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ABSTRACT

A STUDY OF SOME ENERGY DEPENDENT CHARACTERISTICS OF X-RAY SCREENS USED
IN DIAGNOSTIC RADIOLOGY. Screen-Film Sensitivity, MTF and Some Related
Factors.

Mikael Karlsson, Radiation Physics Department, University of Umed,
S$-901 85 Umed, Sweden.

Fluorescent x-ray screens are used in medical x-ray diagnostics to ab-
sorb x-ray photons and convert these x-ray photons to visible light.
The light distribution from these screens are then registered on photo-
graphic film to give an x-ray image. Both the sensitivity and the re-
solution characteristics of these systems are dependent on the x-ray
photon energy. To enable a study of these and some other energy
dependent characteristics of x-ray screens a number of almost monoener-
getic radiation sources were constructed, tested with regard to their
purity and calibrated. Both film and a photo-multiplier tube were used
as light detectors.

The sensitivity of screens with three different screen phosphors were
studiea as a function of the photon energy and large variations in sen-
sitivity was found for different photon energies and screen phosphors.
The 1ight from the screens has been compared to the absorbed energy in
the screens and this comparison shows that the energy dependence of the
screens can approximately be predicted by calculations of the absorbed
energy, except at low photon energies where other effects 1ike increas-
ed light absorption in the screens is present.

The modulation transfer factor (MTF) was studied both experimentally
and theoretically as a function of photon energy. Two effects were
shown to influence the energy dependence of the MTF. At low energies

an increased light diffusion will destroy the MTF and at energies above
the K-edge of the high-Z elements in the screens the production and re-
absorption of K-radiation will deteriorate the MTF.

Both the energy dependence of the screen-film sensitivity and the MTF
have been calculated for some normally used spectral distributions

from x-ray tubes and significant changes due to choice of kV and filtra
tion of the beam were found.

Other effects such as the number of interacting photons in the screens
per unit area, contribution of K-radiation from one screen to the
other, and light contribution to the front emulsion of the film compar-
ed to the back emulsion have also been investigated as a function of
photon energy.

Optimization of x-ray systems and clinical routines to give the lowest
possible radiation dose to the patient with an acceptable image quality
is an important task to carry out. The energy dependent characteristics
of x-ray screens studied in this work is a lead in the optimizing of
the system with regard to choice of x-ray screens, film and radiation
quality.

Key words: Intensifying screens, x-ray screens, fluorescent screens,
moduTation transfer function, MTF, x-ray screen sensitivity, fluore-
scent K-radiation sources.
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CHAPTER 1
GENERAL INTRODUCTION
Intensifying screens are used in x-ray diagnostics together with

photographic film to increase the sensitivity of the system (figure
1.7).
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Figure 1:1 Schematic drawing of a film-screen system.

An x-ray screen is composed of a fluorescent layer (the screen phosphor)
which is mounted on a supporting layer. A reflecting layer is often
placed between the supporting layer and the fluorescent layer and in
some screens a thin protecting surface is placed on the top of the
screen. The screens are placed on each side of a double emulsion



photographic film. About 50 % of the photons, for commonly used
diagnostic x-ray qualities, incident on the intensifying screen will
be absorbed in the fluorescent layers of the screens. Some of the
absorbed photon energy will be converted to light photons and this
light will expose the two film emulsions. In some cases a photographic
film without screens is used behind the patient, but this system does
not absorb photons as efficiently as the x-ray screens. This method

is therefore much Tess sensitive and the examinations have to be
carried out with much larger absorbed doses to the patient.

There are some important characteristics of x-ray screens which
could be of interest in the comparison of different screens. The
speed or sensitivity of a screen-film system describes how much
radiation, expressed as a specific physica] quantity, has to be used
to achieve net film density 1.0. The modulation transfer function
(MTF) of the system is a measure of the resolution of the system. The
MTF of a screen-film system shows how well an object with a known
spatial frequency distribution is imaged by the system. The MTF
concept has been discussed on a basic level by, among others,
Kusoffsky and Carlsson (1973), Nielsen (1980), Nielsen (1981) and in
more detail by Dainty and Shaw (1974).

Other characteristics of the imaging system are the contrast of the
systemand the image noise. An important contribution to the image
noise is the quantum mottle, which is a measure of statistical fluc-
tuations in the number of photons that produce the image.

Screen-film systems can be manufactured with different speed, MTF and
noise characteristics. This can be accomplished by changing screen
thickness, grain size, fluorescent phosphor components, film etc. A
thicker screen will, for example, increase the speed and decrease the
quantum mottle but at the same time the image will be more blurred,
and the MTF thereby lower. Different types of screen phosphors will
often have different attenuation characteristics, absorbed energy to



emitted screen-light conversion capabilities etc.

The speed of a screen-film system, expressed as the inverse of the
value of the air kerma giving net film density 1.0, has been measured
as a function of x-ray beam quality by a number of authors (SPRI-
report S67 1977, Moores and Walker 1978, Rossi et coll 1976, Raynolds
et coll 1976).These measurements were carried out with spectral
distributions from diagnostic x-ray tubes. Screen phosphors with
approximately the same thickness were found to differ in speed by as
much as a factor of four and in some cases even more for the same
photon quality. This is mainly due to differences in the energy-to-
light conversion capabilities of the phosphors, but also different
photon absorption characteristics of the screens will contribute to
this effect. The speed of a given system was also shown to change
with x-ray quality. This quality dependence is much more pronounced
in screens using Gd as high-atomic number element in the phosphor
instead of Ba, La and W and the characteristics of the screens are
heavily influenced by these heavy elements. There are also differences
between the phosphor materials such as the wavelength of the emitted
light, light scatter in the screens, light transmission etc.

MTF in x-ray screens has been shown to change with x-ray quality in
some x-ray screens (Arnold and Bjdrnegaard 1979). This change was
believed to be an effect of K-radiation which was produced in the
high-Z elements of the screens and re-absorbed in some other part of
the screen pair. This effect should therefore be dependent on both
the choice of high-Z element in the screen phosphor and the x-ray
photon energy. Also the screen phosphor thickness can be expected

to influence the re-absorption probability of the K-radiation and
thereby the MTF-reduction.

Change in radiographic mottle with x-ray quality has been demonstrated
by Barnes (1976). He has studied a number of screen-film combinations
and found a kilovoltage dependence which was different for different
screen phosphors. This difference was attributed to differences in
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absorption characteristics of the screens.

The finaings described above, for broad spectral distributions, lead
to the investigations in this work, where three different phosphor
materials are studied with a number of monoenergetic radiation
sources. The monoenergetic beams make it possible to analyse more
clearly the energy dependence. The results with monoenergetic radia-
tion are, in a later section, used in calculations for some spectral

distributions which are commonly used in x-ray diagnostic work.

There are several types of x-ray intensifying screens for radiography
on the market today. Screens are manufactured from several different
phosphor materials. The aim of this work is to investigate the sensi-
tivity, the modulation transfer function (MTF) and related factors

of a number of screen materials made of different high-atomic-number
elements. The primary interest was to investigate how different
characteristics of the screens change with photon energy.

The choice of screen phosphors was limited to three types: LaOBr:Tb,
GdZOZS:Tb and CaW0,. The main difference between these phosphors are
the three high-Z elements La, Gd and W which dominates the processes
of energy absorption and K-radiation production in the screens. In
the MTF-studies, two Caw04—screen with different thickness was used
to show the effect of screen thickness on the MTF.

The investigation was carried out in several steps:

In chapter 1I the radiation sources used in this work are discussed.
Fluorescent K-radiation produced by irradiation of different target
elements with x-rays and gamma-radiation from Am-241 and Tc-99m was
used. These photon sources were constructed to be almost monoenergetic
and they cover an energy range from 16 keV to 141 keV. They have been
tested for their K-radiation purity and calibrated with regard to
exposure rate.



In chapter III the Tight sensitive detectors, film and photo-multi-
plier tube, are discussed. These detectors have been used in the
experiments to register the light from the intensifying screens.

In chapter IV measurements of attenuation in the x-ray screens were
carried out. This was mainly made to establish the thickness in

kg'cm_2

of the screen phosphors.

In chapter V the speed of the screen-film systems was studied as a
function of photon energy. These measurements enable calculations
of the speed of screen-film systems to be made when different x-ray

spectras are used.

In chapter VI the screen light falling on the film has been compared
to the absorbed energy in the screens. The screen light could, as a
first approximation, be expected to be proportional to the absorbed
energy in the screen-pair. However, this does not always seem to be
true (Vyborny et col1,1980). One of the factors contributing to the
noise in the x-ray image is the random fluctuations in the number of
photons in the image or the quantum mottle. The number of photons
needed to give a suitable film density is dependent on photon energy;
;thus the image noise could be expected to be dependent on radiation
quality. Calculations of the number of interacting photons giving
unity film density were carried out to demonstrate the energy depen-
dence of this effect.

In chapter VII the Tight contributions from the front and the back
screens are compared. Double-emulsion film is often more exposed

by Tight from the x-ray screens on the side facing towards the x-ray
tube, due to increased absorption of x-ray photons in the front screen,
especially at low photon energies and just above the K-edge of the
heavy element in the phosphor. This effect has been studied here as
both the contrast and the sensitivity of the system could be dependent
on this asymmetry (Vyborny, 1979).



In chapter VIII the change in MTF with photon energy is discussed. If
there are changes in the MTF, depending on photon energy, then this
is of importance in clinical practice. The choice of x-ray screens
ought then to be made withregard to the energy of the x-ray beam used
and the comparison of different screens must be made at the photon
energies at which the screens are to be used. In this investigation
the MTF of the different screens was studied at different photon
energies. The LSF (line spread function) was measured when the screens
were irradiated with monoenergetic photons. From that data the MTF-
curves were calculated. The change in MTF as a function of photon
energy was also theoretically investigated by calculating the distri-
bution of the K-radiation which was produced and re-absorbed in the
screens.

In chapter IX some of these energy-dependent screen characteristics
are calculated for a few spectral distributions which are commonly
used in clinical practice.



2. RADIATION FACILITIES

In experimental investigations of different characteristics of x-ray
screens and their dependence on photon energy it is important to have
access to a number of monoenergetic radiation sources. For the in-
vestigation of x-ray screens some almost monoenergetic sources were
constructed, tested with regard to their purity, and calibrated with
regard to the photon fluence rate.

A Ge-detector was used to measure the purity of these radiation sources
and a free air ionization chamber, specially developed for exposure
measurements in these radiation beams, was used to calibrate a monitor
chamber.

Radiation Sources

Two types of radiation sources have been used by various authors for
similar investigations; gamma radiation from certain radioactive
isotopes and fluorescent radiation from the K-shell in high-Z
elements (Fernando, 1964; Kathren et coll, 1971; Chartier and Portal,
1972; Hoffman and Phelps, 1974; Birks et coll, 1976; Vyborny et coll,
1977 and Doi et coll, 1982). The gamma-emitting isotopes chosen here
are Tc-99m (140.5 keV) and Am-241 (59.6 keV). The fluorescent K-radia-
tion was produced by photoelectric absorption of x-rays from a therapy
unit (55-220 kv, 0-20mA) in seventeen different target elements (figure
2:1, table 2:1). These target elements have Ka—energies between 15.8
and 98.4 keV.

Most x-ray photons with energies higher than the binding energy of the
target elements will interact with K-shell electrons through the photo-
electric effect and produce vacancies in the K-shell. More than 70 %

of these vacancies will give rise to K-radiation when they are re-
filled with electrons from the outer shells. The K-radiation from the

target consists of both Ka— and K _-radiation, and there will also be

8



some coherently and incoherently scattered photons. Special filters
have been used to reduce this scattered radiation and the KB—
component in the radiation field (Chartier and Portal, 1972; Birks et
coll, 1976; Vyborny et coll, 1977, and Doi et coll, 1982). These
filters have been chosen so that the K-absorption energy of the
filter lies between the Ka— and the KB—energy of the target
radiation (figure 2:2). With this method most of the KB—radiation

and the scattered radiation will be absorbed in the filter.

N
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Figure 2:1 The K-radiation generator.
1 K-radiation target used to produce K-radiation.
Filter used to filter out K, - and scattered radiation
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This filtering method will give a radiation beam which almost entirely
consists of Ku—photons from the target. However, a compromise has
always to be made between obtaining a pure beam of Ku-photons and a
sufficiently high exposure rate when chosing parameters such as

filter thickness, the x-ray tube voltage, the geometrical arrange-
ment etc. In the geometrical set-up it is important that the K-radia-
tion target is placed as close as possible to the focus of the x-ray
tube due to the inverse square law (figure 2:1).

The filter thickness has been chosen in such a way that it will reduce
the Ka—photon fluence by approximately 50 % and the KB-photons by at
least 90 % (table 2:1). A further increase in filter thickness was
shown to only slightly increase the purity of the K-radiation. The fil-
ter thicknesses reported in table 2:1 were regarded as the optimal
choice, as the exposure rate decreases when thicker filters are used.
The thickness was, however, not found to be very critical.

The x-ray tube voltage has in most cases been chosen to give a maximum
photon energy (hvmax) of approximately twice the K-absorption energy
of the target elements. h“max was measured with a Ge-detector after
90° scatter in perspex.* However, the K-fluorescent fraction in the
beam does not depend very strongly on the tube voltage. The choice

of tube voltage has also been discussed by Fernando (1964), Kathren

et coll (1971) and Hoffman and Phelps (1974) but with a somewhat
different filtering technique. Birks et coll (1976), Vyborny et coll
(1977) and Doi et coll (1982) used diagnostic x-ray tubes with Tower
maximum tube voltage and were therefore not able to optimize the tube
voltage for elements with K-absorption edges above about 70 keV.
However, with comparable target-filter combinations most of the authors
have chosen approximately the same tube voltages as in the present
work.

Collimation of the beam is important as secondary radiation from other
materials then the K-radiation target could give unwanted contributions
to the beam. Radiation which is transmitted through the target passes

* see page 18
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into a lead enclosure, see figure 2.1, and is not able to re-enter
the beam or leak out to give 'background' radiation. The K-radiation
targets and filters have a minimum diameter of 25 mm. The effective
size of the radiation source was collimated down to 10 or 20 mm in
diameter when a circular beam was used. In some cases, a slit-
formed beam was used, with the dimensions of the collimator being 25
mm X 5 mm.

Purity of the radiation sources

Contamination of Ka-radiation beams with photons of other energies
have been studied.These measurements were used both to optimize the
K-radiation sources and to give some estimation of errors due to
impurities of the K-radiation beams.

The purity of the K-fluorescent radiation has been evaluated by spec-
tral measurements with a high purity Ge-detector (PGT 210). The energy
resolution of the system for full width at half maximum (FVHM) was

0.3 keV at 16 keVY and 0.5 keV at 140 keV, The sensitive volume of the
cylindrical detector has a diameter of 16 mm and a thickness of 10 mm.
There is a thin gold contact layer on the frontal surface of the
detector. This gold layer is less than 50 ug per cm2 and corrections
for absorption in and secondary radiation from this thin layer are
insignificant for the purpose of this investigation. The detector is
placed in a cryostat with a 0.5 mm thick beryllium window in front of
the detector. This beryllium window will attenuate low energy photons
to some extent, but this effect can be neglected here. Escape of
fluorescent radiation which is produced by photo-electric absorption
of photons by the K-shell electrons of germanium will give a distortion
of the pulse height distribution. This escape fraction is calculated
in appendix 1. The full energy peak efficiency of the detector (figure
2:3) was calculated considering the penetration of the detector,
Ge-K-escape and attenuation in the beryllium window and the gold con-
tact.
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Another factor influencing the pulse height distribution is the escape
of compton-scattered photons. At energies above about 60 keV this
effect has to be corrected for. Above this energy most of the escaping
photons will leave the detector through the front surface. As can be
seen from figure 2:4, the energy of the scattered photons (900 to
1800) contain much more than half the energy of the primary photon.
The energy of the compton electron which is absorbed in the detector
will therefore be much Tower than that of the primary photon. Calcula-
tions of compton escape have been carried out by a number of authors
e.g. Yaffe et coll (1976) and Swahn (1977). The detectors used by
these two authors were 5 mm thick. An approximate recalculation of
their data to the present 10 mm thick detector was carried out by
correcting for the increased attenuation in the detector. This also
gave a decrease in escape through the exit surface of the detector.
The number of compton photons escaping has been estimated to be Tess
than 8 % of the number of incident photons with energy of 140 keV,
less than 3 % at 100 keV and less than 1 % below 70 keV. These
figures are in good agreement with later results from Monte Carlo
calculations carried out by Chen et coll (1980). The detected compton
electrons will in general be of such a low energy that, with regard
to the present filtration, no photons in that low energy interval
could be present in the photon beam. These pulses could therefore

be identified as compton-escaping photons.
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Figure 2:4 The energy of incoherent-scattered photons (solid line)
and electrons (broken line) at different scattering angles as a
function of the initial photon energy.

As the photon beams are approximately monoenergetic corrections for
compton escape can easily be made with a knowledge of the compton-
escape fraction, approximate energy distribution of secondary compton
electrons and filtration in the photon beam.

The radiation geometry in these spectral measurements was chosen so
that the photon fluence rate on the detector would not be higher than

2 000 photons per second. A higher fluence rate would make it necessary
to decrease the time constant in the amplifier, which was chosen to

be 10 us. A shorter time constant will give some reduction of the
energy resolution of the system and at higher pulse rates there will

be some pile-up in the system even when the pile-up rejector is used.
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The photon beam was collimated by an aperture of 1 mm diameter in
front of the detector. Both the detector and the x-ray tube were
lead-shielded to prevent scattered radiation from reaching the
detector. Background contributions were measured and subtracted
from all pulse height distributions.

Tc-99m has been used as a radiation source with a main gamma energy

of 140.5 keV. The activity used was approximately 3 000 MBg in a
solution of 5 to 10 ml. The source was surrounded by a lead shield

but the irradiation geometry was arranged so that no contribution

of secondary radiation from the lead shield could enter into the

beam. A filter of 0.3 mm Cu was used to reduce the contribution from
low-energy compton-scattered photons. The spectral contribution of

the photons was measured with the Ge-detector. The reason for these
measurements was mainly to determine the contribution of photons which
are incoherently scattered in the solution. In these measurements a
contribution from photons of energies below 50 keV was observed in

the pulse height distribution. This contribution was about 3 % of

the total number of pulses in the spectrum (after corrections for
transmission through the detector were carried out). This figure
should be compared to the calculated compton escape fraction when

the detector is irradiated by 140.5 keV photons. This fraction was

as about 8 % but some of these interactions will give so little

energy to the secondary electron in the detector that they not will

be detected. In the measurements all pulses detected below 50 keV have
therefore been regarded as being due to compton escape induced by the
140.5 keV photons. The maximum error in this approximation is estimated
to be 1 % of the total number of photons, 88 % of the photons in the
pulse height spectrum were found in the keV-peak and 91 % after
correction for compton escape from the detector. The rest of the
photons were compton scattered in the solution. The dominant part of
this contribution had energies between 90 and 141 keV.
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The 59.6 keV photons from Am-241 were used in attenuation measurements
on the x-ray screens and in a constancy check on the sensitivity of
the screen-film system. This source is capsuled in such a way that
most of the gamma radiation with energies lower than 59.6 keV is
absorbed in the source. Only very small amounts of lower energy
radiation were detected.

The fluorescent K-radiation sources was tested with regard to the

fraction of photons in the Ky and K, *K peaks. The fraction of

Ka-radiation in the beam was measured ts be between 82-94 % of the
total number of photons and the fraction of Ka and KB between
91-95 %, see table 2:2. For some fluorescent sources suitable filter-
ing elements with the K-edge between Ka- and KB-energy could not be
found. In these cases other filters were used and the purity of Ky~
and Ka+8-photons was lower but never Tess than 62 % and 80 %
respectively. Some typical measured pulse height distributions are
presented in figure 2:5. These findings are very similar to experi-
ments carried out by Vyborny et coll (1977) and Doi et coll (1982)
except at energies where no suitable filter was found and at higher
energies where their diagnostic x-ray unit not was able to give as
high kV as would have been needed.

In these purity measurements, the filter was placed in two different
positions to check the contribution of secondary radiation from the
filter. In position 1 the filter was placed about 10 cm in front of
the target foil and in position 2 about 2 cm from the target (figure
2:1). The contribution of K-radiation from the filter was found to

be between 1 and 4 % of the total number of Ku-photons when the filter
was placed in position 2 (table 2:2). With the filter in position 1

no detectable contribution was present in the beam.
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Figure 2: 5 Examples of measured pulse height distributions of the
fluorescent K-radiation when different sets of K-radiation targets
and filters are used.

The most important contamination of the Ka—radiation is scattered
radiation and KB-radiation from the target which to some extent
penetrate the filter. Typical for these contaminating photons are
that they have energies very close to that of the Ka-radiation. These
contaminating photons have to be corrected for if screens with dis-
continuous  or very rapidly changing characteristics within a small

energy interval are investigated.
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Homogeneity of the Radiation Field

The homogeneity of the radiation field was checked using an intensi-
fying screen-film system in a cassette. The film was exposed to give
a total optical density of about 1.0. The density distribution was
then measured and recalculated to an exposure distribution making use
of the relation between film density and film exposure (HeD-curve;
chapter 3) This HeD-curve was determined from measurements carried
out for approximately the same irradiation time as in the homogeneity
measurement. With this method the homogeneity of the field 50 cm from
the target was found to the better than + 1 % within a diameter of 1
cm and + 3 % within 2.5 cm. Most measurements have been carried out
with radiation fields smaller than 1 cm in diameter.

