. This COB is powered
with a highly constant current, but nevertheless it is recommended that the illumination
table is switched on at least 10 min before the measurement is performed in order to
have reached a steady temperature and intensity of the COB module. Only a small area
of the film is imaged to reduce scattered light, which is achieved by placing an opaque
mask with a circular aperture on top of the film sample. The aperture diameter is set to
8 mm, which is selected as a good trade-off between minimising scattered light
reduction while maintaining a reasonably sized region of interest. The setup further
consists of a V(}) filter (see 1ISO 5-3 [6]) in order to simulate the spectral sensitivity of
perceiving luminosity by the human visual system in daylight. The filtered light is
focused by an objective lens (Rodenstock, Rogonar-S 75 mm) mounted on a bellows
device to achieve a magnification of 1:1.92 and captured by a digital camera (Model
name: Basler acA4112-20um). The CMOS sensor (Model name: 1/1” IMX 304 Sony
CMOS Sensor 12 bit Monochrome) of the camera has a resolution of 12.4 MP (pixel

size on-chip: 3.45 um) leading to an effective measured pixel size of 6.62 um in the



acquired images. The pixels on the chip are back-illuminated for increased low-light
performance (the light strikes the photodiode layer from the back to avoid interference
from the wiring of the layer). Additionally, the sensor performs an automatic dark
correction. For a specific exposure time and temperature, this correction reduces
camera-induced image noise by subtracting the dark signal measured when the pixel
was not illuminated. When taking measurements, the complete setup is placed into a
lightproof case to prevent interaction with ambient light. The optical setup is shown in
Fig. 2. In summary, this optical setup was a result of a carefully optimisation to acquire
a digital image of the film noise with as little distortion as possible with current electro-

optical digitization systems.

The live image is acquired and processed by a special ImageJ plugin module for control
and averaging of Basler cameras [14] within the programme ImageJ [15]. The sharpness
of the final image is crucial. To maximise the sharpness, the standard deviation of a
region of interest (ROI) histogram of the live image is monitored and the lens focus is
manually adjusted so that the standard deviation in the ROI is maximised. In order to
capture images that are not affected by photon noise of the illumination light, each
measurement consists of 400 frames that are taken and arithmetically averaged by a
special data acquisition and averaging module [14] for ImageJ. This module averages
all the 12-bit raw data frames into one 16 bit average image. The exposure time of a
single frame is manually chosen in relation to the transparency of the investigated film
sample, usually between 10 and 400 ms. Less transparent samples need longer exposure
times in order to capture enough photons whereas more transparent film samples are

investigated at shorter exposure times to avoid clipping of the measured OD value.



Furthermore, the raw images are calibrated and processed using the software ISee! [16].
It is necessary to perform a flat field correction to suppress shading of the illumination
table and the objective lens, dust in the imaging system and other artefacts. The

corrected light intensity in the image .., is calculated following the formula

I
Lorr = % +50000 (10)

with I..,,, as the grey valued raw image and ff as the flat field image taken without a
film sample placed on the illumination table. The image is scaled to be saved in a 16-bit
TIFF format; the factor 50000 is selected as being slightly below the maximum 16-bit

integer of 21— 1 = 65535 in order to avoid clipping.

Afterwards, the grey value images need to be transformed into optical densities.

Application of a look-up table operation within ISee! according to the formula

50000

——-10000 11
s (1)

lop = logqy (

leads to images representing the OD by integers of 10000*OD. The +1 is added to
prevent division by zero. The OD images may have an OD offset caused by longer
optical exposure times than the exposure time used to take the flat field image ff. A
factor of x in the exposure time leads to an OD offset of logio(x) that must be subtracted
from the measured OD. Furthermore, the OD offset caused by the fog and base of the
film can also be subtracted if necessary. This is the case for the results presented in this
paper. The OD of the fog and base of a film can be measured by determining the mean
OD of a developed but unexposed film sample of the same film batch and stored under

the same conditions.
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Fig. 2. Optical setup for film digitisation

3.1 Film sample exposure

shown in Fig. 3.

