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Abstract

This paper describes techniques that can be used to improve the ratio of fluorescence to bremsstrahlung radiation
(F/B) in X-ray tube spectra. Firstly, an extension of the EGS4 code system is used to evaluate the impact of the
substrate in thin target applications, in terms of the yield of bremsstrahlung photons produced. The choice of
materials to filter X-ray tube spectra, and its effect in the F/B and the tube efficiency is discussed. The characteristics
of spectra produced in transmission tubes with different target thicknesses, substrates and tube voltages are also

presented. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A wide variety of imaging applications rely on X-ray
tubes as the source of ionising radiation. As an
alternative, radioisotope sources can be employed but
usually their brightness is several orders of magnitude
less than that obtained with X-ray tubes. Additionally,
radioactive sources may not be turned off. However,
X-ray tubes emit photons in a broad range of energies
rather than at one or more discrete lines, and this may
be regarded as a major limitation for the purpose of
accurately determining subtle changes in photon at-
tenuation coefficient. Therefore, detailed studies that
aimed to understand the fundamental processes re-
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sponsible for the conversion of the electron’s kinetic
energy into radiated photons in X-ray tubes are of
some importance. The operation of X-ray tubes can
then be understood at a detailed level and the device
optimised for a particular imaging application.

The importance of accurately predicting X-ray tube
spectra has been recognized since the early work of
Kramers (1920) and from then several approaches
have been described in the literature. These include
semiempirical (Sundararaman et al., 1973; Birch and
Marshall, 1979; Tucker et al.,, 1991) and numerical
(Boone and Seibert, 1997) methods as well as recon-
structive algorithms (Archer and Wagner, 1998) that
can reproduce X-ray tube spectra realistically. Refer-
ences to further work on this topic can be found in
publications of Boone and Seibert (1997) and Tavora
et al. (1999a), while benchmarks of different models
against experimental data have been provided by Bis-
sonete and Schreiner (1992) and Bhat et al. (1998a,
1998b).
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It is nowadays acknowledged that the Monte Carlo
method is a powerful technique for simulating the
transport of radiation in matter (Jenkins et al., 1988;
Andreo, 1991). Moreover, the increase in computer
power along with a dramatic fall in cost (Tavora and
Morton, 1998), has prompted the development of
different general purpose codes (Seltzer, 1991; Nelson
et al., 1985; Briesmeister, 1997). One of the packages
that can be used to simulate the coupled transport of
electrons, positrons and photons in matter is the EGS4
code system (Nelson et al., 1985). This powerful and
versatile piece of software was originally developed for
high energy physics applications, but several improve-
ments have been implemented, and the code can now
be used down to energies of the order of 10 keV for
charged particles and 1 keV for photons (Nelson et al.,
1997).

Recently (Tavora and Morton, 1998), we described a
low energy electron extension of EGS4, especially sui-
ted to simulate the production of radiation in X-ray
tubes operating below 100 kV,. This enhanced code
(briefly called EGS4/GOS) includes more realistic
models for the production of fluorescence radiation
and for generating the angular distribution of brems-
strahlung photons. The code was used to simulate
transmission target X-ray tubes and benchmarked
against experimental data. The simulated spectra were
found to be in good agreement with experimental
results, with an accuracy of the order of 10% at the
K, line, for different tube voltages and target thick-
nesses.

In a further communication (Tavora et al., 1999a),
the EGS4/GOS code was used to gain some insight
into the physics of X-ray tubes mounted in trans-
mission geometry, when operated at diagnostic ener-
gies. The depth at which the radiation is produced, as
well as its angular distribution, was evaluated and we
concluded that the spectral properties of transmitted
spectra depend on the thickness of the target. In the
case of Ag targets, we showed that spectra produced in
thinner targets exhibit higher fluorescence to brems-
strahlung ratios. However this improvement is paid for
at the expense of a fall in the total number of fluor-
escence photons produced in a given exposure. In
other words, the target thickness in transmission X-ray
tubes can be chosen so that ‘quasi-monoenergetic’
spectra are produced although this is at the expense of
the tube’s efficiency.