Measurements of the Maximum Energy of the X-ray Spectrum at different
kV-meter Settings

The "true" kV of our x-ray unit had to be known for intercomparisons
with the x-ray quality used by other authors. As the kV-settings of

the therapy unit used in the experiments were not calibrated, the
maximum photon energy of the x-ray spectrum had to be determined. The
tube was fixed in a position so that direct measurements in the beam
would have been complicated. Instead the spectral distribution of

90° scattered photons from the x-ray tube was measured with the Ge-
detector. From these measurements the maximum energy of the primary
spectrum was determined. This method has been used by others to measure
tne spectral distribution from x-ray tubes e.g. Yaffe et coll (1976).
Most of the photons which are detected in these measurements are
incoherently scattered once in the perspex scatterer. The incoherent
scatter cross section for 90° scattering was calculated and compared

to the cross-section for coherent scatter. Form factors and scatter
functions published by Hubbel et coll (1975) were used. These calculated
cross sections indicate that the fraction of coherent-scattered photons
could be neglected.
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The maximum energy of the scattered spectrum was estimated by extra-
polation of the slope of the high energy part of the pulse height
distribution. The maximum energy of the primary spectrum was then
calculated with regard to the energy of the 90° incoherent scattered
photons. The accuracy of these results depend on how exactly the
scattering angle can be defined, the resolution of the detector, and
how accurately the maximum energy can be estimated from the measured
pulse height distribution. This could be an effect of high voltage
variations, some pulse pile-up even when the pile-up rejector is used
and perhaps small contributions of coherent-scattered photons. The
uncertainty is considerably smaller than + 5 keV and thus was
considered to be an acceptable value for this investigation.

Air Kerma iMeasurements

The speed of screen-film systems are often in terms of the inverse of
exposure or air kerma at the surface of the cassette when the cassette
is absent. This is a practical quantity to use as ionization chambers
are often calibrated for exposure or air kerma measurements. When mono-
energetic radiation is used it is also quite simple to determine the
energy fluence or photon fluence from exposure or air kerma measure-
ments.

A free air ionization chamber was constructed for the measurement of
the exposure rate from monoenergetic photon sources with Tow exposure
rates and energies between 16 and 140 keV. Air kerma, photon fluence
and energy fluence were then calculated from these exposure measure-
ments. When the fluorescent radiation sources were used in the
irradiation of, for example, x-ray screens a thin transmission
ionization chamber was used as a monitor. This monitor was then
calibrated against the free-air ionization chamber.
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The free air ionization chamber

In the design (figure 2:6) and use of the free air chamber some
important factors have been specially considered.

O al

1 Pb

Brass

0O Rexolite® insotators

electrode

extension tube

collimator
—

electrode

50mm

Figure 2:6 Schematic drawing of the free air ionization chamber
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There has to be charged particle equilibrium within the measuring
volume of the chamber and the secondary electrons should not reach
any electrode before they have lost all their initial kinetic energy
i.e. the dimensions of the chamber should be sufficiently large
compared to the electron range. For a primary photon with energy of
100 keV the maximum energy of a secondary electron is 28 keV. The
path length of this electron is approximately 20 mm in air (Berger
and Seltzer, 1964). The distance between the collimator and the
measuring volume has been chosen to be larger than 40 mm and the
distance between the edge of the photon beam and the electrode is
larger than 30 mm.

Contributions from photons which have been scattered outside the
measuring volume is less than 0.5 % but this contribution will
approximately be compensated by the loss of secondary electrons
(NBS Handbook No 64, 1957). The exact sum of these two disturbances
is not well known but it is beljeved to be small and no corrections
were applied.

In this chamber it is possible to change the distance between the
collimator and the measuring volume. Such changes did not affect the
response when corrections for changes in air attenuation were carried
out.

The attenuation of photons between the collimator and the measuring
volume has been calculated. This distance is less than 76 mm and the
attenuation is Tess than 0.6 % for photons with energies between 16
and 141 keV.

The electric field strength between the electrodes need be no larger
than 250 V/cm (NBS Handbook No 64, 1957) for air kerma rates smaller
than 8 mGy s_]. As the kerma rate in the photon beam from the

K-fluorescent sources used in this work is less than 3 uGy s']

it
should be possible to use smaller electric fields. A distance between

the electrodes of 9 cm was used. (In this chamber it is also possible
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to change the distance between the electrodes, see figure 2:6). It
was found by measuring the recombination in different electric fields
that 100 V/cm, which was normally used, was more than sufficient at
these Tow exposure rates.

The chamber 1is equipped with a collimator defining the width of the
measuring volume. These collimators was made of 4 mm thick lead with
circular holes.The diameter of the collimator holes are 5, 10, and
20 mm.

The penetration of the lead-shielded wall of the chamber and scatter
of photons in through the exit hole of the chamber was checked by
using a lead plate instead of a collimator. The contribution of pene-
tration and scatter was found to be less than 0.3 % for photon beams
of much larger field areas than the chamber if the exit hole was
shielded with an extension tube to prevent scatter into the chamber
(see figure 2:6). Without this extra shielding of the exit hole, the
scatter contribution, which varies with photon energy and field size,
was, in some cases, found to be much larger.

The measuring volume is not well defined. Special guard wires are
normally used for this purpose but in order to simplify the
construction of this chamber it was only equipped with three guard-
plates with rather large potential difference between each of them.
Therefore it is not possible to define the measuring volume exactly,
which makes a calibration of the chamber necessary. The response of
this chamber should, however, be independent of photon energy making
calibration at more than one photon energy unnecessary.

The calibration constant in Gy per nC of the chamber has been
determined both by calibration at the national standards laboratory
(SSI) and by calculation. In the latter case the effective volume

of the chamber was only approximately estimated. The calibration was
made with a collimator of 20 mm in diameter. Correction for pressure
and temperature has been carried out to the references 101.325 kPa
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ana 295°% K respectively. The correction for air humidity was disre-
garded. The calibrations have been made in x-ray beams with different
kV and filtration to check the response of the chamber, see figure
2:7.

At energies nigher than 100 kV and 1.6 mm Al-filtration the spread of
the calibration values is less than + 3 %. In the low energy beams
(below 100 kV and 1.6 mm A1) SSI could not guarantee better accuracy
than + 10 %. Consequently these measurements were regarded as less
significant. The calibration constant from the measurements at

higher energies was used in this case. The chamber response calculated
from the chamber dimensions was 5 % Tower than this value (i.e. 1.58

nGy nc”!

, see figure 2:7) obtained from calibration in the high energy
range. Part of the discrepancy may possibly be explained by the

insufficiently well-defined electric field.
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In these experiments on x-ray screens, this accuracy is acceptable
compared to other factors which are very difficult to define and
which will give much Targer variations in the absolute sensitivity

of a screen-film system. Most importantly it is possible to keep

the air kerma measurements constant and independent of the photon
energy. In this respect a free air ionization chamber of a simple
design can be regarded as a good air kerma meter even if the absolute
value of the calibration constant may be in error by as much as 5 %.

Monitor_Chamber

During the irradiation of the screen-film systems a transmission
ionization chamber with thin walls of mylar foil was used as a
monitor. This monitor was placed in the beam (figure 2:1). A lead
shield with a small hole was placed 'downstream' from the monitor to
prevent any change in back-scatter to the monitor from the x-ray
screens, detectors etc, which could influence the calibration value
of the monitor.

Results and Discussion

Nineteen almost monoenergetic radiation sources were constructed.
Studies of the photon spectrum from these sources show that almost
all photons have energies within a very narrow energy range. This
makes these sources suitable to use in studies of energy behaviour
of, for example, different types of radiation detectors. A Timiting
factor of their use is the rather low air-kerma rate. This was always
Jess than 3 uGy 5”1 at a distance of 30 cn from the source.
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CHAPTER 3

THE PROPERTIES OF FILM AND PM-TUBES FOR LIGHT MEASUREMENTS

Both photographic film and a photomultiplier tube (PM-tube) have

been used to measure light from x-ray screens. These detectors have
different properties which make them suitable for use in different
types of measurements. Both the PM-tube and the film can be manufac-
tured with different spectral sensitivities. If the absolute values

of the screen sensitivities are to be compared the spectral sensitivi-
ty of the light detector must be considered as the different screens
have different light spectra. In this case the choice of light
detector will be rather critical. None of the detectors used in

this work are, however, optimized to enable such measurements to

be made. Here the different screen-film systems have been treated

as a complete system and most interest has been paid to the energy
dependence of the screen-film characteristics. Geometrical conditions,
linearity of the system, correction for different distortions etc

has also to be considered in the choice of light sensitive detector.
In this section these factors are discussed and the light-measurement
set-up is described.

The films used in this work were either I1ford Rapid R, Agfa Gevaert
RPT or 3Ms XD-film. In the choice of PM-tube the only criterion was

to achieve an acceptable signal-to-dark current ratio of the system.

Measurements of Screen-Light with a PM-tube

The PM-tube has a Tinear relationship between the light to the PM-tube
and the measurement signal, which simplifies the evaluation of

the measurements. There is, however, a small leakage current in the
PM-tube so, in the measurements of small currents, a correction is
needed.
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The photomultiplier, which was shielded with lead glass, was placed
on the back of an ordinary film-screen cassette (figure 3:1). The
dynode chain of the PM-tube was connected to a stabilized high
voltage power supply and the current from the PM-tube was integrated
with an integrator-coupled electrometer. A special current was
connected anti-parallel to the signal to compensate for the dark
current in the PM-tube. The voltage on the input side of the integra-
tor will change when the signal and thereby the voltage over the
condensator changes. Therefore, the compensating current may also
vary during the measurement if precautions are not taken to minimize
this effect. The voltage level in the compensating circuit must be
chosen so that it is iuch Targer than the voltage change on the input
siae of the integrator. This will make the relative voltage change
across the 300 Mo-resistor (figure 3:1) small and the change in the
compensating current will thus be small.

The Tinearity of the system was checked and the sensitivity to x-ray
photons was measured and found to be neglible.

Measurements of Screen-Light with Photographic Film

In most of the experiments film has been chosen as light detector
when film normally is used as the light detector between x-ray
screens in clinical practice. The use of a PM-tube instead will (in
most cases) exclude the possibility of making measurements on both
screens in a cassette, i.e. 1in the geometry of clinical interest.
If measurements are carried out on only one screen, effects of
secondary radiation produced in one screen and re-absorbed in the
other one would, for example, not be included in the measurements.

Photographic film as a light-sensitive detector can be described

in a simple way by, for example, the Gurney-Mott model (Dixon and
Ekstrand, 1976; James, 1977). This model describes the physical
process in the film emulsion when it is irradiatied with visible
light (figure 3:2). A Tlight quanta is absorbed in a silver bromide
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Figure 3:1 The set-up for measurements of Tight from x-ray screens
with a PM-tube.

grain and an electron is excited into a conduction band. This electron
can either re-combine or be trapped in a so called trap. if the
electron remains in this trap long enough it will be followed by an
Ag+—1’on and a centre with one Ag-atom will be formed. This centre

with only one Ag-atom is thermally instable and may disappear.
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The average lifetime of such a centre is about 8 seconds. If more

electrons and Ag+-ions are trapped at this centre it will be more

stable but it will not be developable before it is large enough.

When the film is further illuminated the stable centre will grow

and normally form an developable grain. The developing of a film will

normally start in a developable centre or in a defect of the film

(defects will give fog in the film).
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Schematic diagram of the nucleation stage of latent-image
formation, according to a modified version of the
Gurney-Mott theory (James 1977).

Schematic diagram of the growth stage of a latent image
formation (James, 1977).
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The optical film density as a function of the amount of light falling
on the film (usually referred to as light exposure) is called the
HeD-curve (figure 3:3). At low film exposure the density increases

very slowly. This is called the toe of the HeD-curve and is dependent
on the fact that many of the induced centres not are developable. The
shoulder of the film curve is reached when most of the Ag-atoms have beer
used up and the density cannot be very much further increased. Between
the toe and the shoulder of the HeD-curve there is a part which can

be regarded as approximately proportional to the logarithm of the
exposure of the film. If the film is irradiated with jonizing radiation
instead of Tight the toe in the HeD-curve will be absent as one "hit"
by a secondary electron is usually sufficient to make a grain develop-
able. More than one interaction is normally not needed.

FILM DENSITY

1 10 100
FILM EXPOSURE /ARB.UNITS

Figure 3:3 Film density versus exposure. Curve 1: for a typical
photographic material. Curve 2: for the same materijal after
a uniform post-exposure at Tow intensities or an exposure
at a constant very low intensity of light (James 1977).

~

Curve 2 can also be obtained with ionizing radiation.
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X-ray screens for clinical use emit light in the wave length region
between 375 and 624 nm. This Tight is emitted as a continuous spectrum
in some screens and as line spectrum in other screens (Stevels, 1975).

Different types of film emulsions are made to fit the colour of the
emitted light from the . screens. Some of them are so-called blue-
sensitive and others are green-sensitive. In the measurements of the
MTF the same blue-sensitive film was used with both the blue- and the
green-emitting screens. This should not affect the relative change in
MTF as a function of photon energy but it may affect the true MTF as
light of a different colour may be transmitted, scattered etc in
different ways in the films. Light cross-over between the film-emulsions
may also produce different effects on the MTF, depending on the
matching of film and screen-light colour. This effect should not
change with photon energy.

The colour of the emitted light from the screens was assumed not to
change with x-ray photon energy when only one phosphor material was
used in the screens. The difference in speed between screen-film
systems with the same screens but different films has therefore been
regarded as independent of photon energy. Calculations of the screen-
film sensitivity when different films were used with a screen pair
were made with an experimentally determined energy independent factor.
This factor was measured as the quotient of the sensitivity of
screen-film systems when different films were used with the screens.
These measurements were carried out in an 80 kV x-ray beam with extra
filtration of 20 mm Al. The exposure time was 0.1 s.

The colour of the screen-light was assumed not to change the HeD-curve
and the reciprocity law fai]ure]) of the films (James, 1977). This
reciprocity failure is,however, different for different films.

1) When a film is exposed to visible Tight up to a specified film
density the reciprocity law says that the exposure time should be
inversely proportional to the Tight intensity. This is normally not
valid and the deviation from this reciprocity law is called "recipro-

city Taw failure" or simply "reciprocity failure".
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Corrections for Different Film Sensitivity Depending on Manufacturing,

The sensitivity of the film batch may change with time if there has
been changes in storing-time, developing etc. To enable corrections
for these changes a small area of each film used in the experiments
was placed between two x-ray screens and the screen-film system was
irradiated with an Am-241 gamma source. This gamma source was mounted
in a fixed geometry and the exposure time was approximately 3 minutes.
This time is comparable to the exposure time used in the experiment.
From this the correction factor for changes in film sensitivity was
found. To further decrease any possible errors all measurements on a
given screen were done on the same film.

The sensitivity of a photographic emulsion to light is dependent on
the light intensity during the exposure. This effect is called the
reciprocity law failure and has to be corrected for when different
exposure times for photographic films are used.

The reciprocity law failure in a film emulsion depends on two types

of processes which decreases the sensitivity of the photographic
material. The reciprocity law failure is of importance both at high
and low light intensities (figure 3:4). In the experiments in this
work when the screen-film system is irradiated with x-ray sources of
low intensity, only the low intensity reciprocity failure is of im-
portance. The low intensity reciprocity failure is due to recombination
of instable centres with too few Ag-atoms. This reciprocity failure
will be large at low light intensities when the time between each
ionization at a centre is large; centres with only one Ag-atom will
then often recombine before a second ionization occurs. A centre with
only one Ag-atom is very instable but a centre with two or more Ag-
atoms has an average lifetime of about 24 hours. The further building
up of a stable centre will then continue with the same efficiency
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independent of the lignt intensity. At low intensities every new
stable centre will grow further and be developable. Small instable
centres will to a large extent recombine and disappear. The fraction
of small, non-developable centres will therefore be smaller when
Tower exposure rates are used. This will then influence the HeD-curve
and especially the toe part of the curve (figure 3:3).

The nigh intensity reciprocity law failure is due to the limited
mobility rate of Ag+—1ons (according to the Gurney-Mott model).

In high intensity exposures a lot of ionizations will occur but

no niore than a few electrons can exist at the same site when no
Ag+-10ns are present. The Ag+—1ons are needed to electrically
neutralize the electrons. High intensity exposures will thus
proauce many centres which are so small that they are undevelopable

or instable.

LOG.LIGHT FLUENCE

LOG.LIGHT FLUENCE RATE

Figure 3:4 A reciprocity curve of an emulsion showing both high
intensity and low intensity reciprocity law failure;
Light fluence needed to achieve a given net film density
when the light fluence rate is varied (James, 1977).

When photographic emulsions are directly irradiated with x-ray photons
a whole shower of electrons will be produced around the centre. A
developable centre will normally be produced by only one x-ray photon
and there will therefore not be any reciprocity failure when x-ray
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photons are used. The toe part of the HeD-curve will in principle
not be present either.

The reciprocity law failure of the film was measured with the film
between two x-ray screens. These screens were irradiated by a tungsten
x-ray tube with a 6-pulse generator at 75 kV. 20 mm Al was used as
extra filtration in the beam (this thickness was used in order roughly
to simulate the filtration in a patient) and only a small fraction

of the incoherent scattered radiation from the filter was assumed

to reach the cassette. The measurements were carried out for different
exposure times and the tube current (mA) was varied to achieve net
film density 1.0. The light from the front screen was measured with

a PM-tube during the exposure (figure 3:1). The ratio of the Tight
contributions from the front and the back screens was assumed to be
constant as any change in radiation quality was small during the
experiment. Measurements of the light from the screens instead of

the x-ray exposure of the cassette will decrease the errors in the
experiment as cnanges in raaiation quality may change the sensitivity
of the screen-film system and thereby also change the light fluence.
The film was exposed to net film density 1.0 for different combina-
tions of intensities and exposure times. A measure of the reciprocity
law failure was then given by the amount of light required by the

film when different exposure times were used (figure 3:5). These

data were then normalized to unity at the exposure time of 0.1 sec

which is a commonly used exposure time in routine x-ray diagnostics.
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Figure 3:5 Measured correction factor for the reciprocity law
failure in the I1ford Rapid R film. The correction factor
is normalized to 1.0 at the exposure time 0.1 s.

The reciprocity failure may change depending on both the developing
conditions and the temperature during the exposure (James, 1977).

The former will mostly produce effects in film which is exposed
during short exposure times, i.e. the fraction of non-developable
centres is influenced by the developing conditions. The temperature
during the film exposure will have effects on the ion mobility in the
emulsion. The reciprocity failure will increase when the light inten-
sity is low and the temperature is increased. Variations in reciprocity
failure between different types of film emulsions can be large
(Arnold, 1978) but repeated measurements on the film type used in
this work show only insignificant differences. The small changes
during the film exposure and developing were therefore not assumed

to have any appreciable influence on the low intensity reciprocity
failure.
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If photographic film is illuminated with pulsed 1ight it has been
founa that the low intensity reciprocity failure is dependent on the
pulse frequency if this frequency is low enough so that the recombi-
nation effects between the pulses are of importance. The pulse form of
the x-ray generator could therefore be suspected of influencing the
reciprocity failure of the film, e:g. if the reciprocity failure
corrections were measured with a 6-pulse generator. When screens

with relatively long afterglow are used this effect could be somewhat
reduced. As the average recombination time for instable centres is
approximately 8 sec (James, 1977) the pulse frequencies of an x-ray
generator, which are about 50 to 600 per second, should be much
higher than the critical frequency (about 0.2 per second) and the
pulse frequency from the x-ray generator should therefore not affect
the reciprocity failure. This latter assumption is supported by the
fact that the low-intensity reciprocity failure is seen to change
very little at exposure times shorter than 0.1 sec. The x-ray tube
which was used to produce the K-radiation works with a 6-pulse
generator with approximately the same pulse form as that of the x-ray
generator used to measure the reciprocity failure. The irradiation
with Tc-99m and Am-241 was, of course, continuous and in this case
the reciprocity failure was assumed to be the same as that measured
with the 6-pulse generator.

The reciprocity law failure measured by illuminating the film with
X-ray screens in a photon beam has been compared to measurements
where the film was directly illuminated by visible light from a
tungsten lamp (Seeling and Danzer, 1978). These methods were found
to give the same results. Some sort of difference could have been
expected depending on the difference in light distribution. The
tungsten lamp illuminates the film with continuous and homogeneous
light distribution but the x-ray screen illuminates the film with
light flashes from crystals in the phosphor.
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Contributions to the Film Density from Directly Absorbed X-Ray Photons

When a film-screen system is irradiated with x-ray photons most of
the photons which contribute to the final image interact in the screens
and the fluorescent light from the screen phosphor results in film
blackening. A small fraction of the x-ray photons will, however, be
directly absorbed in the film emulsion and thus give a direct contri-
bution the the film density. The fraction of direct contributions to
the film density is dependent on photon energy and choice of x-ray
screens but this contribution is normally less than a few per cent

of the total film density. The reciprocity failure may increase the
contribution by a factor of about three, especially when only one
side of the film is illuminated. This contribution will to some extent
be corrected for when the correction for reciprocity failure is
applied as the contribution of directly absorbed photons is also
present in this correction. The contribution of directly absorbed
photons was estimated by screening the light from the x-ray screens
with a sheet of light-tight paper and irradiating the cassette during
the time which was normally needed to obtain film density 1.0. It is,
however, not at all obvious that the contribution measured in this
way should be directly added to the film density. The so-called
Villard effect (James, 1977) states that if film is first irradiated
with x-rays and then with Tight, then the total density will be less
than the sum of the separate contributions. This is assumed to be an
effect of the light exposure which partly destroys the Tatent image
of the x-ray exposure. At high intensity exposures with both x-ray
and Tight photons, an effect which is the opposite to the Villard
effect could be seen in some emulsions (the Bequerel effect; James,
1977) but the Villard effect is the most common and will probably
apply better to the conditions in the experiments of this work. The
Calyden effect (James, 1977) is very similar to the Villard effect
but in this case the x-ray irradiation is supposed to make the
emulsion Tess sensitive to the following light exposure.
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A1l these effects are dependent on the choice of film emulsion, the
light intensity, the proportions between light and x-ray photons,
exposure time and so on. During an exposure when both x-rays and
light are used together as was the case in the experiments of this
work, it is possible that all of these de-sensitizing effects will
to some extent be present. The total effect of the direct x-ray con-
tribution should therefore be even smaller than the very small
contributions measured when the Tight was screened off.