The film samples serving as the experimental basis of the work presented in this paper
were gained by exposures with both X-rays and y-rays. The X-ray exposures were
performed using a Seifert MB420/10 TitanE X-ray tube and the y-ray exposures by an
Ir-192 y-ray source with 11 Ci activity and 2.3 mm source size, both 2 m from the film.
This distance is large enough to neglect the resulting geometrical unsharpness of
0.002 mm (given a focal spot size of 4 mm and an object thickness of 1 mm). The
investigated films were AGFA STRUCTURIX VACUPAC D4 and D7 of film system
class C3 and C5, respectively. Various filters have been placed on the tube port in order
to vary the radiation quality whereas the lead screens are always in perfect contact with

the film ensured by a vacuum-packed lightproof film package. The exposure setup is
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The standard exposure setting for the work presented in this paper is that samples of
film system class C3 were exposed by X-rays emitted from a 220 kV tube and filtered
by 8 mm Cu using 0.027 mm Pb screens on either side as described in ISO 11699-1 [1]

for NDT film system classification.

Sharp edge target Film package

Step wedge

Fig. 3. Clamped radiographic film with step wedge (from Cu) and sharp edge target (1 mm W plate)

4. Results and validation

In order to validate the presented method, it is necessary to verify that the mean OD
values measured by the new camera-based setup match with measurements of the same
film samples using a standard densitometer. Additionally, the film noise characteristics
introduced in section 2 must be verifiable by the data delivered from the new
digitisation procedure. These validations are crucial in order to ensure that the new
measurement technique reproduces the expected data correctly (see 1SO 11699-1 [1],
clause 5.3). Firstly, it will be shown that the OD density is measured correctly.
Secondly, Gaussian distribution of the noise grey values will be shown, and thirdly, the

collinearity of the noise NPS will be validated.
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4.1 Diffuse density measurements of the films

As a first validation attempt, the accuracy of the measurement of the visual diffuse
optical densities using the camera setup shown in Fig. 2 needs to be verified. ISO 5-2
[5] and ISO 5-3 [6] define the geometrical and spectral conditions for the construction
of a standard macro densitometer using a measurement aperture in the range of 2 mm
diameter. The camera used in this work has a much higher spatial resolution of about
6.62 um pixel size. As mentioned above, it is typical for high-resolution
microdensitometers to use specular light (see Fig. 1 b). In this case the measured optical
density is higher than the visual diffuse optical density measured by a macro
densitometer because the optical setup of the microdensitometer does not fulfil the
requirements of ISO 5-2 [5]. Therefore, a correction of the specular optical density to

produce the equivalent diffuse value is usually required as suggested by Callier [7].

It was investigated how much the presented setup needs to be Callier corrected in order
to deliver measurement results directly comparable with OD measurements delivered by
a standard macro densitometer. A C3 film system was exposed to mean diffuse densities
including fog and base of around OD=2+0.6. These optical densities were measured by
a standard macro densitometer and compared with measurements by the new setup of
the same areas on the film. The resulting OD above fog and base of the new camera
setup as well as the OD measured by a standard macro densitometer (model
BAMLEDD1, BAM design according to ISO 5-2 and ISO 5-3 [5,6]) are displayed in
Fig. 4. These results represent the Callier function of the presented optical setup.
According to the equation of the linear regression, the Callier factor of 1.004 is only

0.4% larger than 1 and can, therefore, be neglected in all further considerations.



This interesting finding is valid for all investigated NDT film systems and allows to
measure directly visual diffuse optical densities independent of the resolution, i.e. it is

valid for 6.62 pm pixels as well as single measurements using a 2 mm aperture.
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Fig. 4. Measured camera densities versus visual diffuse macro densities using a diffuse densitometer

4.2 Gaussian distribution of film noise

As an example, a sample with a mean OD of 1.17 is digitised. A detail of the digitised
film sample is displayed in Fig. 5. To prove that the grey values of film noise have a
Gaussian distribution, the grey valued image matrix of the sample has been normalised
to a mean OD of 0 and a standard deviation of 1000. Afterwards, the probability density
function of the sample is compared with the probability density function of an equally
normalised Gaussian distributed array of random values. The result is displayed in Fig.
6. It can be clearly seen that the grey values of the film sample are Gaussian distributed.
Consequently, the theoretical statement of section 2 has been validated by means of the

presented optical setup.
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Fig. 5. Detail of film noise sample, side length 2 mm (pixel size of 6.62 pum)
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Fig. 6. Comparison of normalised probability density functions of real film noise sample and Gaussian
distributed noise; grey values are coding according to equation ( 9 ) the measured optical film densities
4.3 NPS investigations