More recently (Tavora et al, 1999a), we also
demonstrated that for energies near the target K-edge
higher tube voltages clearly favor the emission of fluor-
escence photons over bremsstrahlung radiation. This
happens not only because the cross section for the ion-
isation of the K-shell by electron impact increases
more sharply than that for bremsstrahlung emissions
(Tavora et al., 1999a), but also because there is more

energy ‘available’, making it more likely to ionise the
K-shell even after some of the electron’s incident
energy has been lost in inelastic processes (atomic exci-
tation electron—electron collisions and radiative emis-
sions).

In this paper, we describe additional techniques to
increase the ratio of fluorescence to bremsstrahlung
radiation in X-ray tube spectra. Firstly, the impact of
the substrate’s composition on the overall performance
of thin target devices is discussed. As electrons lose
only a fraction of their energy in the tube’s target, it is
quite conceivable that some bremsstrahlung will be
produced in the substrate, thus decreasing the observed
ratio of fluorescence to bremsstrahlung radiation. The
choice of filter materials that act to increase the num-
ber of fluorescence photons over those due to brems-
strahlung interactions is also discussed for spectra
produced in Ag, Mo and W targets. Finally, the per-
formance of different transmission X-ray tubes is com-
pared, in terms of the dependence of their spectral
properties on the tube voltage, target thickness and the
film substrate.

2. The relevance of substrate material in thin target
applications

As mentioned previously, in applications that
involve the production of radiation in thin targets only
a small fraction of the electron’s initial energy is lost in
the tube target. Therefore, it is quite reasonable to
assume that some bremsstrahlung radiation will be
produced in the substrate on which the target film is
deposited. From the dependence of the bremsstrahlung
cross section on the medium’s atomic number and the
incident electron energy (Jauch and Rohrlich, 1976;
Perkins et al., 1991), it is understandable that this will
be particularly important for thinner targets, higher
electron energies and higher Z substrates.

35 keV

electron beam
_—

" 40nm 680 um

Fig. 1. Diagram showing the model used to evaluate the sig-
nificance of bremsstrahlung production in the target substrate.
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2.1. Bremsstrahlung production in AIN

In order to gain a quantitative view on the rel-
evance of the substrate on the whole performance
of the tube, a setup consisting of a 40 nm Ag tar-
get deposited onto an 680 pum thick AIN substrate
(Fig. 1) was considered. The bremsstrahlung pro-
duction in both target and substrate, as generated
by a 35 keV electron beam incident on the target,
was evaluated using the EGS4/GOS code (Tavora
and Morton, 1998) and the result is presented in
Fig. 2. These data show that, for energy spectral
measurements at 0° (as detected by a sensor of 1.5
cm radius that is positioned 15 cm away from the
tube), the contribution of radiative events taking
place in AIN is considerably higher than those from
the Ag target. It was also shown that 99% of the
electrons incident on the Ag film are transmitted to
the AIN substrate with energies above 34 keV. In
this way, for the purpose of understanding brems-
strahlung production in substrates, it can be con-
sidered that a ‘quasi-monoenergetic’ 35 keV electron
beam is incident on the substrate.

Generally speaking, Fig. 2 suggests that the pro-
duction of bremsstrahlung radiation in the target sub-
strate may seriously degrade the performance of the
tube. Indeed, although we have shown that a higher
ratio of fluorescence to bremsstrahlung radiation is
attainable in tubes with thinner targets (Tavora et al.,
1999a), a significant number of bremsstrahlung pho-
tons will still be produced in the metal’s substrate. To
overcome this problem (at least partially) alternative
solutions are discussed in the next section.

N
]
1

2.2. Alternative materials

In broad terms, the materials chosen to be used as
target substrates in transmission geometry X-ray tubes
should combine good thermal conductivity with high
photon transmission in the spectral region of interest
(usually the target’s K, and Ky lines). These character-
istics provide extended tube lifetime by allowing effi-
cient heat dissipation and so a high output flux.
Moreover, in light of the results presented in Fig. 2,
substrates should have low atomic numbers, thus redu-
cing the fraction of electron energy converted into
bremsstrahlung radiation. A feasible choice is to
employ boron (Z=135, p=234 g cm™) instead of
AIN; although more challenging from the experimental
point of view, lithium (Z =3, p =0.53 g cm™>) may
also represent a further option, so these two materials
have been considered in this study.