Changes in the HeD-curve due to Asymmetric I1lumination of Double
Emulsioned Film_ _______ ..
The speed and the HeD-curve of a film could be expected to change
if the film is illuminated with a given amount of light but with
different fractions on the two emulsions. These changes were cal-
culated in a simple way. An experimentally determined HeD-curve
was used for the case when both emulsions were symmetrically
illuminated and from this the asymmetric cases were calculated,
The calculations were carried out for the ratios of the light

to the front and to the back screen (front/back) equal to 1, 2, 3, 4,
and 5 (figure 3:6).

The change in reciprocity law failure is not included in these cal-
culations. An approximate estimation of the effect of the reciprocity
failure says that if the intensity is increased in the front screen
and decreased in the back screen then the reciprocity failure will
decrease in the front emulsion and increase in the back emulsion.

The total sum of these effects should not change the HeD-curve very
much, especially if there is a significant amount of light cross-over
between the emulsions.

The cross-over effect in the film was not included in the calculations
as it is not well known. This effect seems to be rather large and in
the practical case if one wishes to calculate and approximate HeD-curve
when the film is asymmetrically illuminated and the cross-over fraction
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is known, the results in figure 3:6 could be used but the quotient
front/back should be reduced with regard to the cross-over effect. The
change in HeD-curve of double-coated film when it is illuminated by
different intensities on the two emulsions has been investigated by
Vyborny (1979). He found only small changes in the HeD-curve. The
reason why these changes were so small was explained by the cross-

over between the emulsions. The cross-over contribution in the investi-
gated films were found to vary between 0.22 and 0.51. However, there
are also some diagnostic films where this cross-over effect is
effectively reduced (Gopala and Panos, 1979).

'ront[back
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Figure 3:6 Calculated HeD-curves when the double-emulsioned film
was asymmetrically illuminated. The proportions front/
back were chosen as 1, 2, 3, 4, and 5.
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Changes in HeD-curve due to asymmetric illumination is one of the
reasons why two films were used in some of the experiments. By using
two films it is possible to make corrections when the film density
is not equal to 1.0. The change in film sensitivity which could be
a result of inhomogeneous irradiation of the film is also avoided.

Determination of the HeD-Curve with Constant Exposure Time or Constan
Exposure Rate. Pre-Exposure of Film to Obtain a more Linear Relation

HeD-curves intended for use in the determination of light to the filr
can be determined in different ways. These curves can either be
measured with a constant time but with varying light intensity (or
exposure rate) or it could be measured with constant Tight intensity
but with changing exposure tine. The method with constant exposure
time is that which best simulates the clinical case but with constant-
light-intensity method it is often easier to obtain HeD-curves with
with good accuracy.

In the sensitivity measurements on x-ray screens these HeD-curves
measured with constant intensity were used for corrections when the
net film density not was equal to 1.0. This will then give a
corrected value of both the exposure to the cassette and the
exposure time. The correction for reciprocity failure, which also
has to be applied, will then be carried out with regard to the
corrected exposure time.

When the exposure time is increased the number of non-developable
centres will decrease and the "toe part" of the HeD- curve will
therefore change. However, the gradient of the curve at film
densities between 0.7 and 1.4 was found not to change significantly
for exposure times between 0.05 sec and 7 minutes. This enabled

the use of the same HeD-curve in the corrections mentioned above.

In the measurements of the line spread function (LSF), on the other
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hand, one has to use an HeD-curve which is determined for a constant
exposure time as the whole LSF-curve is exposed during the same time.

If an HeD-curve which is exposed with constant light intensity is

used the results have to be specially corrected for reciprocity failure
as different light intensities is produced in different parts of the
LSF-image. This correction is already included in the HeD-curve measured
auring constant time with different light intensities.

Rossman et coll (1964) pointed out that HeD-curves determined from the
exposure of a 0.1 mm wide film area will be markedly different from
curves determined by using larger areas. Rossman explained this with
the Eberhart effect which is an effect in the film emulsion giving
higher densities when small areas are exposed compared to the
density in larger areas. In later references (Strubler et coll, 1973)
this effect has been regarded to be of very small importance in
measurements on x-ray screens as the image from the screens are
rather blurred och the wide aperture HeD-curve is perhaps more

like the real conditions in the experiment. Therefore, all HeD-
curves used in this work have been measured with the wide aperture
technique.

When double-emulsioned film is used, the front and the back emulsions
will not have identical images and the HeD-curve may not always be
valid for these exposures. However, this effect has been shown to be
small in screen-film systems which are not very asymmetric (Doi, 1973).

The toe and shoulder region of the HeD-curve are not suitable for use
in the calculations of Tight to the film from the film density. Diffe-
rent methods have been used to overcome this problem. The most common
method is to make more than one LSF-exposure for different exposure
times and only use the approximately linear part of the HeD-curve
(Strubler et coll, 1973). Others (Morgan et coll, 1964) have pre-
exposed the film to reduce the toe region and by this method it is
possible to determine the LSF with only one exposure. The measure-
ments and calculations will be easier and faster with this later
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method but the total film density interval which can be used is not
so large. In this work a somewhat improved version of the pre-exposure
method was used as described below.

It has been shown (James, 1977) that the effect of two exposures

after each other, one with high intensity and the other with Tow
intensity will be larger than the sum of the two individual exposures.
This effect was used in the LSF-measurements. The film was pre-exposed
at rather high light intensity. This will produce mainly non-develop-
able centres and the following LSF-exposure which is done with low
intensity will build further on the non-developable centres and very
few non-developable centres from the LSF-exposure will then be present
in the image. In this way the toe part of the HeD-curve will be almost
entirely eliminated.

The effect on the HeD-curve due to different types of pre-exposure
have been tested. Two x-ray screens were used to illuminate the film.
These screens were irradiated by an Am-241 gamma-source with the
activity 18.5 GBq to produce the HeD-curve and an x-ray tube for the
pre-exposure. The exposure rate from the gamma source was changed by
varying the distance between the gamma-source and the film-screen
cassette. The relative light intensity from the screens was measured
with a PM-tube as a function of distance between the gamma-source
and the cassette. In the experiment the film was pre-exposed both
during a relatively long time (about 1 minute) and during a short
exposure time (about 0.005 sec). The films were also pre-exposed to
different density levels between net densities 0.1 and 0.8. To avoid
unnecessary increase in the quantum mottle level and thereby decreasing
the signal-to-noice ratio in the measured LSF, all the pre-exposures
were carried out with diffuse light.

The HeD-curves measured with low-intensity pre-exposure (figure 3:7)
indicate that the pre-exposure must be done to a density Tlevel
between 0.5 and 0.8 in order to eliminate the toe region in the HeD-
curve. The problem with this high pre-exposure is that the available
density region in the film will be considerable reduced.The HeD-
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curves with high intensity pre-exposure (figure 3:8) show a very small
toe area at a pre-exposure giving a film density of only about 0.35.
With this method the available density region in the film will be
larger. In this way the HeD-curve will be much more Tinear but the
measured LSF has to be corrected for the current HeD-curve.
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Figure 3:7 HeD-curves measured under constant exposure time (i.e.
varying the exposure rate) on film which is pre-exposed
to different levels during Tong time and Tow intensity

------------- measured HeD-curve
linear curve fit
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Figure 3:8 HeD-curves measured under constant exposure time (i.e.
varying the exposure rate) on film which is pre-exposed
to different levels during short time and high intensity

------------- measured HeD-curve
linear curve fit
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CHAPTER 4
MEASUREMENT AND CALCULATION OF ATTENUATION IN X-RAY SCREENS

Attenuation measurements in the screens were carried out mainly to
obtain the thickness (in kg-mnz) of the screen phosphor. This is
required in order to calculate the absorbed energy in the screens,

the K-radiation escape from the screens and the LSF of the re-absorbed
K-radiation in the screens. It cannot simply be geometrically

measured because the density and the exact chemical composition is

not well known. The density was determined by comparing the measured
mass thickness in kg-m_2 and the Tinear thickness of the screen
phosphor. The specification of chemical composition of high-Z elements
given by the manufacturer was checked by the comparison of experimen-
tally found and calculated attenuation characteristics.

Attenuation in x-ray screens mainly take place in the screen phosphor
and to a lesser extent in the supporting layer, reflecting layer and
the binder of the screen. In the calculations of attenuation the
supporting layer, binder and reflecting layer were approximated by

a total thickness of 0.5 kg-m'2 (500 pm) of water. The attenuation
of photons with energies higher than 20 keV is less than 2 % in this
material.

The measurements of attenuation in the screens and the cassette were
carried out with the K-fluorescent sources and gamma-radiation from
Tc-99m and Am-241 (chapter 2). The photon energy distributions of
these sources were measured with the Ge-detector. Only the photons

in the Ka—peak of the fluorescent radiation, the 59.6 keV-peak of the
Am-241 and the 140.5 keV-peak of the Tc-99m radiation were counted.

Both calculations and measurements of the attenuation were carried

out to be valid in narrow-beam geometry as this is the most straight-
forward way to calculate and measure. With data from these measurements
it is also possible to calculate the absorbed photon energy in the
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screens (chapter 6). However, the geometry of the measuring set-up

was such that photons scattered in the screens with scattering angles
less than 2° could enter the detector and thus be included in the
measurements. A small fraction of the coherent scattered radiation

can in this way introduce some minor errors in the results. The

total contribution over all angles of coherent scattering to the
attenuation cross section could be as large as 13 % (figure 4:la-c).
The differential coherent cross section at different scattering angles
has been calculated with data from Hubbel et coll (1975) and the
contribution of coherent scattered photons hitting the detector has
been estimated to always be less than 3 %. This contribution will then
approximately compensate, within + 2 %, for the photon attenuation

in the non-fluorescent material of the x-ray screen. Consequently
this has not been compensated for.

The attenuation coefficient of the phosphor is the sum of the photo-
electric attenuation, incoherent and coherent scattering attenuation
coefficients (u= 1 + Yincoh *
the whole screen phosphor is made up of contributions from the

(%oh)‘ The attenuation coefficient of

different elements and was calculated for the different screen
phosphors using data from Storm and Israel (1970) (table 1). Coherent,
incoherent and photo-electric attenuation coefficients are separately
calculated (table 1) and in figure 4:1 a-c given as a fraction of the
total attenuation coefficient of the screens. This comparison shows
that photo-electric attenuation dominates at all photon energies and
that the coherent and incoherent contribution always is less than 20%
of the total attenuation.
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Figure 4:1 a-c: The photo-electric, coherent and incoherent attenua-
tion coefficients in the screen phosphors and in the
heavy elements of the screens. These are calculated
as fractions of the total attenuation coefficients

‘of the screen phosphors.

As the thickness (i.e. surface density) of the screens were not
accurately known the calculations of screen attenuation had to be
based on thickness determinations made by measuring the attenuation
in the screens at the particular photon energy 59.6 keV from Am-241.
The screen thicknesses found in this way are given in table 4:2. The
thickness of the aluminium front of the cassette was determined by
attenuation measurements as well as by using a micrometer. This
thickness was found to be 3.4 kg'm'2 (1.25 mm) with both methods.

The attenuation in the screens and the Al-cassette was calculated for
different photon energies with the attenuation coefficients given in
table 4:1 and experimentally determined thicknesses i table 4:2. These
calculated data were compared to the measured attenuation in the



51

screens (figure 4:2) and found to be in good agreement. This verifies
the chemical composition of the screens and indicates that the
attenuation can be measured at one photon energy and then be
calculated for all other energies.

The linear thickness of the screen phosphor, including the binding
material, was measured with a microscope (table 4:2). This thickness
is needed in the MTF-calculations due to the re-absorbed K-radiation
in the screens (chapter 8). The density of the screen phosphors was
also calculated from these data (table 4:2). It was found that the
density of the screens was approximately half of that of the fluores-
cent material itself. The reason for this is the crystalline structure
of the phosphors and the binding material, which is mixed with the
crystals.

Birch et coll. (1979), Venema (1979) and Vyborny et coll (1980) have
also measured the attenuation and hence determined the thickness of
some x-ray screens. When they made measurements on screens of the

same type as those in this work their thickness was found to be within
11 % of the present results. These differences could partly be due

to use of different attenuation data but the true difference between
the screens could very well be as large as that given by these
comparisons as the screen manufacturers often make changes in the
screens even if the same name is used.
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Figure 4:2 Calculated (—) and measured ( ¢ ) attenuation in the
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cassette (---). The curves were normalized (see text)
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TABLE 1

Attenuation coefficients calculated for components of the screen-
phosphors and for the total screen-phosphors at photon energies
between 15 and 150 keV (attenuation data for the separate elements
are taken from Storm and Israel, 1970).

LaOBr La
Photon Incoh Coh Photo Total Photo Total
energy _ _ _ - - -
kev M kg™) (m kgTHnPkgT) m® kgTh) (¥ kg™ k)
15.0 0.008 0.155 7.602 7.766 3.822 3.942
20.0 0.009 0.110 3.492 3.612 1.734 1.822
30.0 0.0M 0.063 1.135 1.209 0.559 0.613
38.9 0.011 0.042 0.557 0.611 0.274 0.313
38.9 0.011 0.042 1.878 1.931 1.595 1.634
40.0 0.011 0.041 1.752 1.804 1.495 1.532
50.0 0.012 0.029 0.956 0.996 0.821 0.849
50.2 0.012 0.028 0.926 0.966 0.795 0.823
50.2 0.012 0.028 0.926 0.966 0.795 0.823
60.0 0.012 0.021 0.579 0.613 0.505 0.528
69.5 0.012 0.016 0.385 0.413 0.333 0.353
69.5 0.012 0.016 0.385 0.413 0.333 0.353
80.0 0.012 0.013 0.264 0.288 0.230 0.246
100.0 0.011 0.009 0.140 0.160 0.123 0.136
150.0 0.011 0.004 0.044 0.059 0.039 0.048
TTTTTTTTTTTTTTTTTTTTTT 685655 """"""""""""""" Gd~" T
Photon Incoh Coh Photo Total Photo Total
energy
15.0 0.008 0.195 7.614 7.818 7.477 7.674
20.0 0.009 0.139 3.494 3.642 3.436 3.579
30.0 0.010 0.092 1.143 1.235 1.126 1.214
38.9 0.011 0.058 0.548 0.617 0.541 0.606
38.9 0.011 0.058 0.548 0.617 0.541 0.606
40.0 0.011 0.053 0.513 0.577 0.506 0.566
50.0 0.011 0.037 0.277 0.326 0.274 0.319
50.2 0.011 0.037 0.274 0.322 0.270 0.315
50.2 0.011 0.037 1.499 1.547 1.495 1.540
60.0 0.011 0.028 0.941 0.988 0.939 0.975
69.5 0.011 0.020 0.637 0.688 0.636 0.664
69.5 0.011 0.020 0.637 0.688 0.636 0.664
80.0 0.011 0.017 0.437 0.465 0.436 0.462
100.0 0.011 0.011 0.236 0.259 0.236 0.256
150.0 0.011 0.005 0.078 0.094 0.078 0.092
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TABLE 1 - continued

Photon Incoh Coh Photo Total Photo Total
energy
keV
-15.0 0.009 0.196 9.009 9.214 8.576 8.765
20.0 0.010 0.138 4.202 4.349 4.016 4,151
30.0 0.0M 0.081 1.403 1.495 1.349 1.432
38.9 0.012 0.053 0.640 0.704 0.615 0.671
38.9 0.012 0.053 0.640 0.704 0.615 0.671
40.0 0.012 0.053 0.633 0.702 0.615 0.671
50.0 0.012 0.037 0.346 0.395 0.335 0.376
50.2 0.012 0.035 0.325 0.372 0.314 0.354
50.2 0.012 0.035 0.325 0.372 0.314 0.354
60.0 0.012 0.028 0.207 0.247 0.200 0.233
69.5 0.012 0.022 0.139 0.171 0.134 0.161
69.5 0.012 0.022 0.686 0.719 0.682 0.709
80.0 0.012 0.017 0.477 0.506 0.475 0.498
100.0 0.012 0.011 0.265 0.288 0.264 0.281
150.0 0.011 0.005 0.090 0.106 0.090 0.101




TABLE 2

Experimental data on the x-ray screens.
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Screen Screen-phosphor phosphor- phosphor- phosphor-
thickness mass per density
unit area
) -3
(um) (kg m 7) (kg m ™)
CaWo SE4  LaOBr:Tb 180 0.48 2.7+ 10°
3M, a8 6d,0,5:Th 190 0.59 3.1 - 10°
CEA, Calo,, 90 0.23 2.6 + 10°
Universal
standard
DuPont, Caho,, 200 0.56 2.8 - 10°

High Plus
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CHAPTER 5
THE SENSITIVITY OF X-RAY SCREENS AT DIFFERENT PHOTON ENERGIES

The sensitivity or speed of the x-ray screen-film systems is here
determined as the inverse value of the air-kerma (free in air),to

the screen-film cassette,giving net film density 1.0 (SK). The sensi-
tivity is also given in two other ways, namely, the inverse value of
the photon fluence (S®) and the inverse value of the energy fluence

(S,) giving unity film density.

y)
X-ray screens are manufactured with a great variety of fluorescent
materials, thickness, binding material etc. Screens with different
phosphors will attenuate and absorb photons in different ways and
consequently different screens show different spectral sensitivities.
The dominating elements with regard to photon absorption in the
screens used here are W, Gd and La.

This section describes the measurement of the screen sensitivity as

a function of photon energy. A number of monoenergetic radiation

sources (chapter 2) was used to irradiate the screens and film was

used as the light-sensitive detector. This data will show the

difference in speed between different screen-film systems. The main
purpose of this section is, however, to show the detailed energy
dependence of the screen-film system speed. The data for monoenergetic
photon radiation will furtier be used in chapter 9 to calculate the

speed of the systems when spectral distributions from x-ray tubes are use

The x-ray screens used in these experiments are CaW0-SE4 (LaOBr:Tb),

Trimax a8 (6d,0,S:Tb) and CEA Universal Standard (CaWO

20, 4)

Methods and experiment

The screens, placed in a cassette with a 1.25 mm thick aluminium front,
were irradiated with K-radiation from the fluorescent sources and
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gamma radiation from Am-241 and Tc-99m (chapter 2). The Tight emitted
from the screens was measured with two films in the cassette. Film
types used were I1ford Rapid R, Agfa Gevaert RP1 and 3M-XD. A white
opaque sheet of paper was used between the films to prevent the

light from exposing both films. The 1light from each screen was
thereby measured separately. This separation of the light contribu-
tions from front- and back-screens was necessary to enable corrections
for reciprocity failure in the film (chapter 3) when the two screens
give different Tight fluence rates to the two film emulsions.
Furthermore, errors could occur due to difference in the HeD-curve
when the films are illuminated very asymmetrically by one screen on
each side of the double emulsion film (chapter 3). However, the
introduction of the two films may also introduce errors in the
measurements due to the increased fraction of direct absorbed radiation
in the film emulsions. This absorption never exceeds 2 % of the energy
fluence to the cassette and was neglected here.

The air kerma free in air at the position of the film-screen cassette
was measured by the calibrated beam monitor (see chapter 2) and the
exposure time was measured to enable a correction to be made for
reciprocity failure in the films. The air kerma at the position of
the cassette was chosen to give a net film density of approximately
1.0 in both films. In some cases, when most of the photons were
absorbed in the front-screen, this could not be achieved with a single
exposure. To get film densities close to 1.0 in both films,two
separate exposures with different jrradiation times were needed for
the front and back film. The correct air kerma value and exposure
time for film density 1.0 were achieved after correction with regard
to the HeD-curve. This HeD-curve was obtained by irradiating a film-
screen system with a konstant kerma rate and varying exposure time
(chapter 3). With this HeD-curve the reciprocity failure of the film
is included in such a way that both the measured air kerma value and
the exposure time was corrected to values that should have given the
film density 1.0. With help of the corrected irradiation time a
correction for the reciprocity law failure of the film was carried
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out. The irradiation time in the experiments varied between 1.0 and 10
minutes which is Tong compared to approximately 0.1 seconds that is a
common exposure time in x-ray diagnostics. When longer exposure times
are used the low-intensity reciprocity failure will make the film

less sensitive to 1ight photons. The measured speed of the screen-
film system was corrected for this effect by using the experimental
values of reciprocity failure determined in chapter 3. This will then
give the correct kerma value for the irradiation time of 0.1 s.

A constancy check with a 59.6 keV-gamma radiation source (Am-241) was
performed to enable a correction to be made for variations in the
developer, altered film sensitivity etc (chapter 3). To reduce the
use of this correction each series of exposures on a given screen
pair were made on different areas of the same film and all screens
were used together with blue-sensitive film. For the green emitting
screen (Trimax ad) another correction constant was also used to make
the results valid for use with the green sensitive film, 3M-XD. The
sensitivity values for the blue emitting screens, refer

to use with the blue sensitive film, I1ford Rapid R.