Homogenous film samples exposed by different radiation energies to a mean OD of 2
are digitised and the NPS is calculated and compared. Exposures with y-rays by an
Iridium 192 source (with lead screens on the film) and X-rays (220 kV with lead screens

and 90 kV without lead screens) are performed. A squared area of 18.5 mm (2800 x

15



2800 pixel) was investigated providing a large enough sample area for high spectral
resolution. The NPS can be resolved reliably up to 40 line pairs/mm (Ip/mm).
Theoretically, the setup should resolve up to 75.53 Ip/mm with a pixel size of 6.62 um,
but this is practically not achievable because of an imperfect optical transfer (due to the
lens, camera and pixel sampling) at high spatial frequencies. Extracting the optical
transfer function is a significant challenge at these higher frequencies, closer to the
resolution limit. The resulting NPS are plotted in Fig. 7. Two noise components are
discernible in the spectral representation. The NPS is flat and horizontal towards higher
spatial frequencies which can be interpreted as white noise caused by film graininess.
However, a peak is distinguishable from the flat spectrum towards lower frequencies.
That peak of low frequency noise is caused by remaining shading on the noise sample
(the sample is not perfectly homogenous) and also caused by low frequency noise due
to radiation mottle resulting from spatial fluctuations of the exposing photons [17].
Higher exposure energies cause stronger radiation mottle and therefore the low
frequency part of the NPS is more pronounced when exposing with high energetic y-
rays than exposing with less hard 220 kV X-ray radiation or even less hard 90 kV X-ray

radiation.
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Fig. 7. NPS of homogenous film samples exposed by different energies to a mean OD of 2

The Wiener-Khinchin theorem states that the NPS of the fluctuations of a stationary
ergodic process (which is the case for homogenously exposed films) is the Fourier
transform of the autocorrelation function of these fluctuations [10]. Films exposed
homogenously under the same conditions but with different mean ODs have been
investigated in order to validate the collinearity of the NPS for a specific case of
exposure energy. The noise image is firstly normalised to a mean OD of 0 by
subtracting the mean OD because only the OD fluctuations are of interest. Furthermore,
the image is normalised to a standard deviation of 1 by dividing by the standard
deviation of the original image. The 2D auto-correlation C(k, [) of the normalised noise

image I,,rm (x,y) is calculated by

><

Clk, ) = ZZ hnorm (6 V) norm (t =,y = (12)

:y:

The autocorrelation is further normalised to



Ck, 1)

Cnorm(k: l) = m ( 13 )
k.1 ’

It was investigated if the normalised auto-correlation coefficients of film noise with
different mean OD are equal. To test this, film samples with a mean OD of 1.7 and 3.8
have been digitised. The correlation coefficients are investigated of an arbitrarily chosen
area of 700 x 700 pixels in either film sample. The normalised auto-correlation
coefficients which are unequal to O are plotted in the top left and top right part of Fig. 8
for comparison. A cross-section comparison of the normalised auto-correlation
coefficients for either mean OD at a vertical pixel position of 0O (indicated by small
arrows in upper graphs) is displayed in the lower graph of Fig. 8 to facilitate the
comparison. The normalised auto-correlation coefficients are almost identical for both
film samples of different mean OD. This demonstrates that the statistics of the noise are
identical for noise with different mean ODs apart from the standard deviation.

Consequently, the NPS can be scaled according to the formula

Utarget

2
NPStarget = ( > * NPSpasis (14)

Obasis



with NPSp.sis as the NPS basis from which it shall be scaled to the target
NPStarget: Opasis @S the standard deviation of the scaling basis image and o;4,g¢¢ as the
standard deviation of the noise image with target NPS. This scaling maintains the NPS
shape and changes only the area under the NPS, which represents the standard
deviation. With this property proven, it is possible to calculate the NPS for noise with
any underlying mean OD when only one NPS for the specific exposure case is

available.
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5. Application 1: Replacement of microdensitometer for film system

classification

This section is dedicated to demonstrating that the presented optical setup can
effectively replace microdensitometer measurements for film system classifications
according to 1SO 11699-1 [1]. Firstly, no correction of the measured diffuse density
values is necessary, because this optical set-up for camera-based microdensitometry
fulfils all requirements of ISO 5-2 [5]. Therefore, any Callier correction is not
necessary. Secondly, a procedure for correcting the measured standard deviation is
presented. This is necessary because the optics influence the measured granularity.
Afterwards, the measurement procedure is validated by comparing against standardised

measurement results using a scanning microdensitometer.

5.1 OD standard deviation correction

The calibrated camera OD images show the same OD values as those obtained using a
standard microdensitometer with Callier correction. But the measured standard
deviation of the OD of steps with homogeneous density measured by the camera setup
is around 20% lower than the standard deviation measured by a microdensitometer after
Callier correction (see 1ISO 10505 [13]). The next paragraph describes how the standard

deviation is corrected.