The bremsstrahlung yield (in the form of a ratio of
the bremsstrahlung cross section to the total cross sec-
tion for interactions involving energy losses) for
lithium (Li), boron (B) and AIN have been calculated
using the EEDL database (Perkins et al., 1991). The
results are shown in Fig. 3 for electron energies of a
few tens of keV. This data indicates that substantial re-
ductions in the number of bremsstrahlung photons
generated may be obtained if Li or B, rather than
AIN, are used as substrates.

The geometry shown in Fig. 1 was then considered
in two different configurations, with 5 and 1 mm thick
substrates of Li and B (respectively) replacing the AIN.
The amount of bremsstrahlung radiation produced in
the new substrates was evaluated using the EGS4/GOS
code and the results are shown in Fig. 4. This data
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Fig. 2. Production of bremsstrahlung radiation in the Ag target and the AIN substrate. Photon spectra transmitted along the axis

of the electron beam, for the geometry presented in Fig. 1.
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Fig. 3. Ratio (R) of the bremsstrahlung cross section to the total cross section for events involving energy loss (bremsstrahlung +
ionisation + excitation). Data was calculated using the EEDL database (Perkins et al., 1991).

shows that, from energies of the order of 17 keV, the
contribution of bremsstrahlung corresponding to radia-
tive emissions that take place in the substrate can be
significantly reduced if Li or B replace AIN. The
enhancement of the tails at lower energies reflects the
reduction in self-attenuation in Li and B. In fact, low
Z media where bremsstrahlung interactions are less
likely to occur, also turn out to be more transparent
especially at lower photon energies. This is shown in
Fig. 5, where photon transmission through the three
substrates considered is plotted.

In summary, applications that require the use of
thin Ag targets can benefit if the metal film is depos-
ited onto a B or Li substrate, rather than on AIN.
This is because a considerable reduction in the brems-
strahlung yield can be achieved. However, AIN seems
rather appropriate for the purpose of filtering spectra
from Ag targets, as it combines high photon trans-
mission at 22.1 keV (~70%) with a strong absorption
below 10 keV (>95%). Therefore, in practical situ-
ations where B or Li are to be employed as substrates,
additional filters that reduce the number of low energy
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Fig. 4. Simulated photon spectra corresponding to the bremsstrahlung radiation produced in three different substrates. The geome-
try considered is the one shown Fig. 1, but with Li and B replacing AIN. Data sets are normalised to the same number of incident

particles.
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photons being emitted from the tube should be con-
sidered. The choice of adequate filtering systems is dis-
cussed in the next section. In thick target applications
the use of low Z substrates should bring no oper-
ational advantages as very little bremsstrahlung is pro-
duced in the substrate. On the other hand, as
previously analyzed, the higher photon transparencies
of low Z materials make them rather unsuitable for
the purpose of increasing the observed ratios of fluor-
escence to bremsstrahlung radiation.

3. Choosing the appropriate filter material

The use of one or more elements to filter polychro-
matic spectra is a technique widely used in the field of
radiation imaging (Beaman and Lillicrap, 1982; Sand-
borg et al., 1994a; Massoumzadeh et al., 1998). In
broad terms, the purpose of this procedure is to opti-
mise the spectral purity of an inspecting radiation.
This technique is similar to those used in region of
interest imaging (Rudin and Bednarek, 1993; Mas-
soumzadeh et al., 1998) where the number of incident
photons in a particular energy window is enhanced
while that outside that region is decreased. Other
aspects, such as the reduction of low energy photons
that may (in the field of medical imaging) have unde-
sirable side effects (like skin burn) and contribute very
little to the image formation (Sandborg et al., 1994b;
Martin et al., 1999) will not be addressed in the meth-
odology presented herein.