Later measurements on the screens were corrected using the constancy
check if the total sensitivity of the system was different from that
of the first measurements, which was used as reference value. It was
not regarded as important to get an exact value of the screen-film
system speed as the absolute sensitivity of the screen-film system
varies with several parameters. Also the relations between different
screens may depend on the choice of film and the fit between spectral
sensitivity of the film,and the emitted light spectrum from the
screens. Corrections of the ionization chamber measurements for
varying pressure and temperature were routinely carried out.

The determination of the screen-film sensitivity SK (hv) for one
screen were carried out for the different photon energies by first
calculating the exposure time that would give film density 1.0,(t]):
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t] - t0 ) cdens (Df) (5:1)
where tO is the exposure time used in the experiment, C

dens is the
correction factor for the HeD-curve and Df is the film density.

Then the air kerma value that would give film density 1.0 at photon
energy (hv) for exposure time 0.1 sec (K](hv)) was calculated. The
kerma calibration factor (Cca1(hv)) and the meter reading
(M} corrected for pressure (P) and temperature (T) will give the air
kerma. This was then corrected with regard to the HeD-curve
(Cdens(Df))’ the reciprocity failure (Crec(t1))’ the constancy check

C,..) and the "colour correction" factor which is 1.0 for
dev

Cco]our)
the "blue-emitting" screens and 2.76 for the green emitting
GdZOZS:Tb-screen (chapter 3).

M-C (hv) - T - P C (Dg) - C -C
( 5:2) K](hv) _ cal 0 _ “dens'’f dev_ “colour

T. . P C

0 rec (t])

Ty is 293% K and Py is 101.325 kpa

The screen-film sensitivity (SK(hv) is the inverse of this kerma value

1
Sk (M) = % hw)

And the sensitivity of the whole screen pair is the sum of the front
and the back screen sensitivity.

The sensitivity expressed as the inverse value of photon fluence giving
net film density of 1.0 (SQ) is obtained from:

w

it

(2]

—
&) =

- hv ) (5:3)

(%) is the kerma per energy fluence at the energy of interest.
The inverse value of the energy fluence for unit film density (Sw) is
obtained from:

. (K .
y K ('\?) (54)
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Calculations were carried out to correct the screen-sensitivity for
the attenuation in the .25 mm thick front of the aluminium cassette.
These calculations will show how the cassette changes the sensitivity
of the screen-film system. They are also needed in the investigation
of the relation between screen light to the film and absorbed energy
in the screens (chapter 6).

In these attenuation calculations for the aluminium cassette, coherent
scattered photons were assumed not to change the photon fluence to
the screens as their scattering angles are small. In the incoherent
scattering there will be photons with scattering angles so large that
the scattered photons will not reach the screens. This fraction of
scattered photons is dependent on photon energy but as a rough figure
two - tnirds of the incoherent scatterea photons were estimated not to
reach the screen pair in the cassette. No correction was applied for
the energy decrease of the scattered photons as this energy degradation
is small when the scattering angles are small and the photon energy is
low. In the photo-electric absorption all of the interacting photons
#4111 be absorbed in the aluminium front of the cassette. Correction of
the sensitivity for absorption and scattering in the aluminium of the
cassette was carried out according to the formula:

Sx

SK,corr =

(o
incoh .
" To, ~(1-exp=(t+ 500p) - d))

1
exp ('(T+°incoh)'d)+§ incoh

where S, is the sensitivity measured with the cassette, S|< corr is
the calculated sensitivity without the Al-front of the cassette and
d is the thickness of the cassette front. Similar expressions were
used for Sw,corr and S@,corr'

As less than 5 % of the photons are incoherently scattered in the
front of the cassette this rather approximate calculation has been

estimated to result in an error of less than 1 % in the screen-film
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sensitivity. Some minor errors in the calculations due to the non
parallel direction of the scattered photons could, however, be expected.
This effect is difficult to estimate but as the scattered fraction

of photons reaching the screen is always less than about 3 %, these
errors will be small.

Result and Discussion

The sensitivities SK(hv), Sw(hv) and S®(hv) of the system were deter-
mined as a function of the photon energy and are presented both as
the sensitivity of the screen-film system in the cassette and the
sensitivity of the system without a cassette (see figures 5:1-5:3).

SK, is the sensitivity value that best apply to measurements when
ionization chambers are used in x-ray beams as the measured ionizations
is approximately proportional to the air kerma, independent of the
photon energy. Automatic exposure timers registrate a value which is
also approximately proportional to the air kerma. Furthermore, the
air kerma is closely proportional to the radiation dose in tissue
and will therefore often be of interest. SK will thus roughly be
approximately inversely proportional to the exit dose to the patient
for a given optical film density if only the primary radiation is
considered. Calculations for scattered radiation using SK cannot be
carried out as the present data on screen sensitivity are valid only
for photons perpendicular to the screen pair.

In a comparison of the sensitivity of the three screens, figures

5.1-5.3 the most striking difference is the discontinuous sensitivity
change at the K-edge of the heavy elements in the fluorescent phosphors.
The discontinuity appears at different energies for different phosphors:
38.9 keV i LaOBr:Tb, 50.2 keV in Gd202$:Tb and 69.5 keV in Caw04. The
discontinuities are effects of the rapid increase in the photo

electric attenuation coefficient as the photon energy exceeds the

binding energy of the K-electron in La, Gd, and W respectively. At

low photon energies the sensitivity is rather heavily influenced by
absorption and scattering in the aluminium cassette.
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Sw,corr’ figure 5.2, which is relating to the energy fluence hitting
the screens decreases continuously with photon energy, except at the
K-edge, The reason is the increased penetration of photons with energy.
At energies below 20-25 keV Sw,corr decreases a little in some screens.
This could be an effect of increased self-absorption of light in the
screens. At these low photon energies most of the photons are absorbed
in the frontal parts of the front screen and the average distance
for the light to travel before hitting the photographic emulsion will
be larger (chapter 7). Therefore the selfabsorption of the Tight in the
screens could be expected to increase at low photon energies. When the
energy rises above the K-edge of the heavy elements in the phosphor
the sensitivity will increase over a small energy region due to the
increased photo-electric attenuation coefficient. At these energies
K-fluorescent radiation will be produced in the K-shell of the heavy
element. Some of this K-radiation will escape from the screens or

be re-absorbed in other parts of the screen pair. The rest of the
photon energy will be locally absorbed. This escaping energy is
approximately constant and independent of photon energy at energies
above the K-edge (appendix 1). It is, of course, dependent on the
screen-phosphor components and the phosphor thickness. At energies
above the K-edge the absorbed energy per attenuated photon increases
with increasing photon energy as the escaping energy is constant.

The attenuation coefficient on the other hand, decrease with increasing
energy and the resulting effect is that in some screens the dependence
of sensitivity on the energy is small just above the K-edge. At

nigher energies the sensitivity will decrease with increasing energy.

For S(1> (figure 5:3 a-c) the energy of the photon will influence the
energy dependence due to the fact that a photon with larger energy
can give more absorbed energy and thus produce more 1ight in the
screen.

If the sensitivity of the La-screen or the Gd-screen is compared to
a W-screen a marked increased sensitivity will always be seen at
energies between the K-edge of the La- or Gd-screen and the K-edge
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of the W-screen. The data on Sy could be combined with the different
spectral distributions used in x-ray diagnostics to give the
sensitivity of the whole system (chapter 9). Changes in sensitivity
when screens, filtration in the beam, patient thickness etc are

varied Wwas studied by these calculations.

Investigations of x-ray screens similar to those in this chapter have
also been carried out by others (Fernando, 1964; Stevels, 1975; Birks
et coll., 1976; Vyborny et coll., 1977). Stevels studied some screen
types with a PM-tube as light detector. Stevels calculated the sensi-
tivity of some theoretical screens but he was not able to include
effects of self absorption etc. Birks et coll used fluorescent K-
radiation with enrgies between 17.4 and 68.2 keV and compared the
sensitivity of screen-film systems composed of YZOZS:Tb to the sensi-
tivity of only photographic film. Vyborny et coll measured the speed
of some screen-film systems at photon energies between 14 and 74 keV.
They used only one film between two screens-and measured the x-ray
phuton fluence with a Nal-detector.

The results of these authors are not comparable to those of this work
as other screen-film systems were studied but the general trend of
their results is similar to that found here.

From the measurements of screen-film sensitivity at different photon
energies it is seen that CaW0,-screens are comparably more sensitive
to Tow energy photons than the other screens. This has lead to
speculations that the CaWO4-screens should be more sensitive to
scattered radiation. The investigation by Nielsen (1979) indicates
that this is so but it also shows that the relative sensitivity for
scattered radiation is dependent on screen thickness.
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CHAPTER 6

THE RELATION BETWEEN EMITTED SCREEN LIGHT AND THE ABSORBED ENERGY IN
THE SCREENS AT DIFFERENT PHOTON ENERGIES

The 1ight produced by the screens can be expected to be proportional
to the energy absorbed in the screen phosphor and independent of
photon energy, if there is no energy dependent effect present in the
Tight production or Tight transmission to the film. To investigate
if the light to the film is proportional to the absorbed energy in
the screen phosphor the absorbed energy has been calculated from the
measured attenuation in the screens. These results have been compared
to the experimentally determined light output from the screens. This
light output was measured both with film on the whole screen pair
(chapter 5) and on only one screen with a PM-tube.

From these data on light to the film per absorbed energy in the
screens, the number of photons needed to produce a given film density
was calculated. This quantity is a fundamental contribution to the
quantum mottle which is experienced in diagnostic x-ray images.

Calculations

The calculation of energy absorption in the screen pair is not as
straightforward as the attenuation (chapter 4) due to the fact that
the energy of a photon that undergoes an interaction is not always
directly absorbed by the attenuating material. Photoelectric absorp-
tion in the heavy elements of the screen material is the dominant
interaction and some of the K-radiation produced in these interactions
will escape from the screen pair. Incoherent scattering accounts for
between 0.1 and 18 % of the total attenuation coefficient, depending
on photon energy. This fraction of energy absorbed in the screens
has been calculated by an approximate method. Coherent scattered
photons gives no absorption and as the scattering angles of these
photons are small, the change in direction of the scattered photons
was not taken into account. The calculation of absorbed energy in a
screen pair is illustrated in a schematic way in figure 6:1.
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Absorption and escape of photon energy in the screen phosphor
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Figure 6:1 Schematic description of the energy absorption in a screen-

pair
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The secondary electrons normally have short pathlengths and were
considered to be 10ca11y'absorbed but the escape fraction of K-
radiation from the high-Z elements in the screens and the incoherent
scattered photons had to be calculated. About 90 % of the photo-
electric absorbed photons in the K-shell of the high-Z elements will
produce K-radiation. Between 15 and 55 % of this K-radiation will be
re-absorbed in the screen pair depending on screen phosphor and screen
thickness, appendix 1. Thus the absorbed fraction of energy fluence

to the screens (WabS/WO) will be critically dependent on the value of
the escape fraction (PK,esc) for the K-radiation. A detailed estima-
tion of this has therefore been made (Appendix 1).

The escape of incoherent scattered photons have at most energies a
very small effect on wabs/wo and is rather complicated to calculate.
A simple approximate method was therefore used. The probability for the

scattered photon to escape from the screen-pair (P has been

c,esc)
estimated to be the same as the probability for the primary photons

to penetrate the screen-pair. This estimation is based on a number

of assumptions; effects motivating an absorption probability greater
than this are:

1) the energy of the scattered photon is somewhat Tower than that of
the primary photon and the attenuation cross section will therefore

be increased, and

2) the scattered photon will not travel perpendicularly through the
screen and the average pathlength will thus increase. An effect going
in opposite direction (i.e. Jower absorption) is: The scattered photon
will be produced inside the screen-pair and the distance to the screen
surface will be smaller than the total thickness of the screen-pair

if the photon travels perpendicular to the screen surface. The

approximate calculation of PC should, however, not introduce any

esc
significant errors except possibly at higher energies (above about
100 keV) where the fraction of attenuation due to incoherent scattering

increases (chapter 4).

The absorbed fraction of the energy fluence to the screens (total
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thickness 2d) was calculated according to:

T . W v
B . .|y _ K,high-Z “K hvg
wabs/\yo = l:l - exp (_ (Oincoh + T) Zd)] IV] I

(Gingon ¥ 7 v

.
incoh
P - P (6:1)
LT
K,esc (O1ncoh + 1) C ese
where Yo is the energy fluence incident on the screen-film system,

P is the escaping fraction of K-radiation photons generated in

K,esc
the screen pair and

Pc,esc = exp (- (oincoh + 1) - 2d) (6:2)

The small energy difference between the coherent scattered photon and
the primary photon energy was omitted in eq  6:1.

The fraction of photons attenuated in the screen-pairs at different
photon energies was measured (chapter 4) and the absorbed energy was
calculated from equation 6:1 using the data for attenuation and screen

thickness in chapter 4 and P in appendix 1. The absorbed energy

K,esc
in the screens is compared to the attenuation in figure 6:2.

As can be seen from the figure, there is on the average only a small
difference between the attenuated fraction of photons and the absorbed
fraction of photon energy below the K-edge of the heavy element in

the screen phosphors. This difference is due to the escape of coherent-
and incoherent-scattered photons. At energies above the K-edge, the
escape of K-photons accounts for most of the difference between
attenuation and absorption.

Combining the data on screen sensitivity Sw,corr (chapter 5) and the
absorbed energy in the screens as calculated in equation 6:1 it is
possible to calculate for example, the Tight (expressed as the number
of 1ight photons) from the screens per absorbed energy (NLk:) and
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Figure 6:2 Attenuated fraction of photons (—-) and absorbed fraction
of photon energy (----) to the x-ray screens.

Tight per interacting (attenuated) x-ray photon (NL/Natt). The number
of Tight photons in these calculations is determined by use of a
factor k which represent the number of light photons giving film

density 1.0.

screen-pair (NL/e) (figure 6:3 a-c) was calculated at different

photon energies as

0
NL/e =k - Sw,corr . —]7-- (6:3)
abs
S is the film-screen sensitivity per energy fluence (chapter 5)

¥,corr
and (wo/wabs) is the inverse of absorbed fraction of the energy

fluence to the screen-pair as calculated in equation 6:1.
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NL/Natt) was

calculated as

N /MNaey =

k .

S
®,corr (6:4)
+2d]

1-expl-(t+ o7 cop)

The number of photons needed to give unit film density (Natt/NL) is

shown in figure 6:4.
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screens (NL/E) determined at different photon energies in:
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c) the Cal0,-screen
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Figure 6:4 The number of attenuated photons per unit area giving net
film density 1.0.(Natt/NL) calculated for the different
screens, (—) the LaOBr:Tb-screen (La), (——") the Gd,0,5:Tb-
screen (Gd) and (---) the CalW0,-screen (W).

Result and Discussion

The quantity (NLA:) (the "relative efficiency") (figure 6:3 a-c) could
be expected to be independent of photon 1) the Tight
production in the screens was proportional to the absorbed energy and
2) if all light reached the film without attenuation in the screen
phosphor. The value of (NL/e) was found to decrease at low energies.
One possible explanation of this effect is an increased self absorption
of the light. This could be expected as a conseguence of an increased
average path length of the light photons before reaching the film at
Tow x-ray photon energies (chapter 7).

At photon energies just above the K-edge of the heavy elements the
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attenuation in the screens is large and some increase in self-absorp-
tion of screen light might therefore also be expected at these
energies. This effect is not large but in the La- and Gd-screens some
decrease in (NL/e) above the K-edge of La and Gd may be seen (figure
6:3 a-b). The discontinuous and rapid change in sensitivity of the
system just at the K-edge will make the observation of this small
effect rather uncertain. This effect has also been shown by Vyborny
et coll (1980), At higher energies, especially in the La-screen the
contribution of re-absorbed incoherent scattered photons will be
significantly increased. This contribution was not fully taken
account of in the calculations of absorbed energy in the screens and
the greater amount of light produced per estimated absorbed energy
(figure 6:3 a) could possibly be explained by the uncertainty in
these calculations when the escape of incoherent scattered photons

is not well known.

One effect which has not been considered in the calculations of
absorbed energy in the screen phosphor is the energy absorption in
the binding gel of the screen. Secondary electrons from the
fluorescent crystals of the screen will in some cases be absorbed in
the binder and will thus not produce any screen light. This effect
has been mentioned by Shuping and Judy (1977). They estimated the
absorption of electron energy in the binder to be less than 10 % but
the variation with photon energy, crystal size, amount of binder,
photon energy and so on was not discussed.

Another possible effect which can influence the energy dependence of
(NL/e) is the fluorescent yield of the crystals in the screen phosphor
which could be dependent on the energy of the secondary electrons. This
effect has been shown for other inorganic crystals for, example in
NaI:T1 (Prescott and Narayan, 1969).

The present calculations are all based on measurements of screen
sensitivity which were carried out for two screens in a cassette with
photographic film as light sensitive detector (chapter 5). It is also
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possible to use a PM-tube as light sensitive detector (chapter 3)
which very much simplifies the measuring technique. In this experiment
the signal from the PM-tube per air kerma to the x-ray screen was used
as a measure of the sensitivity of the front screen. The absorbed
energy to the screen has been calculated in the same way as it was
done for the whole screen-pair (figure 6:2). The signal from the PM-
tube per absorbed energy in the front screen determined in this way
(figure 6:5) shows approximately the same dependence on photon energy
but a somewhat larger drop at low energies and at energies just above
the K-edge in the Gd and La-screen, compared to the measurements with
film on two screens (figure 6:3). This difference could possibly be
explained by larger self absorption of screen Tlight in the front
screen compared to the screen-pair as a whole (figure 7:1).

o (=] o =
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Figure 6:5 Light fluence measured with a PM-tube per absorbed energy
in the front-screen. (o the LaOBr:Th-screen, A the GdZOZS:Tb-
screen, e the Caw04-screen.
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The absorbed energy in x-ray screens has been calculated in different
ways by a number of authors (Shuping and Judy, 1977; Birch et coll.,
1979; Vyborny et coll., 1980). Birch et coll (1979) calculated the
'useful energy absorption' but the re-absorbed K-radiation was not
regarded as 'useful’ in their calculations. Shuping and Judy (1977)
calculated the absorbed energy per exposure to the screens in some
Caw04-screens when they were irradiated with different spectral
distributions. In these calculations the re-absorption of K-radiation
was included and the re-absorbed fraction calculated for W-screens

of different thickness give results very similar to those in this work.
The absorbed energy in x-ray screens calculated by Vyborny et coll.
(1980) was compared to the light from the screens when they were
irradiated by monoenergetic photons of different energies. These
results are very similar to those in this work.

The re-absorption and escape of K-radiation from x-ray screens has
been calculated by Vyborny et coll. (1978) and Venema (1979). The
results of these calculations are comparable to the calculated escape
of K-radiation in this work. These sets of results are very similar
if corrections for the small differences in screen thicknesses are
abp]ied.

The number of x-ray photons that produce an image is an important
quantity as all imaging systems used in diagnostic radiology have to
be optimized to use as little radiation as possible. This optimization
often leads to the use of such a low number of 'imaging photons'

that quantum mottle will decrease the image quality. The quantum
mottle in an image is dependent on the number of light photons
contributing to the image. The number of interacting x-ray photons

per unit area needed to give a certain film density in a screen-film
system is dependent on e.g. the absorption characteristics of the
x-ray photons, the light conversion efficiency of the screen light
and the sensitivity of the film to the light emitted from the screens.
The number of photons per cm2 interacting in the screens and giving a
net film density 1.0 was calculated as a function of photon energy
for the different screens (figure 6:4). The three systems require
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different numbers of photons per unit area for a given film density
but the number of photons is also dependent on photon energy. More
photons are needed at low photon energies compared to high energies
except for effects at the K-edge where escape of K-radiation from the
screens have to be compensated for with more photons. In all cases
when the quantum mottle Timits the use of fast systems, the choice of
photon energy should be considered. The quantum mottle at different
x-ray qualities has been investigated by Barnes (1976). He found

that the quantum mottle tended to increase when the kV of the x-ray
unit was increased. This is what one would expect with regard to our
calculations even if these omit a number of other effects which are
important in the determination of the quantum mottle.
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CHAPTER 7

A COMPARISON OF SCREEN-LIGHT FROM THE FRONT AND THE BACK SCREEN OF A
SCREEN PAIR

The front screen of a screen pair will absorb more x-ray photons
than the back screen when two x-ray screens of equal thickness are
used. This difference in absorbed energy is dependent on the material
in the screens, the screen thickness and the photon energy. The
difference in light output from the screens is therefore expected

to depend on these factors in the same way but here also the self
absorption of the screen-light could be expected to have effects on
this asymmetry. This difference in Tight to the two film emulsions

has been studied for different photon energies as asymmetric illumina-
tion of a film with two emulsions could change the HeD curve of the
film (chapter 3). Both the light fluence from the front and the back
screen and the absorbed energy in the separate screens were determined
at different photon energies to investigate this asymmetry.

Re-absorption in one screen of K-radiation which is produced in the
opposite screen of the screen pair is an effect which is often
neglected in simplified measurements and calculations on screen-film
systems. This contribution was included here in the calculations of
absorbed energy in the separate screens. To illustrate the importance
of this effect, curves showing this contribution as a function of
photon energy are presented for the different screens (Figure 7:4, 7:5).

Differences between the experimentally found value of the ratio of
light emission from the front and the back screen and the calculated
ratio of absorbed energy in these screens could be explained by diffe-
rences in the self absorption of the screen 1light for the two screens.
Some simple calculations were carried out to demonstrate this effect.
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Experiment and Calculations

To determine the relative 1ight contribution from the separate screens
in a screen pair, the screens were irradiated by the K-radiation
sources and 141 keV-photons from Tc-99m (chapter 2). The light from
the front and the back screen was measured with two separate films
(see chapter 5) and differences in density between the films were
corrected for by the use of measured HeD-curves. Corrections for
differences in reciprocity failure between the front and back films
were also carried out.