As it is the case for each optical imaging system, the experimental setup consisting of
the camera and objective is characterised by a specific Optical Transfer Function (OTF)
and the corresponding absolute part, the Modulation Transfer Function (MTF)
describing the optical system behaviour. When imaging an object, the amplitude of

higher spatial frequencies is reduced, which is equivalent to applying a smoothing filter.



The MTF is a function of the amplitude reduction over spatial frequency. This
amplitude reduction leads to a loss of detail which is quantified by the MTF. Image
smoothing by the optical MTF causes an undesired reduction of the standard deviation
of the OD in the image while taking measurements. As a result, the OD standard
deviation is reduced compared to the standard deviation measured by a
microdensitometer after Callier correction. The microdensitometer measurement is not
affected by an optical MTF because only contrastless pointwise OD measurements of
non-overlapping film regions are taken and no imaging is performed. In order to remove
the influence of the optical MTF by the camera setup, the image needs to be
deconvolved of that optical MTF. This procedure is described in the following

paragraphs.

Firstly, the 1D MTF of the imaging system needs to be determined. A sharp-edge target
(a chromium-plated rectangle on a polished glass plate) is imaged and the grey-scale
value image is transformed into OD values. A line profile of OD values perpendicular to
the sharp edge is then taken, called Edge Spread Function (ESF). In practice, around 30
of these line profiles are averaged to improve the signal to noise ratio (SNR). The first
derivative of that averaged profile is the so-called Line Spread Function (LSF). The
Fourier transform of the LSF is calculated and the normalised magnitude of this Fourier

transform is the 1D MTF [18].

Given that isotropy of the imaging system sharpness is assumed, it can be supposed that
the optical MTF is identical in all directions of the 2D image. For this reason, the 1D
optical MTF can be expended to the 2D space by turning the 1D MTF 360 degrees
around its origin. No data is available for frequencies higher than stored in the 1D MTF,

which could be problematic for the components located within the corners of the 2D



plane. In these areas, an MTF value of 1 is assumed which means that no correction is
done where no MTF data is available. However, this is likely to have minimal impact
because the majority of spectral content will lie at much lower spatial frequencies.
Afterwards, the 2D FFT of the OD image is calculated and divided by the 2D optical
MTF in the Fourier space in order to perform the deconvolution. The result is
transformed back in the spatial domain by an inverse FFT calculation. The resulting
image cannot be regarded as a real image as the phase information has no physical
meaning; instead, the image is used just to calculate the OD standard deviation as
measured by a microdensitometer after Callier correction, which is possible because the
standard deviation is independent of the phase of the image. The deconvoluted image
needs to be reduced in resolution to be in accordance with the sampling resolution of the
microdensitometer of 88.622 um pixel size (for a quadratic aperture or 100 um diameter
for a circular aperture, see 1ISO 11699-1 [1]). An image resizing algorithm is chosen that
averages values of neighbouring pixels using a box-shaped kernel. The correct standard
deviation according to 1SO 11699-1 [1] results from independently calculating the
standard deviations along 55 image lines of 20 pixels length and taking the median of

these results.

5.2 Validation of granularity measurement

The standard deviation of the OD fluctuations in a uniformly exposed film emulsion is a
measure of film “granularity”. Granularity is a measure to quantify objectively the film
noise. 1ISO 11699-1 [1] defines a specific measurement procedure and tables maximum
granularity values for various film system classes. In order to validate the film noise
digitisation procedure, granularity measurements in accordance with 1SO 11699-1 [1]

are performed using the data provided by the experimental setup with the application of



the MTF correction procedure described above. The measurement results are compared
with the reference granularity values published in ISO 11699-1 [1]. That standard tables
maximum granularity values for specific film system classes. According to the standard,
the granularity measurements must be performed in a film region with a mean OD of 2
above fog and base to be comparable. These maximum values should not be exceeded if
the film system shall meet the requirements of the specific class. Hence, the investigated
film system should be characterised at a mean OD of 2. In the practical application, a
film with such a specific mean OD is often not available. For that reason, 1SO 11699-1
[1] allows the granularity value for a mean OD of 2 to be interpolated using three or
more film exposures at different density levels around OD =2. The interpolation is
performed by a linear regression analysis of the granularity as a function of the square
root of the density. The film system classes C1, C3 and C5 have been investigated here.
Fig. 9 shows the measured granularity after MTF correction and the maximum
granularity values listed in ISO 11699-1 [1] including an acceptable tolerance of +10%.
The measured granularity values are in the granularity range of the specific film system
class. For comparison, reference measurements by a microdensitometer (model Joye-
Loebl 3CS with upgraded data acquisition based on a Raspberry-Pi computer) using the
same film samples are added. These reference measurements are slightly higher than the
measurements of the presented work which can be explained by additional noise within
the microdensitometer. This comparison validates the presented optical setup and

procedure to measure granularity values correctly.