3.1. Method

The optimisation of X-ray tube spectra towards the
development of ‘quasi-monochromatic’ beams may be
described (in this context and to first order) as the pro-
cess that aims to enhance the ratio of fluorescence to
bremsstrahlung radiation. Starting with a digitised
spectrum divided into M energy intervals (bins), and
characterised by a distribution of n;(E;) photons in the
energy bin centered at each energy E;, the quantity to
be optimised, F/B, may be defined as

ng(Ex)

S (E)

ik

F/B = 1)

where ng(Ek) denotes the number of photons in the
energy interval that corresponds to the K, line. The
quantity F/B does not strictly reproduce the ratio of
fluorescence to bremsstrahlung radiation in the spec-
trum as some of the counts in ngx(Ex) actually corre-
spond to bremsstrahlung photons. Nevertheless, this
ratio can be used as a reliable figure to describe the
purity of the spectrum provided that the energy bins
are kept small and the K, line is considered to be the
signal to be used in the measurement. Additionally, F/
B as defined in Eq. (1) is relatively easy to calculate,
while the calculation of the ‘true’ ratio of fluorescence
to bremsstrahlung radiation would require the esti-
mation of the number of bremsstrahlung photons in
the bin corresponding to the K, peak, so that this
quantity could then be subtracted from the observed
peak.

The introduction of an element that will act to filter
the original beam, results in changes in the spectral
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Fig. 5. Photon transmission through the three substrates considered. Data has been calculated using the XCOM program (Berger

and Hubbell, 1987).
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composition of the beam, and consequently on F/B.
Following the definition introduced above, the new
ratio, (F/B)' can be calculated from

ng(Ex)

S HiE)

i#k

(F/B)'= @

where n/(E;) is the number of photon counts (per bin)
in the transmitted beam. Assuming that all the photons
have the same attenuating path d in the filter (i.e., the
angular spread of the beam is not significant) then

nl(E;) = ny(E;) e MEM 3)

with p(E;) denoting the linear absorption coefficient of
the selected filter material, at each energy E;. The filter
should then be chosen so that (F/B)’ is actually higher
than F/B in the original spectrum. This method will
always result in a certain attenuation of the ‘signal’
nk(Ek), so the gains in F/B should always be balanced
against the intrinsic loss in efficiency. The resulting
improvement in F/B is expected to exhibit a strong
dependence on the spectral distribution used, especially
in terms of the energy of the K, line (i.e., the type of
target where the radiation is produced).

To start with, consider the spectrum produced by an
X-ray tube with an Ag target. The transmission geo-
metry used is the one presented in Fig. 1, with a 40
nm Ag film deposited onto a 680 um thick AIN sub-
strate. The spectrum considered is the one presented in
a previous publication (Tavora and Morton, 1998),
and it basically corresponds to the sum of the two

F/B (Normalized)

data sets presented in Fig. 2 with the fluorescence radi-
ation also considered. The program MUCAL (Boya-
nov, 1996), a fit to the data published by McMaster et
al. (1969), was used to estimate photon attenuation
coefficients and, from Eq. (3), the spectral distribution
of beams transmitted through different absorbers were
calculated. Then, using Eq. (2), the ratios (F/B)" were
evaluated and the results are presented in Fig. 6. The
data shows the values of F/B obtained with different
filter materials, for two attenuations at 22.1 keV (K,
line in Ag), and with F/B normalised to the value of
the initial spectrum (with no filtration). In this way,
the data points with F/B above one can be understood
as filters that produce a ‘cleaner’ spectrum.