The 1light production efficiency of a screen used in a front and back
position was compared. In another comparison between a front and a
back screen, corrections were made for the photon attenuation in the
front screen when the light output from the back screen was evaluated.
Measured values of the attenuation in the screens (chapter 4) were
used to enable these corrections to be made. The attenuation was
measured in a narrow beam geometry and does not include any secondary
radiation which may give contributions to the absorbed energy in the
back screen. The most important contribution is the K-radiation which
is produced in the front screen. However, the coherent- and incoherent-
scattered photons will also give some addition to the back screen.

The absorbed energy in the two screens were calculated by a method
similar to that used in chapter 6 but the K-radiation produced in the
other screen of the screen pair had to be included. This contribution,
which is energy dependent and also dependent on screen phosphor and
screen thickness, has been calculated in appendix 1.

The self absorption of screen light could be expected to be different
for the front and the back screen as the energy absorption in a

screen pair is largest at the front surface of the x-ray screens. The
average distance between the film and the point where the photons are
absorbed will therefore be different for the front and the back screen.
The average distance in the back screen between the point where the
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photons are photoelectrically attenuated and the film, perpendicular

to the screen surface (;back) has been calculated according to the
formula:

fg z -1 exp(-t'z)dz

- _ 1 L exp(- ted) ;
Xpack = p = d (7:1)
[Tt " exp(-t-2z) dz [1 - exp(- t°d)]

0
where d = the screen thickness

1 = the linear photoelectric attenuation coefficient.

d
_ JO(d - 2) - 1 exp (-roz)dz _
*front ~ q = d - Xpaek (7:2)

T " exp (- trz)dz
0

To obtain an average light travelling distance for both the front and
back screen, the distances in each screen were calculated and weighted
in relation to the absorbed energy in screen.

_ X + exp (-1°2)- X
M _ “front back (7:3)

tot
(1 + exp(-t-d))

In these rather approximate calculations the effects of re-absorbed
K-radiation and other secondary radiation were not taken into account.
This will not give any significant errors at energies below the K-edges
but above the K-edges the values of ;front and ;tot will be somewhat
too large as the re-absorbed K-radiation and other secondary radiation
will make the dose distribution in the screens more uniform than was

Xfront Rtot .
calculated here.«—-a——, and -4 are calculated for the different

screens at different photon energies and presented in figure 7:1.
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Figure 7:1 The ratio of the calculated average distance between the
point where the screen light is produced and the film_
plane, to the screen thickness for the front screen, *front
(---) and for the whole screen pair, *tot (—).
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Results and Discussion

The measured ratio of the light emission from the front screen to that fro
the back Screen’(NL)front/(NL)back’is cowpared to calculated ratios

of absorbed energy in the front and the back screen in figure 7:2 a-c.

At Tow photon energies the contribution from the front screen dominates
the light emission from the screen pair as a larger fraction of the

Xx-ray photons are absorbed in the front screen. This can also be seen

at energies just above the K-edge of the heavy elements in the screens.
The screen pair in which the largest ratio, (NL)front/(NL)back’ was
measured (the Gd-screen) was rather thick (0.59 kg m™“) while the
tungsten screen used in this investigation on the other hand was a
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fairly thin "universal" screen (0.23 kg m_Z). The asymmetry of the
light distribution in thicker tungsten screens will probably be larger
than in this screen.

The difference between measured ratios of the Tight emission, (N )front

(NL)bac
the back screen &.FA:B) is largest at low photon energies. This

difference is also quite large in some screens at energies just above

K and calculated ratios of absorbed energy in the front and

the K-edge of the elements in the screen phosphor. The difference
seems to be due to the fact that the light must, on the average, travel
a larger distance in the front screen than in the back screen and thus
experience more absorption (cf eq 7:1 and 7:2).

Yot .. L
The calculated value of — " figure 7:1 indicate that the average
distance that the Tight photons travel to reach the film is increased
especially at low photon energies. This can be expected to give an
increased self-absorption of Tight photons in the screen phosphor
and lead to lower "efficiency" of the whole screen pair at low
energies as was shown to be the case in chapter 6. Theoretical evalua-
tion of Tight absorption in x-ray screens (Riihimaki et coll. 1982,
Morlotti 1975) also indicate a decreased "efficiency" for thicker
screens because of decreased contributions from the parts of the
screens furthest away from the film,

To show the difference in "efficiency" of a front and a back screen
as a function of photon energy, the measured light emission from the
back screen was corrected for the x-ray photon attenuation in the
front screen.

The quotient of the light contribution from the front screen and the
corrected contribution from the back screen was plotted against photon
energy (figure 7:3) where the same photon fluence was assumed to reach
the two screens. These results indicate that the "efficiency" of the
two screens is almost the same except at energies where fﬁgﬁ» (figure

7:1) increases and the self-absorption of screen light could be ex-
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pected to increase. At these energies the front screen will have a
Tower "efficiency" compared to the back screen. At energies just above
the K-edge, K-radiation which is produced in the front screen will

give a larger contribution to the back screen than the contribution from
the back screen to the front screen (figure (7:4,7:5)).Some of the

aifferences in the front and back screen "efficiency" (figure 7:3) at
energies just above the K-edge will therefore be due to this contributior

The secondary photon radiation which is produced in the screens with
La, Gd and W as heavy elements is almost entirely fluorescent radiation
from the heavy elements, especially at energies just above the K-edge
of these elements. At photon energies between the K-edge and 100 keV
approximately 95 % of the attenuation in the screens is due to photo-
electric absorption (chapter 4). About 85 % of these events will give
vacancies in the K-shell of the heavy element in the phosphor and the
K-radiation yield in these elements is about 90 %. At energies just
above the K-edge the K-photon will have about 88 % of the energy of
the primary photon. This very approximate demonstration shows that at
energies just above the K-edge about 65 % of the attenuated photon
energy will be transferred to K-radiation. At higher photon energies

a larger fraction of the primary energy will be transferred to the
secondary electron. Calculations (appendix 1) and measurements
(Karlsson et coll. 1977) of this contribution show that K-radiation
which is produced in the front screens at some energies can increase
the absorbed energy in the back screen by more than 40 %.
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Figure 7:2 The quotient of measured light emission from the front
screen to that from the back screen ((NL)front/(NL)back)
(----) and the guotient of calculated absorbed energy in
the front screen to the back screen ( 4 B) (—). These
ratios are calculated as functions of photon energy in:
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C) the Cal0,-screen
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Figure 7:3 The ratios of light emission from the front screen to that

from the back screen after correction for attenuation in

the front screen. (N )0t/ (N )pack (the same photon
fluence reaching either Screen).
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The contribution of K-radiation from the front screen that will be
absorbea in the back screen is in some cases almost half as large as

the primary absorbed photon energy in the back screen (see figure 7:4).
The reason is the increased ratio of the K-photon to primary photons
with material thickness. One example of that is the Gd-screen at
energies just above the K-edge. This effect is largest at energies

just above the K-edge and will be of less importance at higher energies.
The contribution of secondary radiation to the back screen has also

been experimentally evaluated (figure 7:4). This contribution was

shown to increase again at higher energies, especially in the La-screen.
This could possibly be explained by the increased fraction of incohe-
rent- and coherent-scattered photons which will be scattered in the
front screen and re-absorbed in the back screen. In figure 7:4 these
experimental data are recalculated to show the K-radiation per total
absorbed energy in the back screen.

When the contribution of K-radiation from the back screen to the front
screen is studied (figure 7:5), it is seen that this effect is smaller
than the corresponding contribution to the back screen. This can be
explained by the fact that a large fraction of the photons are
attenuated in the front screen. This will reduce the number of photons
to the back screen which can produce K-radiation there and give contri-
butions in the front screen. The energy absorbed in the front screen
from primary photons will be especially large just above the K-edge
and the contributing fraction from the back screen will therefore be
proportionally less. At slightly higher energies the attenuation in
the front screen will decrease and therefore the contributing fraction
from the back to the front screen will increase in some screens or be
fairly constant in other screens (figure 7:5). At even higher energies
the increased energy to the photo electron dominates the energy
deposition in the screens and the contribution from K-radiation will
decrease. At these energies it can be seen that the contribution from
the back screen to the front screen is approximately as large as that
from the front to the back screen.
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Figure 7:4 The calculated fraction of absorbed energy in the back
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Summary

The light fluence from the front screen is often much Targer than that
from the back screen. This could have effects on both the speed and
the HeD-curve of the double emulsioned film which is used between the
two screens (chapter 3). It is, however, possible to compensate this
asymmetrical illumination by, for example, using a thicker back screen
which some systems actually do or eventually using different screen
phosphors in the two screens.

The self-absorption of screen light was found to be larger in the
front screen than in the back screen. This self-absorption of light
in the screens is energy dependent and has to be considered in
calculation of, for example, the speed of x-ray screens. When only
one x-ray screen is used in a system, it is clear from this investi-
gation that such a screen should be more sensitive due to lower
light absorption if it is used as a back screen instead of using it
in front of the film.

The contribution of secondary radiation which is produced in one screen
and re-absorbed in the other screen of a screen pair was found to be
large in some screens, especially at energies just above the K-edge

of the heavy element in the screen phosphor. This contribution has to
be considered when the absorbed energy in the two screens of a screen
pair are calculated separately. Measurements of screen characteristics
which are carried out on only one screen could be difficult to relate
to a screen-film system with two screens because of the loss of this
K-radiation contribution from the other screen in the screen pair.
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CHAPTER 8
VARIATIONS IN THE MTF OF X-RAY SCREENS WITH PHOTON ENERGY
Introduction

In this section the resolution of a screen-film system described by
the modulation transfer function (MTF) has been studied as a function
of photon energy. There are a number of energy dependent factors
which could affect the resolution of an imaging system with two x-ray
screens and a double-emulsioned film. Some examples of such effects
are:

1. The attenuation in the screens is large, especially at Tow photon
energies and in some cases also just above the K-edge of a high-Z
element in the screen phosphor. In these cases most of the photons
will be absorbed in the frontal parts of the front screen and the
light will on the average be produced at a larger distance from the
film than is the case at other photon energies. Light which is produced
further away from the film can, due to larger diffusion, be expected

to give a poorer resolution and MTF in the image. This type of decrease
in MTF with a change in photon energy has been shown both experimen-
tally (Karlsson and Wickman, 1979) and by calculations of photon
absorption and Tight diffusion in homogeneous x-ray screens (Swank,
1973) and in image intensifier screens of Csl (Giakoumakis et coll,
1980).

2. Fluorescent K-radiation will be produced in the screen-pair at
photon energies greater than the binding energy of the K-electron in
the heavy element in the phosphor. The average path length of this K-
radiation is normally large (several screen thicknesses) and some of
this radiation will be reabsorbed in the screens. This re-absorbed K-
radiation can, to some extent, be expected to cause a decrease in the
resolution of the system (Karlsson and Wickman, 1976; Karlsson et coll,
1977; Karlsson and Wickman, 1979).
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The one dimensional spatial frequency distribution of a cut through
a vessel shaped object (a) and an infinitesimally narrow line (b)
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3. Both incoherent and coherent scattered photons in the screen-film
system can be re-absorbed in other parts of the screens and give some
decrease in the resolution of the system.

Three different types of screen phosphors and two screens with the same
phosphor but different thickness were studied to show these effects.
The MTF:s of the screens were experimentally determined for a number

of monoenergetic photon energies. In a separate section of this

chapter the effect on MTF from re-absorbed K-radiation was also
theoretically determined as a function of photon energy. These
calculations show the importance of this special effect at different
spatial frequencies and photon energies. They also enable calculations
of MTF fordifferent photon energies and spectral distributions.

The variations in Tight intensity along any straight line through an
arbitrary object which is going to be imaged can be described by an
infinite number of sine waves with different spatial frequencies

given different weight. This is the frequency distribution of the
object. A cut through a cylindrical vessel has for example a frequency
distribution similar to that described in figure 8:1, a square with
sharp edges has more high frequencies in its frequency distribution
and an infinitely narrow line will have the same weight for all
frequencies. Very narrow lines are therefore often used as objects

for testing the resolution of imaging systems. When a narrow Tine
object is imaged by, for example, x-ray screens the image of this

line will be modulated (blurred) by the imaging system. This modulated
image of the line (figure 8:2) is called the Tine spread function (LSF)
and the frequency distribution of this image is called the modulation
transfer function (MTF). There are also other methods which could be
used to find the MTF. The image of a small point could be very useful
in some cases and another method is to study the change in frequency
distribution of an edge-shaped object. Different methods to determine
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the MTF have been discussed in the literature by e.g. Dainty and Shaw
(1974), Nielsen (1980, 1981) and Kusoffsky and Carlsson (1973).

MTF is a function which tells how well different spatial frequencies

in an object will be recorded by the imaging system. With the knowledge
of MTF and the spatial frequencies of an object it is possible to
calculate how this object will be imaged by the imaging system.

In experimental determinations of LSF and MTF there are a number of
distortions that have to be taken care of. LSF and MTF are defined
only for linear systems where the output signal always is proportional
to the input signal. In the case of film and x-ray screens this means
that LSF and MTF should not be determined for the density distribution
in the flim but rather for the Tight distribution from the screens
which gives this density distribution. This can be achieved by a
detailed knowledge of the relationship between Tight fluence and film
density (the HeD-curve); Furthermore, LSF and MTF are only defined for
images without noise, but as such images are difficult to achieve the
noise components have to be reduced by suitable smoothing and averaging
methods. In the measurement set-up it is often difficult to achieve an
infinitesimally narrow line shaped object and if the frequency distri-
bution of the input 1image is not unity for all spatial frequencies,
this has to be compensated for.

The modulation of very low spatial frequencies is difficult to measure
with this method but for the purposes of this work it was regarded as
sufficient to study the energy dependence of MTF for spatial frequencies
between 0.5 and 5 mm ', as this covers the most important frequencies

in diagnostic x-ray imaging.

Experimental Determination of the LSF

The LSF was obtained by irradiating the screens with different mono-
energetic x-ray sources through a narrow slit in a platinum plate
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(figure 8:3). This narrow beam behind the s1it simulates a delta func-
tion. When the input image is a delta function then a scan across the
light ditribution of the screens will give the Tine spread function

of the screens (LSF). A fourier transform of this LSF will then produce
the modulation transfer function (MTF) of the screens. In this case

with x-ray screens, film and the available photon sources it is not
possible to obtain perfect conditions with regard to the width of the
sTit and the requirement of a Tinear detector response. These effects
must therefore be corrected for.

e - 400mm —‘

radiation_ {]
source
Smm

Al-cassette film

slit platin back screen
(0.o3mm)

screen phosphor

all measures in mm

Figure 8:3 The experimental arrangement in the LSF-measurements.
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Morgan et coll (1964) and Rossman and Lubberts (1966) used 1.5 to 2
mm thick platinum for preparation of the slit. However, if thick
plates are used the 1ining up of the slit will be very critical. In
this investigation where rather iarge radiation sources are used and
where the distance between the stit and the source is only 400 mm it is
not possible to align a thick s1it properly. The scatter and penetra-
tion at the edges of the slit could then change the image of the
slit with photon energy and thereby the spatial frequency of the
input image. Therefore the slit was made of only 1 mm thick platinum.
The penetration of x-ray photons through 1 mm of Pt is sufficiently
small ( 2 %) to be acceptable at all the photon energies considered.
When a screen is irradiated through a narrow slit the light intensity
within the s1it will be reduced by the light diffusion in the screens.
The effective contribution from photons which penetrate the Pt-plate
will therefore depend on the slit width and the LSF of the screen. As
the s1it is narrow compared to the line spread function this contri-
bution from transmitted radiation was regarded as a homogeneous back-
ground and thus the same value was subtracted at all distances from
the slit. This was assumed not to influence the results of the measure-
ments. Measurements show that the contribution from the transmitted
Xx-ray photons always is less than 6 % of the maximum film density for
the slit and screens used in this investigation.

The slit in the Pt-plate is 30 um wide and 10 mm long. The radiation
source is line-shaped, 5 mm wide and 25 mm long, and the distance
between the slit and the x-ray screen is 400 mm (figure 8:3). The
relatively large radiation source and short source-slit-distance will
not give a perfect image of the slit in the x-ray screens. However
rather than correcting the measured LSF fOr this effect, it is easier
to correct the MTF derived from these LSF measurements. The spatial
frequency distribution of the input image (Fim) will be somewhat
different from that theoretically expected for an image of the 30 um
wide slit.
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Figure 8:4 The calculated spatial frequency distribution of the in-
put image Fim used in LSF-measurements of screen-film
systems. A "normal" case (---) and a '"worse" case

(—)-

The frequency distribution in different input images (Fim) has been
calculated for different distances between the slit and the screen

and between the radiation source and the slit. These calculations
consider only the optical image of the 5 mm wide source at the image
plane of the screens. A cut through the image of the slit was calcu-
lated in the position of the screens. The fourier transform of this
will then give the Fim' The geometrical arrangements were first chosen
to approximate the normal case, i.e. 2 mm distance between slit and
screen and 400 mm between the source and the slit, see figure 8:3. A
worse case was also calculated. Here the slit screen distance was 3
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mm and the source-slit distance was only 300 mm. The spatial frequency
distribution of the input image was calculated (figure 8:4 and the
Fim—values were found to be 0.83 and 0.68 respectively at a spatial

frequency of 5 ™

F1.m was also experimentally determined. Here only one film and no
screens were placed in the cassette. The x-ray screens were replaced
with sheets of paper. The ideal result of this measurements would have
given the same weight for all frequencies. In our experiments the
spatial frequency distribution of the input image (figure 8:5 was
found to be somewhat Tower than 1.0 at high spatial frequencies with
small variations depending on photon energy. These variations are
assumed to be an effect of scatter and penetration of the edges of
the slit. The effective siit width will therefore be somewhat Targer
at photon energies where the penetration of the edges of the slit is
larger. These measurements also include the loss of high spatial
frequencies due to the finite resolution of the film and the micro-
densitometer. The measured values at a spatial frequency 5 mm_] were
found to vary between 0.82 and 0.76 depending on the photon energy.
When the distance between the slit and the screen-pair was increased
by 1 mm a decrease of about 10 % at the spatial frequency 5 mm-]

was found. These experimental results are very similar to the calcula-
tions (Figure 8:4) except for the change with photon energy which was
never calculated. Corrections for the spatial frequency distribution
of the input image were made to the MTF-measurements according to
these experimental data.

The front screen is placed closer to the slit compared to the back
screen. The input image will therefore not be exactly the same in
both screens. The average effective distance between the front and
the back screen is 0.2 to 0.4 mm depending on the screen thickness,
film etc. If the width of the radiation source had been decreased

or the distance between the source and the slit increased this effect
would have been even smaller but the exposure time would at the same
time have had to be increased. This was assumed not to give any
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significant errors in the MTF of the whole screen pair as used in

the clinical situation.

10

1 1 1 1 1 1 ! 1 )

0 1 2 3 4 5
SPATIAL FREQUENCY (mm™")

Figure 8:5 Experimentally found spatial frequency distribution of
the input image, Fim’ (corresponding the the "normal"
case in Fig 8:4) used in the LSF-measurement of screen-
film systems. The frequency distribution for both a low
25 keV, (---) and a high, 98 keV, (——) photon energy is

presented.
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Use_of Film_to Determine the LSF

Several methods can be used to measure LSF and MTF for x-ray screens
but in order to have the screens in the same geometry as in clinical
use, photographic film was chosen as the light-registrering medium.
The non-Tinear relationship between 1ight fluence to the film and film
density must be corrected for. The method chosen here works with film,
pre-exposed at high light intensity. This pre-exposure will almost
entirely eliminate the toe-region in the HeD-curve and corrections for
the residual non-linearity will be much simpler (chapter 3). The
measured optical density-distribution in the image of the slit is
corrected with the help of an HeD-curve measured for constant time by
varying the kerma rate. This HeD-curve was determined on each occasion
but it was seen that the change in the corrections were small if the
film was pre-exposed to approximately the same density level. It was
also seen that the HeD-curve was very close to linear except at high
densities at which the shoulder effect is significant.

If film used in the determination of LSF,cross-over of light between

the two film emulsions will influence the LSF. This cross-over will
reduce the resolution of the screen-film system and in some cases the
effect could be rather large (Sanderson and Cleare, 1974). As this
cross-over effect could be expected to change with the colour of

the screen-light the effect of cross-over might be dependent on photon
energy when screens with mixed fluorescent materials are used. However,
in this investigation screens with mixed fluorescent materials were

not used and thus it would be assumed that there was no energy
dependence in the cross-over effect.

In the determination of LSF (and MTF) in a screen pair the directly
absorbed photons in the film will give a sharper image of the slit
compared to the image given by the screen light. As the light behind
the s1it will spread out in the screens over an area which is much
larger than the slit, this will decrease the intensity of the light
behind the s1it and the contribution of directly absorbed photons
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over the narrow central part will thus be proportionally larger. If
this directly absorbed part gives contributions to the film density
this will also result in a "better" LSF than is normally the case.
The LSF s further "improved" if an even smaller slit is chosen.
Also an increased reciprocity failure could possibly improve the
LSF as the direct contribution will increase relative to the Tight
contribution to the film density.