0.045 T T T

0.04 - b

0.035

=2

0.03

0.025

Granularity at OD

0.02

0.015 = b

0.01 1 | I I 1 !
C1 Cc2 C3 C4 C5 C6

Film system class

[ Imaximum granularity according to ISO 11699-1
Tolerance of maximum granularity (+10%)
®  Measured granularity after correction incl. errorbar
*  Reference granularity measured with microdensitometer incl. errorbar

Fig. 9. Granularity measured by the new experimental setup and maximum granularity according to ISO

11699-1 [1]

6. Application 2: Measurement of film system inherent unsharpness

In industrial radiology, high energetic X- or y-ray photons are absorbed by the lead
screens in direct contact with the film emulsions. Above 80 keV, lead screens generate
secondary electrons which activate the seeds of the latent image in the film emulsion.
These photoelectrons travel within the film emulsion depending on their energy and
make a string of silver bromide (AgBr) grains developable along their travel path.
Hence, during exposure, not only a single AgBr crystallite becomes developable, but a

cloud of grains. This results in a blurring of the image: the definition is limited by the



travel distance of the secondary electrons. Exposure with higher energy results in higher
energetic secondary electrons and therefore longer travel paths and increased

unsharpness. This unsharpness is called inherent or film system unsharpness Uy [19].

The inherent unsharpness is described by the MTF of the film system (not to be
confused with the optical MTF of the camera system). The film system MTF depends
on the used metal screens and the development conditions as well as the specific
exposure conditions defining the photon energy, such as the radioisotope or tube voltage
and filters. The inherent unsharpness is measured by the Klasens method [20]. This
method allows the inherent sharpness on the radiograph of a knife edge target to be
measured, however, to do this it must be assured that geometric and motion unsharpness
are negligible in order to measure solely the film system unsharpness. The sharp edge
becomes blurred on the film and the width of the band of blurring can be seen as a
measure of the inherent unsharpness. To measure the width of the blurring band, an OD
profile orthogonal to the OD transition area is investigated by application of the Klasens

method [20].

A 1 mm tungsten plate in direct contact with the film pack is used as a knife-edge target
to expose a sharp edge on the film. The film-to-source distance is 2 m which is large
enough to neglect the geometrical unsharpness of 0.002 mm (given a focal spot size of
4 mm). Additional exposures have been made using a lower tube voltage of 90 kV with

a 30 mm thick Al filter and y-rays from an 1r-192 source with 11 Ci activity.

The film system unsharpness is measured and compared to the literature values given in
[19]. Fig. 10 shows the measured inherent unsharpness as well as literature values for

various beam energies. It is obvious that the measured results are very good in



accordance with the literature. Therefore, it can be concluded that the optical
digitisation system provides correct data for measuring efficiently the film system

inherent unsharpness and accordingly also NPS spectra dominated by this MTF.

0.2 r

€
€ *
£
%) 0.15 x
7]
0]
c
o
© 01¢F x
S *
c
=]
. x
GC) 0.05 * -
5 * X Experiments
< % Literature
£

O 1 1 1 1

0 100 200 300 Ir 192

kV (= 430 kV)

Fig. 10. Comparison of measured inherent unsharpness with literature values from [19]

7. Conclusion

A new setup based on an optical camera has been introduced to investigate exposed and
developed industrial radiographic film systems. Specific characteristics of industrial
radiographic film systems have been theoretically described and experimentally
validated by the presented methods. Furthermore, it was shown that the method enables
film systems to be classified correctly when applying the presented correction
algorithm, and therefore can replace the state-of-the-art classification procedures using a
microdensitometer. This will make the classification process much more efficient. It
was also demonstrated that the method correctly measures the film system inherent

unsharpness for various exposure conditions.

The presented setup can also be used as a simple validation tool for archived films to

verify the film system class which was required by the corresponding standard at film



exposure. The film system class is determined by the ratio of the film gradient at
OD = 2 and the granularity at this density. This camera-based setup can measure both at
the same time in the same homogeneous film area. Therefore, the film system class can

be determined easily, even after years of storage.
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