From Fig. 6, several important conclusions can be
inferred. Firstly, it is clear that some materials are bet-
ter than others in terms of the improvements in F/B.
In some cases, there may actually be a decrease in F/B
indicating that there was a loss in terms of spectral
purity and so the material should not be used for this
purpose. It can also be noticed that the filters with
higher enhancements in terms of F/B are those based
on materials whose K-edge is just above the K, line of
the spectrum used (where the photon attenuation cross
section reaches a minimum). On the other hand, ma-
terials with a K-edge just below the spectrum’s K, line
are to be avoided as they strongly absorb the K, pho-
ton signal. In the case of Ag spectra (Ek, =22.16
keV), rhodium (Rh, Z =45, K-edge: 23.22 keV) and
palladium (Pd, Z = 46, K-edge: 24.35 keV) are the best
choices, with Ag itself representing a feasible alterna-
tive. It is also seen that the improvements obtained in
F/B are a function of the attenuation at the K, energy

Atomic number (Z)

Fig. 6. Dependence of F/B on the atomic number of the filter material selected, for an Ag spectrum. The values of F/B plotted are
normalized to that in the original spectrum and the two data sets correspond to attenuations of 20% (squares) and 90% (circles) at

22.1 keV.
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Fig. 7. Photon spectra produced in the Ag target. The data sets shown correspond to the original spectrum and those transmitted

through Rh filters (with attenuations of 50 and 90% at 22.1 keV).

where, higher attenuations seem to result in more sub-
stantial gains in F/B.

The effect on the spectra of different levels of fil-
tration is shown in Fig. 7. In this picture, the spectra
filtered with 47 and 157 pum thick absorbers of Rh
(corresponding to attenuation of 50 and 90% at 22.1
keV, respectively) are shown along with the original
spectrum.

To complement the data shown in Fig. 6, the gain in
F/B as a function of the thickness of the absorbing ma-
terial was also assessed. The results, in terms of F/B
versus efficiency (at 22.1 keV) for selected materials are
presented in Fig. 8. The term ‘efficiency’ is used to
quantify the filter’s attenuation, and is given by the

F/B
=

fraction of photons in the K, bin that are transmitted
through the filter. This plot shows that, up to a certain
value, increasingly thick filters enhance the observed
F/B. Above this ‘optimum’ thickness, the reduction in
the bremsstrahlung tail no longer compensates for the
number of peak photons that are also being absorbed.
The maximum values of F/B, together with the corre-
sponding loss in efficiency and filter thickness are
shown in Table 1 for different materials.

3.2. Application to spectra produced in molybdenum and
tungsten targets

The general method introduced in the previous sec-

S
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T Ty T =TTt

1.E-05 1.LE-04 1.E-03

1.E-02 1.E-01 1.E+00

Efficiency

Fig. 8. Dependence of F/B on the efficiency of the system, for different materials filtering an Ag spectrum. The value of F/B has
been normalised to that in the original spectrum while efficiency represents the fraction of 22.1 keV photons transmitted through

the filter.
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Table 1

Calculated values of F/B versus efficiency for different filter
materials applied to Ag spectra. The values of F/B are nor-
malised to that in the original spectrum, and efficiency rep-
resents the percentage of K, photons that are transmitted
through the absorber

Material Thickness (um) F/B Efficiency (%)
Al 1370 1.44 40

Cu 40 1.42 40

Rh 470 7.40 0.1

Pd 228 3.43 5

Ag 160 2.60 10

Sn 102 1.62 30

tion has also been applied to spectra generated with
molybdenum (Mo) and tungsten (W) targets. The spec-

tra used were calculated using the general models
described and benchmarked by Birch and Marshall
(1979) and Birch et al. (1979) and are presented in
Fig. 9(a) and (b). The setup consisted of targets in
reflection geometry (with a 12° target), with the tubes
operated at 35 and 150 kVp for Mo and W, respect-
ively. Firstly, and following the method described in
Section 3.1, the improvements in F/B obtained with
different filter materials have been determined. As pre-
viously, the results obtained show that the best filter
materials to be employed are those whose K-edge lie
just above their respective K, lines. For spectra pro-
duced in Mo targets (Ex, = 17.47 keV), zirconium (Zr,
Z =40, K-edge: 17.99 keV) represented the best sol-
ution while for spectra from W (Eg, = 59.32 keV) thu-
lium (Tm, Z = 69, K-edge: 59.39 keV) was the material
that optimised F/B.