The discussion above is only relevant if the directly absorbed photons
give an increased density behind the slit. In some extreme cases there
could even be a decreased density instead, according to James (1977).
Based on the discussions and measurements in chapter 3 the contribution
from directly absorbed photons has been assumed to be small in all x-
ray screens at all photon energies and this effect was not considered
in the calculations of MTF. Lubberts (1969) observed that the effect
of directly absorbed photons by increasing the distance between the
back-screen and the film emulsion to 100 um. This problem has also
been mentioned by Rossman et coll (1964) and Morgan et coll (1964).
Rossman and Morgan did not explain or investigate this effect but
Rossman says without any explanation that the contribution of directly
absorbed photon should perhaps not be directly added to the film
density.

The density distribution in the films were scanned with a micro-
densitometer (Joyce and Loebel, 3CS) in order to determine the LSF.
The effective width of measuring aperture was chosen as 10 um and the
length was 2 mm. When a slit of this length is used one has to align
the slit parallel to the LSF-image very carefully. The film density
could be sampled in steps of 4.7, 9.4 or 18.8 um and the analogous
density signal was digitized by an ADC unit (analog to digital
converter) and stored in the memory of a multichannel pulse height
analyzer (DIDAC 800). The density distribution could be further
viewed on an oscilloscope screen, plotted on a X-Y-recorder, and
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transfered to a Targer computer (Cyber 172) where the measured density
distribution was used to calculate the LSF and MTF of the system.

Rather large errors from several sources may arise in the determination
of the LSF with a microdensitometer. Some factors which may introduce
errors were studied in detail:

1. The film density was compared to a density wedge (E 831) in the
microdensitometer.The wedge was checked with a calibrated density
step and found to be linear within the 0.3 % which was the resolution
of the system.

2. For a non-parallel setting between film-image and scanning aperture,
the recorded slit-profile will be broadened. It s no problem in
making an adjustment between the aperture and the slit-image which
gives an angle smaller than 0.4%. This implies that if one end of the
2 mm long aperture is placed at the centre of the LSF-image then the
other end of the aperture will be 13 um off centre. This would not

significantly change the LSF, a fact which was experimentally verified.

3. The length of the scan must be such that the entire slit-image is
covered and the zero-density value is reached. This zero-density was
calculated from the 30 first and 30 last data points in each scan. It
was experimentally found that the length of the scan should be at
least 2 mm for the screens used in this investigation.

4. The objective of the microdensitometer must be carefully focused
and the film must always be kept at the same distance from the objec-
tive. As there are two emulsions in the film and the distance between
them is about 0.15 mm it is not possible to focus the microdensito-
meter exactly on both emulsions at the same time. To check this effect
the LSF was measured on a film with the optics focused both on the
front emulsion, back emulsion and between these emulsions. No signi-
ficant difference was found in the LSF or MTF at spatial frequencies

below 5 oV
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5. The film was illuminated with a light field which had to be larger
than the aperture of the microdensitometer. If this light field is
much Targer than the aperture there will be significant contribution
from 1ight scattered into the area which is covered by the aperture
giving unwanted contributions to the measurements. This effect was
experimentally investigated by using different widths of the 1ight
field (20-150 um). However, only very small changes in the LSF were
seen. To reduce the influence of this effect and to keep the contri-
bution constant if it was present, the Tight field used was chosen to
be 50 ym wide when a 10 ym wide aperture was used. The centering of
this 1ight field was found to be rather important and if the light
field was very badly centered around the image of the aperture, errors
in the LSF-measurements were observed.

6. The width of the microdensitometer aperture was chosen as 10 um
following Rossman and Cleare(1966) and its length was 2 mm. The average
of two or three scans in different parts of each slit image was used

to obtain better statistics in the results. Measurements on the same
s1it image were also carried out with different widths of the aperture
(between 10 and 20 um) and different Tengths (1.5 - 3 mm) to check

the effect of these changes. If the angle between the aperture and

the slit image is small then the Tength of the slit only influences

the statistics in the measured data. The width of the aperture will
also change the statistics but a wider slit will also change the MTF
of the measuring system (about 2 % at 5 mm_1).

7. The settings of scanning speed, its differential control and the

"pen damping"(time constant) of the microdensitometer scan could be
chosen in different ways. Values of these controls had to be chosen

and checked in such a way that the measured density distribution

would not be influenced by these parameters. It was shown by changing
these parameters that when only frequencies of less than 5 mm ' are

of interest these controls could be set within rather wide limits. A

low scanning speed (with the differential control at maximum sensitivity)
and Tow "pen damping” (speed = 2, pen damp =2-5, diff = 0) were used in

the LSF measurements.
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8. The distance between the samples was chosen to 9.2 um. It has been
shown (Metz et coll, 1972) that if the sampling interval 10 um is used,
the errors introduced in the MTF is Tless than 0.005 at a spatial

frequency of 5 .

Calculations_to Determine_the LSF_and__the MIF

1. The background density was subtracted from the measured LSF-image

on the film. The average value of the 30 values at each end of the scan
was used as background. The scan normally contains 400 measured

values with a sampling distance of 9.2 um.

2. The Tight distribution or LSF of the screen was calculated from the
measured density distribution. The HeD-curve of the film was corrected
for by using a computer program. Here it was seen that the HeD-curve
did not change significantly from measurement to measurement if the
film processor was kept under control. The maximum density should

not be higher than 1.70 (odu). The corrections for the HeD-curve were
checked by measuring the same LSF but changing the maximum film
density; consistent results were obtained.

3. The measured LSF is composed both of the true LSF and statistical
noise in the image which has to be reduced by smoothing of the measured
LSF. This noise may introduce errors in the MTF-calculations (Sanderson,
1968). A special type of smoothing has been used where a smoothing was
applied to the logarithm of the LSF except for LSF values above the

90 % level where no smoothing was applied. This smoothing used the
average value of 5 data points according to the formula:

LSFS(x)=exp([]n(LSF(x-Z))+]n(LSF(x—]))+1n(LSF(x))+

Tn(LSF(x+1))+In(LSF(x+2)1/5) (8:1)
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where x is the data point position in the film scan. LSF(x) is the
LSF-value at position x.

The LSF can approximately be described by an exponential function
e_k. ixl except around the maximum (Rossman et coll, 1964; Arnold et
coll, 1976). k is a constant factor. The logarithm of the LSF is then
approximately a straight Tine and smoothing according to eq (8:1) is
therefore appropriate provided that it is not applied in the maximum.
The need for smoothing around the maximum is also smaller as there
are more photons to build up the film density in this region i.e. the
quantum mottle will be lower. At low film densities this smoothing
method cannot be used due to the large statistical spread in the
measured values. Instead a method similar to that presented by Doi et
coll (1972) was employed. The tail of the LSF was approximated by an
exponential function (e_k.IX]). This function was calculated as a

fit to the slope of the LSF at values below the 20 % level and was
joined onto the LSF below the 7 % level. This fit assumes that the
LSF is a symmetrical distribution; the same function was used to
extrapolate the slope at each end of the LSF. If the calculated k-
value was found to be different in the two slopes this could be an
effect of too much noise in the film image or that the measured
density distribution was not symmetrical and had to be re-measured.
The LSF was always truncated at levels less than 0.005 of the maximum
value. According to Doi (1972) this will not introduce any significant
truncation errors in the MTF. An example of measured LSF is shown in
figure 8:9. However the main aim of this part of the work was to
determine the MTF using the LSF.

4. The MTF was calculated from the LSF as the normalized fourier
transform of the LSF:

0

MTF(v) = |J7 LSF(x) exp (-2mivx)dx f__ LSF(x) dx (8:2)

-0

where v is the spatial frequency and x is a distance variable.
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As the LSF is a symmetrical function only the symmetrical components of
the fourier transform have been considered (i.e. only the real cosine
terms remain). The fourier integral was further approximated by a sum
and calculated in 9.2 ym wide steps (ax) according to

N/2
b LSF(n*Ax)-cos(2n v n-Ax .
MTFG(v) = o _yyp o (M) cos(zryineax) (8:3)
2/2 LSF (n-ax)
n=-N/2

where N is the number of sampled LSF-values.

The MTF-values were calculated for 50 different spatial frequencies

1

between 0 and 5 mm ' and corrected for the frequency distribution in

the input image according to

MTF(v) = MTF (v)/F5 (V) (8:4)

where Fim is the frequency distribution of the input image. Calculated
MTF-data and LSF-distributions were then plotted out by the computer
program (figure 8:12 a-d).

Calculation of the Spatial Deposition of the Flurescent K-Radiation
in the Screens and its Effects on the LSF and MTF

The MTF of the x-ray screens is not only dependent on diffusion and
scatter of Tight photons. At some x-ray photon energies, fluorescent
K-radiation will be produced in the screens and some of this K-radia-
tion will be re-absorbed in other parts of the screen-pair. This re-
absorbed radiation energy will give a diffusion of the absorbed
energy distribution in the screens and thereby produce a detoration

of the image resolution. To show the effect of re-absorbed K-radiation
and its dependence on photon energy, the influence on the MTF due to
this secondary radiation was calculated. It is only meaningful to carry
out these calculations at photon energies above the K-edge of the
heavy element in the screens. The LSF of the re-abserbed K-radiation
in the screens (LSFK) is separtely calculated as a function of photon
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energy and will give the MTF of this image deteriorating K-radiation
fraction (MTFK). The diffusion of the total absorbed energy in the
screens is described by a combination of MTFK and the fraction of
primary photon energy which is absorbed "on the spot". The MTF of
this Tater contribution is 1.0 for all frequencies and when the size
of this fraction is known the total MTF-reduction (MTFR) due to the
energy deposition processes in the screen can be calculated. The MTF
of the whole system is then the result of both the diffusion of
photon energy deposition (MTFR) and the subsequent diffusion of the
light generated due to this energy deposition (MTFL).

Calculation of the LSFK and MTFK for the re-abosrbed K-radiation

In these calculations of LSFK and MTF of the K-radiation which is
produced and partly re-absorbed in the screen-pair, irradiation of the
screens through a 10 um wide and infinitely long slit was simulated.
The screens were assumed to be homogenous and the film between the
screens was disregarded. In order to calculate LSFK the total absorbed
energy in small volume elements at different distances from the slit
was studied. The secondary electrons have short path lengths and most
of them will not escape from the small volume elements. Their transport
has thus been ignored. The K-radiation produced within the slit could
be regarded as an infinite number of isotropic point sources giving
their contributions to the LSF. Instead of calculating the contribu-
tions at different lateral distances from photons incident on a
central slit, the contributions to a central slit from photons inci-
dent at different distances from this siit have been calculated. These
methods are equivalent. Thus the K-radiation contribution from one
point (P) (figure 8:6) to infinitely long and 10 um wide sections

at different distances from this point (P) were summed in small
angular segments (ag) parallel to a section through the screen
(figure 8:7) and (20) parallel to the surface of the screen (figure
8:8). The contributions are further summed from different points P
located at different depths in the screen,
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Figure 8:6 ITlustration of the calculation method for estimating the
MTF of re-absorbed K-radiation. P is the point where the
K-radiation s produced.



m

az

Figure 8:7

Vertical cut through the screen illustrating the MTF-
calculation of the re-absorbed K-radiation. The K-
radiation is produced in point P at different depth
and re-absorbed in a slice at distance (J) from P.
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Figure 8:8 Screen view from above illustrating the MTF-calculations
of the re-absorbed K-radiation. The K-radiation is
produced in point P.
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The fluorescent K-radiation energy which is produced within the
volume element P at different depths in the screen (EK(z)) was
calculated per photon incident on P at the screen surface (NO).

EK(Z) ‘[K(h\))
= we . F\)K . [eXp(-[T(hv)+o1—ncoh(h\))]
NO ('r(hv)+c1-ncoh(hv))
© (z-22)) - exp (-Lt(hv) + % ncoh (hv)l - 2z) (8:4)
where wy = the fraction of vacancies in the K-shell giving K-
radiation
TK(hV)
———————————— = the fraction of attenuation processes which give
h
(e(w)* o500n(M) ) yacancies in the K-shell
FUK = the weighted average energy of the K-radiation
Az = thickness of the volume element where the K-radiation
is produced
z = depth in the screen

The K-radiation is assumed to be produced at a point P, in the centre
of the volume element and this K-radiation is assumed to be isotro-
pically emitted.

The K-radiation which is re-absorbed in the slice at the distance J
from the middle section where the K-radiation is produced was calcula-
ted as the difference between the energy passing into the slice and
the energy passing out of the slice. This assumes that any compton
events make a negligible contribution to the absorbed energy in the
slice. The calculations are carried out for different angles & and ©
and different depth z. The contributions are summed according to:
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€ (J) E (z) 1 a8 »ne
K,abs K — —
—= - =3 Ix —— © [exp(-[t(hv,)+o. (hv,)1]
N Z¢o K’ " “incoh* K

o N0 2 m 0.5

. xF(J,é,O)) - exp(—[r(ﬁCk)+o (FCK)] : xB(J,g,e))] {(8:5)

incoh

Xp and Xp are functions of J, £ and o, they represent the distance
between the point P where the K-radiation is produced and the mid-
points of the two surfaces of the slice of interest.

J - 0.5 4Ad

Xe = - (8:6)
sin & ° cos O
J+ 0.5 ad

Xp = (8:7)

sin & + €0S ©

AJ is the width of the slice used in the calculations.

The Xp and Xg values given below (eq. 8.9 and 8:10) are used when the
K-radiation does not leave the screen within the slice of interest.
This condition could be formulated as:

J+ 0.5 Ad J+ 0.5 Ad (8:8)
arctan| ————— |} < & < (v - arctan )
z -0.5" 4 d - (z-0.5"4z)

When the angle, ¢, is smaller than this condition allows, the K-
radiation will leave the slice of interest through the front surface
and the distance Xg is then calculated according to:

(z - 0.5 - Az)
- (8:9)

g
CoS £ * C0S O
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When the angle is larger than the condition above (eq. 8:8) allows,
the K-radiation leaves the slice of interest through the back surface
of the screen and the distance Xg is then calculated according to:

z - (z-0.5" az)
Xp = (8:10)
cos (m-g) * cos O

In these calculations the angle ¢ was varied in small steps (ag)
between the angles:

J-0.5"4ad J-0.5-4ad
arctan 7 - 0.5 - a2/ =& < (w -arctan | (z - 0.5+ az ) (8:11)

and the angle o was varied in small steps (Ae) from 0 to w/2.

The sum was carried out for K-radiation produced at a sufficiently
large number of different depths z in the screen.

The contribution of K-radiation re-absorbed in the 10 um wide central
sTice where the K-radiation is produced, was calculated in a similar
way as the difference between the K-photon energy produced in this
slice and the K-photon energy leaving it:

€ (0) E, (z) ¢ 1i%e)
K,abs sry KX . © [1-exp(-L=(Avy)
N z &0 N m  0.57
[0] o]
* % ncon (ﬁvK)] . XB)] (8:12)

This equation is valid only when the photons do not leave the screen
within this segment, eg when the condition below is valid
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0.5 *© ad 0.5 - AJ
7 -0.5 * Az < ¢ < (w- arctan d - (z-0.5 - 4z) )(8:13)

arctan

When the K-radiation leaves the screen within the central slice through
the front surface then, Xg was calculated as in equation 8:9 and

when the K-radiation is passing out through the back surface, Xg is
given by equation 8:10.

B (n)
The LSF of the K-radiation will then be described by LSFK(n)=—El%E§———
0

where n is varied between a negative and a positive value giving
LSFK(n) less than 0.005. This should not introduce any significant

truncation errors in the calculations (Doi et coll, 1972).

The attenuation data has been taken from Storm and Israel (1970) and
calculations in chapter 4. T in the equations includes corrections
due to the fact that some photons are photo-electrically absorbed in
other elements than in the heavy element of the screen phosphor.
Coherent scatter has been disregarded through this section.

In order to save computer time, the calculations were carried out with
as large intervals as possible that do not give any significant

errors in the results. With the angular step At of 40 except for the
central sections where it was 1° the error in LSFK of a 100 um thick
screen was less than 0.2 %. A smaller At had to be used in the central
sections as there otherwise could be larger errors in some cases.

The sum over the angle 0 was made at angular intervals of no = 30
except for the central slices, where 2% was chosen. Use of smaller
A6 will not change the LSF by more than 0.5 % in any point and in
general the change due to a smaller A0 is not significant. Az was
chosen so that not more than 2.5 % of the K-radiation would be
attenuated between the first calculation point and the surface of
the screen. The thickness of the screen was however always divided
into at least 10 calculation steps. Calculations with smaller steps
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(az) shows only small differences which are seen only in the slices

close to the middle section of the LSF.

An indirect check on the calculation method has been made by summing
the K-radiation contribution to all slices and comparing the total

re-absorbed K-radiation in these calculations to the results of the

calculations in appendix 1, where the same quantity is calculated

by a different method.

An example of the calculated LSFK is shown in figure 8:9.

1.0ﬁ T

06}

04t

REL. INTENSITY

1 1

16 20

SN

1 ) " 1 -
-12 -08 -0a4 0 04 (oF:] 1.2

DISTANCE FROM THE CENTRE /mm

Figure 8:9 The calculated LSF of the K-radiation (——) and the

measured total LSF of the screen-film system just below
(—+—«—) and just above (---) the K-edge (LaOBr-screen).

The K-edge absorption energy for La is 38.9 keV
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The MTF of the re-absorbed K-radiation (MTFK) has been calculated from
LSFK for the different screens (figure 8:10). This MTFK describes the
deterioration of the image quality which is solely due to the energy
deposition from re-absorbed K-radiation. This quantity is useful for
the understanding and discussion of this special effect in the screens.
In oraer to see the effect of the MTFK on the total MTF, the MTF of

the total energy deposition in the screens (MTFR had to be calculated.
This quantity has also been called "the MTF-reduction factor" in this
work. MTFR is equal to unity below the K-edge. This MTFR of the
"energy absorption stage" in the screens can then be directly multiplied,
by thne MTFL of the "light-stage" to give the total MTF of the screens.
MTFR which is a combination of a unity MTF fraction for the locally
absorbed photon energy and MTFK for the re-absorbed K-radiation has
been calculated according to:

HTFR(v) = (1 = Ky o) + MTF () - Koy (8:14)

where Kabs is the fraction of absorbed energy in the screens which is
due to re-absorbed K-radiation (appendix 1).This MTFR has been
calculated for the different screens and different photon energies
(figure 8:11). MTFo (3mm_]) which gives the value of MTF, at the
spatial frequency 3 mm_] is given as a function of photon energy in
figure 9:2 for the different screens.
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Figure 8:10 The calculated MTF of the re-absorbed K-radiation (MTFK)
in the different screens at energies just above the K-edge.
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Figure 8:11 The calculated .MTFR of the absorbed energy in the
screens. MTFR was calculated at an energy just above the
K-edge (—) and at 100 keV (---) in the different screens.

The MTF for the whole screen film system is given by:

MTF = MTF_ - MTF, (8:15)

where MTFL is the MTF due to light diffusion in the screens. A good
approximation to MTFL is the MTF for the whole screen film system just
below the K-edge of the heavy element in the phosphor, where MTFR = 1.0.
This could be measured directly. MTFL was then assumed to be indepen-
dent of photon energy at photon energies above the K-edge. This is an
approximation which does not consider any energy dependence of the

depth distribution of the absorbed energy in the screens. The x-ray
photon attenuation in the film was also disregarded in these calculations.
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Results

The MTF of the screens has been derived from measurements of the LSF

at photon energies between 22.2 and 98.4 keV. The MTF for the different
screens is shown for a Tow photon energy (22.2 keV), the photon energy
Jjust below and just above the K-edge of the heavy element and for a
high photon energy (98 keV) (figure 8:12 a-d).

It can be seen that at 22.2 keV for the "thin" W-screen there is no
significant change in MTF compared to the MTF just below the K-edge
(figure 8:12 c). However, in the thicker screens there is a signifi-
cant decrease in MTF at low photon energies (figure 8:12 a,b,d). This
could possibly be explained by the increased average distance between

the point where the screen light in produced and the film. This increased
aistance would increase the diffusion of the light before hitting the
film. The average distance between the point of 1light production and

the film was calculated in an approximate way in chapter 7.
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Figure 8:12 Experimentally found MTF at the energies 22.2 keV (- —),
Just below the K-edge (——), just above the K-edge(eee)
and at 98 keV (---). Calculated MTF according to eq. 8:16
just above the K-edge (o) and at 100 keV (m).
a) in the LaOBr:Tb-screen
b) in the GdZOZS:Tb-screen
c) in the "thin"Caw04—screen
d) in the"thick"CaW0,-screen
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At photon energies just below the K-edge of the heavy elements in the
screen phosphor the absorbed energy in the screens does not change so
much with the depth in the screens. At this energy the best MTF of the
systems was measured (figure 8:12 a-d). This MTF was assumed to be due
only to the scatter anddiffusion of the screen light.

The MTFs which were measured at energies just above the K-edge of the
heavy elements in these screens are, as expected, lower than those
measured at energies just below the K-edge (figure 8:12 a-d). This is
due to the deterioration of the LSF and MTF by re-absorbed K-radiation

in the screen pair. In a comparison between thick and thin screens with
the same screen phosphor this energy dependence of MTF due to re-absorbed
K-radiation was seen to be Tlarger in thick screens compared to thinner
screens where a larger fraction of the K-radiation escapes from the
screens (appendix 1).

At higher photon energies where a smaller fraction of the primary
absorbed photon energy will go to the K-photon the contribution of K-
radiation will be lower. Here the measured MTF also was found to be
improved (figure 8:12 a-d).

Theoretical results

Calculations for the different screens of the LSFK and MTFK due to the
re-absorption of K-radiation in the screens have been made (figure 8:9
and 8:10). MTFK describes only the effect of re-absorbed K-radiation,
i.e. it does not include the MTF of the screen light (MTFL). MTFK
broadly depends on the relation between the screen thichness and the
average path length of K-radiation in the screen material (e.g. if the
path Tength is much less than the screen thickness then the latter will
not influence MTFK). It is seen that MTFK has higher values in thin
screens compared to thicker screens of the same material. The average
path length of the K-radiation in the two CaW0,-screens is 1.8 mm

which is a factor 4.3 greater than the phosphor thickness in the thicker
screen pair and 10 times greater than that in the thin screens.
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When the thicker screens of different fluorescent materials are
compared it could be seen that the best MTFK is found in the La-screen
where the mean path length of the K-radiation is only 0.5 mm or 1.4
times the phosphor thickness in the screen pair. This could then be
compared to the Gd-screen with a lower MTFK where the path length of
the K-radiation is 0.7 mm or 1.9 screen-pair thicknesses and the thick
W-screen with the lowest MTFK where the path Tength is 1.8 mm or 4.3
screen-pair thicknesses. In this comparison two factors were found to
influence the MTFK of the K-radiation in the screens. Firstly in thin
screens MTFK is higher compared to that of thicker screens of the same
material. Secondly, the MTFK is highest in screens of the same thickness
where the mean path length of the K-radiation is least. (These
conclusions are valid in the material studied here but they are not
investigated in the general case).

In the calculations of MTFK only small changes were seen when the
photon energy was varied. Some change in MTFK could be expected as the
depth distribution of the K-radiation generation in the screens will
change with photon energy.

The MTF-reducing effect of the K-radiation depends on both the MTF of
the K-radiation (MTFK) and the fraction of absorbed energy in the
screens which is due to K-radiation (Kabs)' This MTF-reduction (MTFR)
was calculated according to eq 8:14 for the different screens at a
number of photon energies. MTFR at energies just above the K-edges and
at 100 keV in the different screens are shown in figure 8:11. At
higher photon energies this MTF-reduction is lower because of the
decrease in the fraction of the primary photon energy which is trans-
ferred to K-radiation.

The total MTF of the systems was calculated for different photon
energies (figure 8:12 a-d) according to eq 8:15.
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Discussion

The calculated LSF of the K-radiation and the measured total LSF just
below and just above the K-edges are shown in figure 8:9. A broadening
of LSF due to the re-absorbed K-radiation is clearly seen. This
broadening has also been

demonstrated in a very approximate manner by Vyborney et coll (1978)
but the results are not comparable. Changes in MTF for GdZOZS:Tb—
screens at different radiation qualities has been demonstrated with
different spectral distributions from an x-ray tube by Arnold and
Bjdarngard (1979). An attempt to estimate the LSF of the K-radiation in
the screens was also made by these authors. A film was placed between
the screens and the light was screened off so that the film would
register only the primary and secondary x-ray photons. When the screens
were irradiated through a slit, this film was supposed to approximately
measure the LSF of the absorbed energy in the screens. These measure-
ments were carried out at energies below and above the K-edge, and the
difference in LSF was then assumed to give the LSF of the K-radiation.
Their measured LSF of the K-radiation is much broader than those
calculated here. The difference could possibly depend on the variation
in response of the film to x-ray photons having different directions.
Thin detectors (i.e. compared to the photon mean free path) could be
expected to have higher relative sensitivity for photons hitting the
detector at larger angles. This would then make the film more sensitive
to photons further away from the centre of the slit. This difference
between thin and thick detectors is a similar effect to that of the
difference in sensitivity to scattered radiation of x-ray screens of
different thicknesses (Nielsen, 1979). Another way to look at this
difference between a "thick" and a "thin" detector is to compare the
kK-photon fluence ("spherical" fluence) with the plane fluence. A

“thin" detector could be regarded to régister the fluence and a “thick"
detector to register the plane fluence (Carlsson and Carlsson, 1982).
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The experimentally found MTF and a "theoretical" MTF which is built on
the theoretically determined MTF of the re-absorbed K-radiation is
compared in figure 8:12 a-d. This comparison shows rather good
agreement. However, in the La-screen and to some extent also the Gd-
screen some differences are discernible. In these screens the measured
MTF seems to be somewhat Tower than the calculated one for energies
Jjust above the K-edge. This could possibly be an effect of a less
symmetric distribution of the absorbed energy in these screens just
above the K-edge due to increased attenuation. This would then imply

a larger average path length of the screen light before hitting the
film which then would give an increased diffusion and thereby a somewhat
lower MTF. In the La-screen the experimentally found MTF also at 100
keV seems to be somewhat lower than the calculated MTF. This difference
is small but an effect of incoherent scattered photons especially in
the La-screen at higher energies could possibly explain it; 7.2 %

of the total cross section in LaOBr at 100 keV is due to incoherent
scattering. This contribution was not included in the calculations.

The incoherent-scattered photons could as a first approximation be
regarded as having an isotropic angular distribution. The average energy
of the scattered photon is about 85 keV. The mean path length of these
scattered photons is 1.3 mm in LaOBr (3.7 screen pair thicknesses).
This could give some MTF-reducing effect. This is an effect which also
could be expected to be smaller in phosphors composed of elements with
higher atomic number and at lower energies where the fraction of
incoherent scatter is smaller.

In the calculations of MTFK‘and MTFR, the fluorescent phosphor was
assumed to be homogenously distributed in the fluorescent Tayer of the
screen. Microscopic studies of thin slices of the screens show that one
of the screens is somewhat less transparent closer to the front surface
compared to the surface towards the screen support. These variations

in transparency are difficult to estimate from the microscope image.
They could possibly be explained by the manufacturing processes which
in some screens might use sedimentation processes to deposit the
fluorescent layer.
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Both experimentally and theoretically found MTF-data above the K-edge
show approximately the same energy dependence. If the resolution at
different photon energies was given by the spatial frequency giving
for example MTF = 0.2, this value was found to change by as much as
0.7 mm_] with photon energy for the same screen. The change in MTF could
also be expressed as the MTF-value at a given spatial frequency, for
example 3.0 o (MTF (3 mm_])). This quantity was found to change by
as much as 0.070 in the same screen depending on photon energy. This
change can be compared to the difference in MTF (3 mm'1) between the
different screens in this investigation at energies just below the K-
edges. This difference is less than 0.110 (the MTF-values were 0.260
for the thinner W-screen and 0.150 for the thicker W-screen. A change
in photon energy could therefore in some cases change the image
quality as much as a change from a "medium speed" to a "high speed"
Xx-ray screen at the same photon energy.
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Figure 8:13 The measured MTF of 3M's a8-screen (GdZOZS:Tb) at different
photon energies (——) compared to published MTF-data for
the a8-screen for unspecified spectral distributions (=---)

Doi and Rossman, 1975; (---) Arnold et coll, 1976;(— —) SPRI
1977.
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In the MTF-measurements of this work the principal goal has not been to
measure the true MTF with very high accuracy. The main purpose has in-
stead been to study the change in MTF with photon energy. There are a
number of published MTF-curves for 3M's o8-screens (Arnold et coll,
1976; Doi anaRossman, 1975; SPRI, 1977). These MTF-curves have, however,
been measured in broad and often unspecified spectral distributions. If
these curves are compared to the results of this work (figure 8:13)
fairly good agreement is found, for all but one (SPRI, 1977), and except
for Tow spatial frequencies (< 0.5 mm_]) where the uncertainty is
probably Targe in all the experimental results. The two MTF-curves by
Arnold et coll (1976) and Doi and Rossman (1975) lie between the curves
measured in this work for the a8-screen at energies just below and just
above the K-edge. In one curve which deviates very much from these
results (SPRI, 1977) the MTF of the light from only the front screen

was measured with an optical system. In this case the MTF was found to
be much higher compared to when film was used to measure the MTF of a
screen-film system with two screens (figure 8:13).

An empirical equation fitting published experimental MTF-data has been
given by Burgess (1978). In this equation he has used, among other
parameters, the spatial frequency where MTF = 0.5 called - For HiPlus-
screens the 4y value was given as 1.20 (manuf.), 1.05 (Arnold et coll,
1976). 1.21 (Rossi et coll, 1976) and between 0.89 and 1.19 in this

work dependent on photon energy. For a8-screens the Yo value was given
as 0.97 (manuf), 1.72 (Arnold et coll, 1976), 1.05 (Rossi et coll, 1976)
and between 0.91 and 1.15 in this work. However, this kind of comparison
between measurements on different screens of the same type can be very
misleading, as significant changes in the screen manufacturing sometimes
occur without a change in the name of the product.

Summary and conclusions

In this chapter the concept of LSF and MTF was first briefly discussed.
The experimental method used to determine LSF and MTF was discussed
in detail. The theoretical method used to determine the MTF of the
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re-absorbed K-radiation (MTFK) and the total "theoretical” MTF is also
described in detail. In a separate section both the experimental and
theoretical results are given and after that these results are discussed.
In this chapter two energy-dependent factors which influence the MTF

of x-ray screens have been discussed. At Tow photon energies a decrease
in MTF was observed in the thicker screens. This is probably due to

an increased average path Tength of the 1light and thereby increased
light diffusion in the screens. At energies above the K-edge energy of
the high Z-elements in the screen phosphors another MTF-decreasing
effect was seen. This effect is due to the diffusion of the absorbed
energy in the screen-pair when K-radiation is produced in the screens
and then absorbed at other Tocations in the screen-pair.

The MTF of the screen-pair was both experimentally and "theoretically"
determined. This so-called theoretical MTF is a combination of the
experimentally found MTF of the screen-light diffusion and a theoreti-
cally determined MTF of the absorbed energy distribution in the screens
(MTF ).

It has been shown that most of the energy dependence of the MTF of a
screen-film system can be accounted for by re-absorption of the K-
radiation in the screens. This effect has its largest value in the
energy region which is of most frequent use in x-ray diagnostics (i.e.
approx. 30 to 100 keV. The decrease in MTF at energies below about 25
keV could be expected to be of importance when low photon energies are
used (e.g. 1in mammography examinations), From

the results in this investigation it can be deduced that the MTF of
the screen-film systems in clinical use will change with radiation
quality (kV and filtration). One should, therefore, in the determinatio
of the MTF of the system use a well-defined radiation quality and this
radiation quality should correspond as closely as possible to the
clinical situation. Furthermore, the MTF of the screens should be
determined with both the front and back screen in the cassette.
Otherwise the measurements will not include the contribution of
secondary radiation from one screen to the other in a screen pair and
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and the fact that the two screens in a screen pair are irradiated from
opposite directions.
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CHAPTER 9

CALCULATION OF SENSITIVITY AND MTF FOR DIFFERENT SPECTRAL DISTRIBUTIONS
FROM X-RAY TUBES

Both sensitivity ("speed") and MTF have been determined as a function
of photon energy for monoenergetic photons {chapter 5 and 8). In this
section the data on sensitivity and MTF have been applied to different
spectral distributions. A number of authors (e.g. Rossi et coll 1976,
Reynolds et coll 1976, Spri 1977, Moores and Walker 1978) have measured
the sensitivity of x-ray screens as a function of "kV-setting". Spri
(1977) has also measured the sensitivity with different thickness of
aluminium filtration which should symbolize the difference in patient
thickness. Also the MTF of screen-film systems has been shown to be
dependent on the radiation quality (Arnold and Bjdrngaard, 1979).
However, Arnold's investigation was carried out only for screens

which mainly contain Gd as high-Z element and only two radiation
qualities were used without concern for the filtration in the patient.

Given that MTF and screen-film sensitivity had already been determined
for monoenergetic photon for various screen materials, it was relatively
straightforward to calculate the same guantities for a given photon
spectrum. This was easier than making measurements directly on a

Targe number of different photon spectra. These calculations were
carried out for kV-settings between 50 and 140 kV and with filtration

in the patient represented by between O and 200 mm of water. However,
these spectral distributions do not include any contribution from
scattered photons.

The screen-film sensitivity has been calculated for these spectral
distributions as the inverse value of the air kerma to the x-ray
screen cassette giving film density 1.0. The "kV"-dependence of the
MTF has been demonstrated by calculating the MTF at the spatial fre-
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quency 3 mm_], (MTF(3 mm_])),for the different spectral distributions.
Calculations

A number of spectral distributions with a total filtration of 1.5 to
2.5 mm aluminium (Birch et coll, 1979) were used. In the calculations
the spectra were filtered with between 1.5 and 2.5 mm of extra Al

to achieve a total filtration of 4 mm Al. The spectra were further
filtered with between 0 and 200 mm of water to simulate the effect

of non-scattered photons per unit energy interval hitting the screen-
film system, LI

The Kerma-spectra Khv (Kerma, differential in photon energy) was
calculated from this photon spectra according to:

U
- tr .
hy = hy MY ey (9:1)
The attenuation in aluminium and water is calculated with the total
attenuation coefficients without coherent scattering (Hubbel, 1969)
and (A1)
o ‘air

with and without "patient" are given in figure 9:1.

is taken from Hubbel (1977). Examples of Kerma-spectras

The "speed" of the screen-film system was calculated for this spectrum
according to:

hv
DS () Ky oAby
5, = =0 (9:2)
hvmax
b K Ahv
h =0 hv

where SK(hv) is the experimentally found screen-film sensitivity given
as a function of photon energy (chapter 5).
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The MTF (3 mm_]) of the screen-film system was calculated according to

h\)max 1

z MTFo (3 mm

) = MTF_ (3 m” 1) - D=0

h
“max

z Sy(hv) + K+ ahy
hv=o K hv

. . . Ah
R ) SK(h\)) Kh\) Ahv
MTF (3 mm

(9:3)

where MTFL is describing the light diffusion in the screens and MTFR
describes the diffusion of absorbed energy due to re-absorption in
the screens. MTFL and MTFR are taken from chapter 8 and Karlsson and
Wickman (1979) (figure 9:2). MTF, had to be averaged over SK(hv) .
Khv as this quantity describes the contribution to the film density
from photons of energy hv. These calculations of the MTF have been
carried out only for the spatial frequency 3 mm_] and all the

summations were calculated in steps of 1 keV.

The change in MTF at photon energies below the K-edge is complicated
to predict theoretically but these effects could be expected to be of
minor importance for the radiation qualities used in these calcula-
tions. The experimentally determined MTF at high energies is
especially 1in the La-screen somewhat lower than the theoretically
determined MTF (chapter 8). This effect which is believed to be due
to incoherent scattered photons has also been omitted in these calcu-
fations. The MTF-dependence on radiation quality could therefore even
be somewhat larger in some cases than that which is calculated in
this section.
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(MTF, (3 mm-])) given as a function of photon energy
(Karlsson and Wickman, 1979). The La-screen (---), the
Gd-screen (---) and the "thin" W-screen (—).



137

Results and Discussion

The spectral distributions to the screen-film system given in kerma
per unit energy interval were calculated both with and without an extra
filtration of 200 mm water(figure 9:1). The "speed" of the different
screen-film systems is shown to be dependent on both the choice of
x-ray tube voltage and on the filtration in the patient (figure 9:3
a-c). The sensitivity of the Gd-screen (figure 9:3b) changes by
about a factor 2 between 50 kV and 100 kV for the case of a beam
filtered in a 200 mm thick (water) patient. The sensitivity is also
dependent on patient thickness and changes by almost a factor 2 at

80 kV as the filtration is increased from 0 to 200 mm water,simulating
filtration in the patient. These variations in sensitivity are
smaller but also quite significant in the other screens. Some changes
in sensitivity for scattered radiation could also be expected but this

effect was not included in these calculations.

The energy dependent properties of different screens could in

some cases cause significant problems. Suppose, for example, an
automatic exposure control unit is used and the radiologist wishes

to use different types of x-ray screens. Then changes in sensitivity
due to both kV and patient thickness have to be corrected for in
different ways for the different screen-film systems.

Figure 9:4 a-c shows MTF(3 mm']) calculated for different tube voltage
and filtration in the patient. Here it is seen that dependence of MTF
on tube kV is quite marked, especially in the thicker screens, but

the effect of filtering in the patient seems to be quite small at
most kV-values. From this it is obvious that the choice of kV and
filtration may significantly change the characteristics of a screen-
film system. This change will often be of the same magnitude as the
difference in "speed" and MTF between quite different types of x-ray
screens.
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APPENDIX 1

CALCULATIONS OF PRODUCTION, ESCAPE AND RE-ABSORPTION OF
FLUORESCENT K-RADIATION

Calculations of the production, re-absorption, transmission and
escape of K-radiation from x-ray screens and the Ge-detector when
irradiated by mono-energetic photons of various energies have been
carried out in order to:

A. Estimate the escape of K-radiation from the Ge-detector when it is
irradiated with photons of different energies.

B. Determine the fraction of the interacting photon energy in a pair
of x-ray screens that will escape from the screen pair as fluorescent
K-radiation.

C. Determine the fraction of the absorbed energy in the screens which
is due to re-absorbed K-radiation produced in the screens.

D. Determine the fraction of the absorbed energy in one screen that is
due to the absorption of K-radiation produced in the other screen.

E. Calculate the total absorbed energy in the front screen compared to
that of the back screen. In these calculations the re-absorption
of K-radiation has been included.

The method used for these calculations is very similar to that used by
others to calculate escape of K-radiation from a Ge-detector (e.g.
Fewell and Shuping, 1977).

Calculations

The production of fluorescent K-radiation at different depths in the
screens or detector and the escaping fraction of this K-radiation
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through the front and the back surface is calculated. Escape through
the side of the detectors is not included as the mean free path Tength
of the K-radiation photons always is much smaller than the diameter
of the detector or the screens.

In the calculations of attenuated K-radiation (re-absorption), the
attenuation coefficients used are both the photoelectric (tr) and the

incoherent scattering ( but for the attenuation of the primary

Oincoh)
photons producing K-radiation only the photoelectric attenuation

coefficient was used.

The number of photons which undergo photoelectric interaction in a
slice of thickness ax at the depth z-az to z(figure Al:1) is given by
the formula

BNypp = N [oexp (= o(hv)-(x-ax)) - exp (= t(hv) - x)] (A1:1)

where t is the total linear photoelectric attenuation coefficient for
the primary photons with energy hv. N0 is the number of primary photons
incident on the surface.

The fraction of the interacting photons that will produce K-radiation
is a product of:

1) The fraction of the total photoelectric coefficient which is due to
attenuation in the heavy element of the screen phosphor. In some x-ray
screens a significant fraction of the attenuation will be due to
attenuation in other elements than that which can produce the XK-radia-
tion under study. Of the screens investigated here this effect has its
largest value in the LaOBr:Tb-screen. In this screen about 86 % of the
photoelectric attenuation will be due to attenuation in La.

2) The fraction of the total photoelectric cross section of the heavy
element which is due to K-shell interactions (TK/T).
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3) The fraction of vacancies in the K-shell that will produce K-
radiation, i.e. the fluorescent yield Wy
The K-radiation which is produced between depths x and x+dx 1is then
given by:

AN = AN, o (A1:2)

The K-radiation which is produced in a slice of a screen or detector
is assumed to be isotropically emitted from the point where it is
produced. The fraction of the total amount of K-radiation which is
emitted between the two conical volumes within the angles 0-A0 and o
(figure Al:1) is equal to the solid angle between these cones divided
by the total solid angle. This fraction (AQ) is given by

142
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Figure Al:1 Schematic description of the calculations of the generation,
escape and re-absorption of K-radiation in an absorber.
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A0 == | (cos (0 - aB) - cos 0)] (A1:3)

1
2
The distance within different angles from the point where the K-
radiation is produced to the front surface (xF) and back surface (xB)
of the detector or screen was calculated according to equation

1
Z - = AZ

2

Xp = — 2 (A1:4)
Focos (o - 1 A0)
2

(d - (z -1 s2))
Xy = 12 (A1:5)
cos (0 - > £0)

The escape of K-radiation has been calculated separately for escape

through the front (NeSC F) and escape through the back of the screen
pair (Nesc,B)'
d n/2
Nesc,F =1 [aNg Z« 89 exp (-(t(hvg) + Oincoh(h“K)) . xF)] (A1:6)
z=0 0=0
d m )
N =5 [ANy = A9 exp (-(t(hvy)+o. (hvy)) * x (A1:7)
esc,B ~ 2, " K 0=1/2 K/ %ncoh' VK B

The total escape is calculated as the sum of these contributions.

N

Nesc = Nesc,F * Nesc,B (A1:8)

This escape was calculated separately for the K, and K8 radiation. In

table Al:1, A1:2 a-d and figure Al:2 the escape of Ka, KB and Ka+B is

given per K-photon generated in the screen pair (Py esc)'
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where

N = Mgy Zé Cuy (A1:10)
and

Natt = N0 - (1 - exp (- t(hv) * d)) (A1:11)

The number of K-photons escaping per photon incident on the screen
pair has been given in table Al1:2 separately for escape through the
front surface (NeSC F/No)’ escape through the back surface (Ne

and for the total escape (N

sc,8/No)

eSC/NO). The escaping K-radiation energy

per primary (photoelectric) interacting photon energy (table Al:1
and A1:2 a-d) was calculated according to

N * hv
Foo. = esc K (A1:12)

€SC N+ (1-exp(-t(hv) * d)) -+ hv

The escape through the front surface (F and back surface (F

esc,F) esc,B)
was similarly calculated and given in table Al:2 a-d for the x-ray

screens.

The K-radiation energy re-absorbed in the screen pair per absorbed

energy (K in table Al1:2 a-d is given as:

abs)

K th - NeSC . th

(A1:13)
att M Hgge vy

Some calculations has also been performed to show the contributions of
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K-radiation which is generated in one screen and re-absorbed in the

other screen in the screen pair. The number of K-photons escaping from

only the front screen through the front surface (NF osc F) and the

back surface (NF,eSC,B) has therefore been calculated:
d/2 /2

NF,esc,F = § ANK Z, AQ -oexp [—(f(th) + Oincoh(th)) . xF] (A1:14)
z=0 0=0
d/2 m

NF,esc,B = % ANK z A - oexp [—(T(th) + (ﬁncoh(hvk)) -xB] (A1:15)

2=0 0=n/2

The summations were made for thin slices and the K-radiation was
studied in 90 different angular segments. The optimal number of slices
and angular segments was obtained by increasing these variables until
the change in the results became small.