(a) 20000 4
2
g 15000 4
E
z
£ 10000 ¢
O
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=3 .
S
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(@]
Z J
0 + t v $ Y $ T $ = $ g i
0 5 10 15 20 25 30 35
Energy (keV)
(b) 10000 T
2 -
S 7500 4
o
B ]
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£
o
=
AQ.
S 2500 4
S
Z. 4
0 + $ $ $ t
0 25 50 75 100 125 150

Energy (keV)

Fig. 9. Calculated X-ray spectra produced in reflection tubes with (a) Mo and (b) W targets, operated at 35 and 150 kVp, respect-
ively. The setups consisted of a 12° anodes, and the data was calculated using semiempirical models.
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Fig. 10. Dependence of F/B on the efficiency of the system, for different materials filtering (a) Mo and (b) W spectra. As in Fig. 8,
the values and F/B plotted are normalised to those in the original spectrum and the efficiency represents the fraction of K, photons
transmitted through the filter.

However, Zr, Tm as well as well as elements with
70<Z<72 are not suitable for this purpose as they
are either flammable or noxious materials. For this
reason, these elements have not been considered in this

Table 2

Calculated values of F/B versus efficiency for different filter
materials applied to the 35 kVp Mo spectrum presented in
Fig. 9(a). The values of F/B are normalised to that in the

analysis and so we suggest niobium (Nb, Z =41, K- original spectrum, and efficiency corresponds to the percen-
edge: 18.98 keV) and tantalum (Ta, Z =73, K-edge: tage of K, photons transmitted through the absorber

67.42 keV) as the most suitable materials to filter Mo

and W spectra, respectively. Material Thickness (um) F/B Efficiency (%)

The suitability of selected materials to filter Mo and

W spectra, in terms of improvements in F/B for a Al 520 1.47 40

given attenuation at the K, line, is shown in Fig. 10(a) Cu 21 44 0

and (b) for Mo and W, respectively. The ‘optimum’ I;/I]:) ﬁg 471?2 (1)'1

thicknesses of different absorbers, maximum values of A 44 2:63 10
g

F/B and corresponding loss in efficiency for these spec- Sn 40 202 40
tra are shown in Table 2 and Table 3.
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Table 3

Calculated values of F/B versus efficiency for different filter
materials applied to the 150 kVpW spectra presented in Fig.
9(b). The values of F/B have been normalised to that in the
original spectrum, with efficiency corresponding to the percen-
tage of K, photons transmitted through the absorber

Material Thickness (um) F/B Efficiency (%)
Al 12500 1.50 40

Cu 385 1.51 40

Ag 82 1.41 0.1

Sn 103 1.32 60

Ta 377 2.83 1

W 220 2.42 10

Pb 122 1.67 30

4. Performance of different Ag-based transmission tubes

The characteristics of spectra from transmission
X-ray tubes with Ag-targets have also been assessed.
Different target thicknesses, tube voltages and sub-
strate materials have been considered. As previously,
transmitted spectra were evaluated in terms of effi-
ciency and the ratio of fluorescence to bremsstrahlung
radiation.

4.1. Target thickness and substrate material

The setup considered in these simulation studies is
similar to the one presented in Fig. 1. The configur-
ations chosen consisted of a 2.2 um Ag target depos-
ited onto a 680 pm AIN substrate, and the three

1.2 o
09 +
[as)]
S8 0.6 40 nm Ag + Li

40nm Ag+ B

40 nm Ag + AIN

0.0001 0.01

configurations discussed in Section 2.2, i.e., 40 nm
films deposited onto Li, B and AIN substrates (5 mm,
I mm and 680 pum thick, respectively). In this case,
F/B can be plotted as a function of the number of K,
photons (which, in the simulated data, can easily be
logged) reaching a 1.5 cm diameter detector positioned
15 cm away from the tube. In several applications the
K, line is actually used as the probing signal, so its
yield may somehow be understood to represent the
‘efficiency’ of the X-ray tube. Again, since we are deal-
ing with simulated data, F/B was defined as the ratio
of the number of K, photons to the rest of the photons
counted in the spectrum. All spectra were normalized
to the same number of incident electrons, so that ab-
solute values could be compared. Furthermore, and
following the results presented in Section 3.1, different
thicknesses of Rh were added to filter the transmitted
spectra (thus varying the number of K, photons reach-
ing the detector).