The total escape from tne front screen (N is given by

F,esc)

N (A1:16)

NELesc ~ Neesc,F ¥ "FLesc,B

and the escape from the back screen through its front surface (NB esc F)

and back surface (Np esc B)

N - exp(-t(hv) - d/2) (A1:17)

B,esc,F = MFesc,F

\

Ng esc,B = VF,esc,p = &P (-t(hv) - d/e2) (A1:18)

The contribution of K-radiation photons which are produced in the back
screen and re-absorbed in the front screen(NBTF) is then given as:

N\ \

Ngrr = Mg esc,p = | i (A1:19)

+
esc,F F,esc,F

and the contribution from the front screen to the back screen (NFTB)
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is:

N = N Y N (A1:20)

FTB F,esc,B ~ "esc,B ¥ "B,esc,B

The number of primary photons interacting in the front screen (NF att)
b

and in the back screen (Ng att) is given by:
Ne ate = No ~(T-exp (-t(hv) - d/2)) (A1:21)
Nyoatt = Np,ate ~ &P (-t(hv) © d/2) (A1:22)

From this the contributions of K-radiation energy from one screen to
the other has been calculated as a fraction of the primary interacting
photon energy in the screen under study. These calculations are
carried out for contributions from the back screen to the front screen

(FBTF) and for contributions from the front to the back screen (FFTB).
e Mare
BTF N “h (A1:23)
F,att
e M M
FTB . (A1:24)
NB,att hv

The calculated values FBTF and FFTB are given in table Al1:2 a-d. The
contribution of K-radiation energy from one screen to the absorbed
energy in the other has also been calculated. These calculations,
which are carried out for both the front screen (KBTF) and the back
screen (KFTB) are presented in table Al:2 a-d.

Ngrp - hog
K = (A1

BTF . . . .
hv NF,att - h\)K N - h\)K Nesc,F + h\)K N

F,esc,B B,esc,F
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N © hv
Kerp = LB (A1:26)
hv - NB,att - hvy NB esc,F ~ hvy Nesc,8 * Pk Ne esc,B

The total absorbed energy in the front screen compared to the absorbed
energy in the back screen has then been calculated as:

CNeate T T Mg oo T

- hv - N " hv

* Ngrp © Moy

€

/e (A1:27)
F'B + N * hv

Ng, att Kk Nerp K

The calculated value of CF/EB is given as a function of photon energy
for the different screens in table Al:3.

For the calculation of attenuated primary photons producing K-radiation
(eq Al:1) only the photoelectric coefficient was used. This use of

only the photoelectric attenuation in the calculations could give a
slight over-estimation of the number of photons which are photoelectri-
cally absorbed in the slice of interest and the depth distribution

of these. This is because some of the photons may disappear out of

the radiation beam by coherent and incoherent scattering. These photons
will on the other hand normally loose only a small fraction of their
energy or none at all and they will often be able to produce K-radiation
in other parts of the screen pair or the detector. However, the
contribution of incoherent scattered photons is small and errors due

to this contribution will not be Targe. A1l the attenuation coeffi-
cients used in this section were calculated for the different screen
materials (chapter 4).

The calculations were carried out separately for Ku and KB-photons.
It was, however, seen that the use of a weighted average of the Ka
and KB energies would not give any significant error in the
calculations of K-escape from the screens and the detector.
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Results and Discussion

K-photon escape from the Ge-detector which is 10 mm thick and 16 mm
in diamter was calculated. The dominating escape was found to be
through the front surface of the detector because of the relatively
large attenuation in the detector. It was found in these calculations
that the number of photons escaping was 14 % of the primary photon
number when the energy was 11.1 keV {the K-edge energy in Ge is 11.1
keV) and 0.9 % when the primary photons had an energy of 50 keV
(table A1:1 and figure Al:2).

Qoo1 ) . N : L I R 1
0 10 20 30 40 50 60 70 80 90

PHOTON ENERGY/keV

Figure Al1:2 Calculated escaping fraction of K-radiation photons

generated in the Ge-detector (PK eSC). (v = KB’ 0o=K
and s = weighted average for Ka and KB)
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Table Al:1 Calculated escape of Ge-K-radiation from the 10 mm
thick Ge-detector.

Photon  Fraction of K-radiation photons Fraction of K-radiation energy

energy escaping from the detector escaping from the detector
(keV) (PK,esc) (Fesc)
KOL KB a+8 a+B
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Calculated data on the x-ray screens is presented in table Al:2 a-d.
The escape of K-radiation from a screen pair has been calculated as
the number of K-photons leaving the screen compared to the number of

K-radiation photons generated in the screen pair (P These

K,esc)‘
calculations are carrijed out separately for Ka, KB and for a

weighted average of Ku and KB' It is seen that between 44 % and 88 %
of the K-radiation will escape from the screen pair. This fraction
is strongly dependent on screen thickness and screen material but is

almost independent of the primary photon energy.
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Figure A1:3 Calculated escape of K-photon energy per primary inter-

acting energy (Fesc)'
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The number of K-photons escaping per photon incident on the screen
pair (NeSC/NO) and the K-radiation energy escaping per interacting

primary photon energy in the screen pair (F are calculated both

)
with regard to the total escape and with reSZﬁd to escape through
the front surface (Fesc,F) and the back surface (Fesc,B) (table Al1:2
a-d). In figure Al:3, Fesc (i.e. Fesc,B + Fesc,F) is shown as a
function of photon energy for the different screens. A large escaping
fraction (between 26 and 55 %) is found at energies just above the
K-edge of the heavy element of the screen phosphor. This fraction is
strongly dependent on both the screen phosphor and the screen
thickness. At higher energies the escaping fraction decreases due to
the increasing fraction of the primary photon energy that goes to the
photo-electron.

The K-radiation energy which is re-absorbed in the screen pair has been
calculated as a fraction of the total absorbed energy in the screens

(Kabs)‘ Kabs
in figure Al:4. At energies just above the K-edge as much as 45 % of

is given for the different screens in table A1:2 a-d and

the absorbed energy in the screen pair is due to re-absorbed K-radiation.
This fraction is somewhat lower for the other screens but not less than
23 % for any of the screens in this investigation. At 100 keV Kabs is
between 13 and 20 %. This re-absorbed K-radiation energy is of special
importance as it will be re-absorbed in other parts of the screens and
thereby decrease the resolution of the screen-film system.

The K-radiation which is produced in one screen and re-absorbed in

the other screen of a screen pair was also calculated to show how the
screens in a cassette will influence each other. This K-radiation
contribution has been calculated relative to the primary interacting
photons energy in the screen (FBTF and FFTB) and relative to the
absorbed energy in the screen (KBTF and KFTB) without the contribution
of K-radiation from the other screen (Table Al:2 a-d).
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Figure A1:4 Calculated fraction of the absorbed energy which is due

to re-absorption of K-radiation in the screen pair (Kabs)
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Table Al:2
Calculated data for the different screens;

Escaping fraction of K-radiation photons generated in the screens

(PK,esc)'
screens - through the front surface (Nesc F/No) - through the back

Number of escaping photons per photon incident on the

surface (Nesc,B/No)’ - the total escape (N /NO). K-energy escape

esc
per primary interacting photon energy - escape through the front
esc,B)’ - the total

Re-absorbed K-radiation as a fraction of the total

surface (F - through the back surface (F

esc,F)’
escape (Fesc)'
absorbed energy (Kabs)' K-radiation energy from one screen re-absorbed
in the other screen calculated per primary interacting photon energy -
contribution from the front to the back screen (FFTB) and back to the
front (FBTF)‘ K-radiation energy from one screen re-absorbed in the
other screen per absorbed energy - front to back (KFTB) - back to

front (KBTF)’

Table Al:2a Calculated data on the LaOBr:Th-screens (CaW0 - SE4)

(hv) (PK,esc) Nesc,F/No Nesc,B/No Nesc/No
Ka KB Ka+B
38.9 446 .529 .461 .149 .098 .248
40 445 528 .460 .143 .097 .240
50 L4422  .525 .460 .097 .078 176
60 440 .524 .455 .067 .059 .125
80 .440 .524 .455 .034 .032 .065
100 440 524 .455 .019 .018 .037

150 .440 524 455 .006 .006 .012
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Table A1:2 a - continued

(hv) (Fesc,F) (Fesc,B) (Fesc)  (Kaps) (Ferg) (Fprp) (Kepg) (Kgpp)
38.9 . 156 .103 .259 .400 .205 .039 .239 .056
40 .150 .102 .252 .386 .187 .040 .220 .057
50 1 .089 .200 .290 .105 .046 .126 .059
60 .089 .078 .166 .233 .075 .045 .088 .054
80 .064 .060 .125 .166 .049 .039 .055 .044

100 .051 .049 .100 129 .037 .033 .041 .036

150 .033 .033 .066 .083 .024 .023 .025 .024
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Table A1:2 b Calculated data on the GdZOZS:Tb screens (3M:s - u8)
N
(hv) (PK,esc) (Nesc,F/ 0 (Nesc,B/No (Nesc/No)
[¢) S Koc+B

50.2  .554 .644 .572 .219 .158 .377

60 .b51 .42 569 .172 .139 .312

80 .549 .640 .567 .105 .095 .200

100 .548 640 .566 .061 .058 119

150 .548 .640 .566  .022 .022 .044

Table Al:2 b - continued

(W) (Fage,p) (Fase,p) (Fese)  (Kapg)  (Ferg)  (Fgre) (Kepg) (Kge)
50.2  .220 159 379 450 .243  .036 .314  .063
60 174 A4 315 344 142 043 189  .066
80 .124 2 236 232 .078  .044 .100 .058
100 .097 092 188 175 .054  .040 .067 .050
150 .063 062 126 108 .033  .030 .037 .034
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Table A1:2 ¢ Calculated data on the "thin" CaWO4 screens (CEA's
Universal Standard)

(hv) (PK,esc) (Nesc,F/No) (Nesc,B/No) (Nagc/No)
Ka KB Ka+B

69.5 .842 .876 .849 .087 .085 72

30 .842 .876 .849 .063 .062 125

100 842  .876 .349 .037 .036 .073

150 .842 .876 .849 .013 .013 .026

Table A1:2 ¢ - continued

() (Fesc,F) (Fesc,B) (Fese) (Kaps) (Frrp) (FBTF) (KFTB) (KBTF)
69.5 .279 .275 .554 234 049 .036 .108 .082
80 .242 .239 .481 175 .041  .033 .078  .064
100 .193 192 .385  .118  .031  .028 .050  .045

150 .128 .128 .257  .065 .020 .019 .027 .026
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Table Al1:2 d Calculated data on the "thick" CaW0, screens (DuPont's

High Plus)
(hv) (PK,esc) (Nesc,F/No) (Nesc,B/No) (Nesc/No)
Ku KB Ka+8
69.5 .707 .763 .719 .152 140 .293
80 L7060 763 .718  .117 110 227
100 .706 .763 .718  .072 .069 141
150 706 .763 .718  .027 .026 .053

Table Al1:2 d - continued

(hv) (F (K (KFTB) (KBTF)

esc,F) (Fesc,B) (Fesc) abs) (FFTB) (FBTF)

69.5 .242 .223 .465 .361 103 .048 181 .095
80 .208 .196 .404 .282 .080 .047 .130 .081
100 .164 .159 .323 .198 057 .04z  .083  .063

150 .108 .107 .215 114,034 .031 .044  .040
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Table A1:3 Ratio of the total absorbed energy in the front screen to
the total absorbed energy in the back screen &:F/eB).

Screen La Gd W "thin" W "thick"
photon
energy
20 5.42 8.60 2.73 11.49
30 1.76 2.08 1.41 2.32
38.9 1.32 - - -
38.9 2.02 - - -
40 1.93 1.41 1.18 1.49
50 1.47 1.22 1.10 1.28
50.2 - 1.21 - -
50.2 - 2.05 - -
60 1.28 1.65 1.06 1.15
69.5 - - 1.04 1.10
69.5 - - 1.14 1.35
80 1.12 1.31 1.10 1.26
100 1.06 1.16 1.06 1.14
150 1.02 1.05 1.02 1.05
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GENERAL SUMMARY

Optimization of diagnostic x-ray systems with regard to radiation safety
and image quality is a highly desirable task. The screen and film are
important parts of this system. The aim of this investigation is

to study some energy dependent characteristics of x-ray screens.

Three common types of screen phosphors have been examined with regard
to their sensitivity, MTF, and some related factors for a number of
monoenergetic radiation qualities. Radioisotope and x-ray induced
K-radiation sources which were found to be very close to monoenergetic
have been used (chapter 2).

The screen-film sensitivity was experimentally determined (chapter 5).
These experimental results were then compared to theoretical determi-
nations of absorbed energy in the screens at different photon energies
(chapter 6). This comparison between theory and experiment shows an
acceptable agreement at energies between about 25 keV and 120 keV.

The energy dependence of the screen-film sensitivity could therefore
be theoretically determined for this energy interval instead of
carrying out fairly complicated measurements. The screen-film
sensitivity as a function of photon energy shows in detail the energy
dependent characteristics of the different screen phosphors. This
knowledge of the sensitivity for monoenergetic photons also enable
calculations of screen-film sensitivity when different spectral
distributions are used. Effects of change in x-ray tube high voltage
and filtration have thus been possible to calculate for the different
phosphors. For example, it was shown that changes in x-ray tube high
voltage or in filtration,within 1imits normally used in clinical
practice, can change the sensitivity of the screen film system by

at least a factor of two (chapter 9). Effects of scattered radiation
were not included in these calculations.

Changes in radiation quality will also have effects on other charac-
teristics of the system, e.g. the resolution characteristics (MTF)

of the system. At low photon energies (below about 25) a "drop" in
the experimentally determined MTF was seen in some screens. This seems
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to be due to increased diffusion of the screen-light. Another effect
on the MTF which is due to re-absorption of K-radiation produced in
the screens was also seen. K-radiation which is produced and re-
absorbed within the screen-pair will give a diffusion of the absorbed
energy distribution in the screens. This effect was determined both
by measurements of the LSF at different energies and by a theoretically
determined LSF of the absorbed energy in the screens. A comparison
between theory and experiment generally shows a good agreement at
energies above about 25 keV. This fact enable calculations of the
energy dependent change in the MTF to be carried out which then gives
much more freedom for variations in the model used. For example, the
theoretically determined reduction of MTF due to re-absorbed K-radia-
tion was calculated for different spectral distributions from
diagnostic x-ray tubes (chapter 9). Here significant changes in MTF,
especially due to changes in tube high voltage, was found.

One effect related to determinations of sensitivity and MTF is the
contribution to the film density from K-radiation which is produced
in one screen and re-absorbed in the other. This effect was shown

to be large at energies just above the K-edge of the high-Z elements
in the screens (chapter 7). The K-radiation must therefore always be
included in measurements or calculations of different screen-film
characteristics.

At photon energies where the attenuation in the screens is large, a
larger fraction of the energy will be absorbed in the front screen

and thus produce more light in this screen compared to the back screen.
The Tight from the front and back screens was separately measured
(chapter 7) to determine this effect which can influence both the
HeD-curve and the sensitivity of the double emulsioned film used
between the screens (chapter 3). The ratio of light from the front
and the back screen is largest at low energies and was found to vary
between 1.8 and 2.8 for the different screens at 25 keV. The theoreti-
cally determined ratio between abosorbed energy in the front and
the back screen was however larger than these values (chapter 7).
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One way to reduce radiation doses to the patient in routine x-ray
diagnostics would be to optimize the film-screen system and the x-
ray quality. In this action effects on the image quality, which may
be unwanted, must however also be considered. For instance if the
radiation quality is chosen to give a high screen-film sensitivity,
it is most probable that the MTF will be lowered and the number of
interacting photons per unit area in the screen may also decrease.
The knowledge of the x-ray screen characteristics studied in this
work should increase the possibilities of optimizing the equipment
and routines used in clinical x-ray diagnostics. It should however
be pointed out that the optimization of screen-film systems is only
one part of a larger goal to achieve sufficiently good images with
a minimum of radiation dose to the patient.
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LIST OF SYMBOLS

Cca](hv) = air kerma calibration factor of the monitor at the energy
hv

Cco]our = Correction factor for the spectral light sensitivity of
the film (1.0 for CaNO4 and LaOBr:Tb-screens and 2.76
for the Gd202$:Tb-screens)

Cdens(Df) = correction factor with regard to the HeD curve when the
film-density is not unity

Cdev = correction with regard to the constancy check with the
Am-241 source

Crec(tl) = correction factor for reciprocity failure

d = thickness of the screen

Df = film density

FBTF = K-radiation contribution from the back screen to the
front screen per primary interacting photon energy in
the front screen (back to front)

Fesc = the escaping K-radiation energy per primary interacting
photon energy

FeSC " = the escaping K-radiation energy through the back surface
per primary interacting photon enrgy

Fesc F = the escaping K-radiation energy through the front surface

k]

per primary interacting photon energy
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FTB

F.
im

hv

abs

BTF

FTb

hv

K](hv)

LSF  (x)

K-radiation energy contribution from the front screen to
the back screen per primary interacting photon energy

in the back screen (front to back)

frequency distribution of the input image

photon energy

average energy of the K-photons

energy of Ka- and KB-photons

distance variable
light fluence giving unity film density
kerma in the air

fraction of absorbed energy in the screens which is due
to reabsorbed K-radiation

K-radiation energy contribution from the back screen to
the absorbed energy in the front screen (back to front)

K-radiation energy contribution from the front screen to
the absorbed energy in the back screen (front to back)

Kerma differential in photon energy

kerma to the x-ray screens giving film density 1.0
with the exposure time 0.1 sec.

the value of the line spread function at position x



LSFy

MTF
MTF
MTF
MTF

MTF

att

Ng att

NB,esc,B

NB,esc,F

esc
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the line spread function due only to K-radiation re-
absorption

measurement value

the modulation transfer function

MTF due to only the Tight diffusion in the screens

MTF of the re-absorbed K-radiation

MTF without correction for the input image

MTF-reduction due to re-absorbed K-radiation

summation variable

number of LSF-values sampled

the number of attenuated photons

= the number of primary photons attenuated in the back

screen

= the number of photons escaping from the back screen

through its back surface

= the number of photons escaping from the back screen

through its front surface
the number of photons which are produced in the back
screen and re-absorbed in the front screen (back to

front)

the number of escaping photons
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NF,att
NF,esc
NF,esc,B

NF,esc,F

NL,fr‘ont/NL,back

N /NG

NL/E

the number of escaping photons through the back
of the screens

the number of escaping photons through the front
of the screens

the number of photons attenuated in the front screen
the number of photons escaping from the front screen

the number of photons escaping from the front screen
through its back surface

the number of photons escaping from the front screen
through its front surface

the number of photons which are produced in the
front screen and re-absorbed in the back screen

(front to back)

the number of K-radiation photons produced in the
screen/detector

number of light photons

= quotient of light from the front screen and Tight

from the back screen

number of 1ight photons per attenuated x-ray photon
in the screen pair

number of 1light photons per absorbed energy in the
screen pair

number of incident photons



c,esc

K.esc

SK,corr

SW,COPP

S
o,corr

167

pressure

fraction of incoherent scattered photons escaping from
the screen-pair

fraction of K-photons escaping from the Ge-detector or
X-ray screens

sensitivity of the screen-film system expressed as the
inverse of the kerma in air giving net film density 1.0

SK corrected for attenuation in the aluminium front of
the cassette

sensitivity of the screen-film system expressed as the
inverse of the energy fluence giving net film density
1.0

Sw corrected for attenuation in the aluminium front of
the cassette

sensitivity of the screen-film system expressed as the
inverse of the photon fluence giving net film density
1.0

S¢ corrected for attenuation in the aluminium front of

the cassette

exposure time

corrected exposure time = t0 - C (D

dens f)

actual exposure time

temperature
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XpaXp

Xtot>*front?

*back

ad
A
AN

att

AN

Az
Ag

AD
AS)

abs

“B

€ K,abs

distance variable
distance from point of K-radiation production to the

front and the back surface of the screens or slice of
interest

average distance between the film and the point where
the photons are absorbed; for the whole screen pair,
for the front screen and for the back screen

depth variable

slice thickness

slice thickness

the number of photons attenuated in a thin slice

the number of K-radiation photons produced in a thin
slice of the screen/detector

thickness of pixel

small angular segment

small angular segment

fraction of solid angle

absorbed energy in the screens

the total energy absorbed in the back screen

the total energy absorbed in the front screen

K-radiation energy absorbed in the screens
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¢ = angular variable

0 = angular variable

" = total linear attenuation coefficient

u/p = total mass attenuation coefficient

Hir .

- = mass energy transfer coefficient

Ho = spatial frequency where MTF = 0.5

LI = photon fluence differential in hv

v = spatial frequency

%oh = the coherent attenuation coefficient

% ncoh = the incoherent attenuation coefficient

T = the total photoelectric attenuation couefficient

® = the photoelectric attenuation coefficient for the K-
shell interaction

Thigh-Z = the total photoelectric attenuation coefficient of the
high Z-element in the screen phosphor

TK high-z = the photoelectric attenuation coefficient for the K-shell
of the high-Z-element in the screen phosphor

y = energy fluence

y = energy fluence to the screen-film system surface
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abs

@y

u

absorbed energy fluence

the fluorescent yield in the K-shell
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