The results obtained are shown in Fig. 11 and sev-
eral conclusions can be inferred. At first glance it can
be seen that thicker targets are not only more efficient
but their spectra exhibit higher fluorescence to brems-
strahlung ratios. Since spectra emerging from thinner
Ag targets actually exhibit higher F/B (Tavora et al.,
1999a), this indicates that the bremsstrahlung produced
in the substrate of thin Ag films degrades the spectral
purity, and not even suitable filters seem to ‘clean’
them up. Therefore in applications requiring a film
substrate, it seems more reasonable to use thicker Ag
targets. With no added filtration (corresponding to the
far right end of each curve) thick targets are ~40
times more efficient, an aspect that has been already

2.2 um Ag + AIN

1 100 10000

No. of K, photons

Fig. 11. Dependence of F/B on the number of K, photons detected, for different Ag-target transmission X-ray tubes. The configur-
ations chosen were a 2.2 um target deposited onto a 680 um AIN substrate, and 40 nm targets deposited onto AIN, B and Li sub-

strates.
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analysed in a previous communication (Tavora et al.,
1999a). The small differences observed in the efficien-
cies of the 40 nm target tubes can be understood on
the grounds of the different attenuation of 22.1 keV
photons in the substrate; in these conditions (with no
added filtration) it can be seen that F/B is pretty much
the same for these three configurations.

Finally filtered Ag spectra at maximum F/B are
shown in Fig. 12(a) and (b). These data correspond to
spectra obtained from 2.2 pm and 40 nm thick Ag tar-
gets deposited onto a 680 um AIN and 5 mm Li sub-

200 T (a)

150 +

100 4

No. of photons (rel. units)

strates, and filtered with 470 and 610 um slabs of Rh,
respectively. The spectra are normalised to the same
total number of photons. Quite noticeable is an
enhanced bremsstrahlung tail in the spectrum emerging
from the setup comprising the thinner target. As intro-
duced previously, the reason for this, and consequently
the smaller F/B shown in Fig. 11, is the considerable
amount of bremsstrahlung produced in the substrate.
As discussed Section 2, the bremsstrahlung yield
increases with Z, so there is more bremsstrahlung pro-
duced in the thicker Ag target than in the Li substrate,
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Fig. 12. Filtered spectra obtained from (a) a 2.2 pm Ag target deposited onto a 680 um AIN substrate and (b) a 40 nm Ag film
deposited onto a 5 mm Li substrate. The original spectra were filtered Rh slabs, and the data sets have been normalised to the

same total number of photons.
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Fig. 13. Dependence of F/B on the on the number of K, photons detected, for Ag targets operated at different energies. The quan-

tities shown have been calculated as those presented in Fig. 11.

but the production of fluorescence radiation in the for-
mer results in higher ratios of F/B. The fact that the
number of photons in the filtered spectrum increases
with energy up to ~23.3 keV is just a consequence of
the decrease in the filter’s photoelectric cross section
up to its K-edge.

4.2. Tube voltage

In these studies we also considered the kind of setup
presented in Fig. 1, but with 2.2, 3, 4.5 and 6 pum thick
Ag targets deposited onto a 680 pm thick AIN sub-

120 -

100 4 -

80 4

No. of photons (rel. units)

strate. The tubes were then considered to be operated
at 35, 40, 50 and 60 kV,, respectively. As discussed in
Tavora et al. (1999b), the thickness of the Ag films
was chosen to match the situation where the pro-
duction of bremsstrahlung radiation is maximized. In
this case no enhancements in F/B are obtained via the
suppression of photon production. The transmitted
spectra were then filtered with slabs of Rh, and the
results are presented in Fig. 13, where (absolute) effi-
ciencies and F/B were calculated as described in Sec-
tion 4.1.

Several conclusions can be inferred from the data

10 20 30

40 50 60

Energy (keV)

Fig. 14. Filtered spectrum obtained from a 6 pm Ag target deposited onto a 680 pm AIN substrate. The system was considered to
be operated at 60 kV,, and the output spectrum was filtered with a 630 um thick slab of Rh.
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presented in Fig. 13. First, as discussed by Tavora et
al. (1999b), and briefly mentioned above, spectra
obtained with higher tube voltages (the far right end of
the curves) exhibit both higher F/B and efficiencies.
However, when filtration is added lower energy spectra
show enhanced F/B ratios, that can even exceed those
from higher tubes voltages. The sudden drop in higher
energy spectra’s F/B as thicker filters are used is due to
the fact that a high energy bremsstrahlung tail starts to
appear. This happens so because these photons are less
attenuated in the filter, as Fig. 14 clearly shows. The
same kind of behaviour was observed in spectra pro-
duced in Mo and W targets.

In the light of the data just presented one can con-
clude that the tube voltage is also of some importance
when filtering is considered. In fact, although higher
energy spectra are ‘naturally’ more efficient and with
higher F/B ratios, it might be more effective to filter
lower energy spectra in order to obtain a more ‘clean’
spectrum. However, this improvement is obtained at
the expense of efficiency.

5. Conclusions

The use of X-ray tubes as source providers in ima-
ging application is nowadays a well-established
approach. This paper focuses on methods to improve
the ratio of fluorescence to bremsstrahlung radiation
(F/B) in X-ray tube spectra, and thus contributes to
the development of ‘quasi-monoenergetic’ X-ray tubes.
Firstly, the EGS4/GOS code was used in studies that
aimed to understand the relevance of the substrate ma-
terial in thin target applications. The results described
show that the fraction of bremsstrahlung radiation
produced in the tube substrate can be significantly
reduced when low Z materials are in use. It has how-
ever been observed that these materials also tend to be
more transparent to the radiation produced in the tar-
get, especially at lower photon energies. This aspect
may increase the fraction of bremsstrahlung photons
transmitted through the system, thus reducing F/B in
the output spectrum. To overcome this problem, a
suitable filter, that acts to remove the bremsstrahlung
with no significant reduction in the fraction of fluor-
escence radiation, should be considered.

The choice of materials that should be employed to
filter X-ray tube spectra with the aim of increasing the
ratio of fluorescence to bremsstrahlung radiation was
then discussed. The results presented for Mo, Ag, and
W spectra show that materials whose K-edge lies just
above the target’s K, line are the ones that, for a given
attenuation at the K, energy (i.e., a loss in efficiency),
are more effective in increasing fluorescence to brems-
strahlung ratios. The data presented here show that,
up to a certain thickness of filter material, /B does

increase for more absorbing filters. However, above
that thickness the opposite behaviour is observed. This
suggests that the reduction in the number of fluor-
escence photons in the filters is no longer compensated
by the absorption of photons from the bremsstrahlung
tail. The values of ‘optimum filter thicknesses’ for
different filter materials are presented, for Mo, Ag and
W tube spectra, in Tables 1-3.

Finally, the performance of Ag-target transmission
X-ray tubes with different configurations has been ana-
lyzed. It has been shown that, for the selected configur-
ations, setups with thicker targets are not only more
efficient but the spectra produced exhibit higher fluor-
escence to bremsstrahlung ratios. This is a direct con-
sequence of the considerable production of
bremsstrahlung radiation in the target substrate, even
when low Z materials like Li are considered. There-
fore, for Ag tubes operating at the regimes considered,
thick targets should be used, unless it is feasible to op-
erate a thin target with no substrate. The dependence
on the tube voltage was also studied, leading to the
conclusion that, in order to maximise the ratio of flu-
orescence to bremsstrahlung radiation, it is more effec-
tive to use lower tube voltages.

In future, we shall continue our work in this area.
Different models and cross section databases for the
production of radiation in tube targets will be investi-
gated. The updated Monte Carlo codes will then be
used to simulate the response of diagnostic X-ray
tubes, and the results compared with experimental
data. We also expect to carry out further design studies
that aim at understanding the production of radiation
in X-ray tubes leading, when possible, to the optimiz-
ation of these sources.
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