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Purpose: An optimal material selection for primary modulator is proposed in order to minimize
beam hardening of the modulator in x-ray cone-beam computed tomography (CBCT). Recently, a
measurement-based scatter correction method using primary modulation has been developed and
experimentally verified. In the practical implementation, beam hardening of the modulator blocker
is a limiting factor because it causes inconsistency in the primary signal and therefore degrades the
accuracy of scatter correction.

Methods: This inconsistency can be purposely assigned to the effective transmission factor of the
modulator whose variation as a function of object filtration represents the magnitude of beam
hardening of the modulator. In this work, the authors show that the variation reaches a minimum
when the K-edge of the modulator material is near the mean energy of the system spectrum.
Accordingly, an optimal material selection can be carried out in three steps. First, estimate and
evaluate the polychromatic spectrum for a given x-ray system including both source and detector;
second, calculate the mean energy of the spectrum and decide the candidate materials whose
K-edge energies are near the mean energy; third, select the optimal material from the candidates
after considering both the magnitude of beam hardening and the physical and chemical properties.
Results: A tabletop x-ray CBCT system operated at 120 kVp is used to validate the material
selection method in both simulations and experiments, from which the optimal material for this
x-ray system is then chosen. With the transmission factor initially being 0.905 and 0.818, simula-
tions show that erbium provides the least amount of variation as a function of object filtrations
(maximum variations are 2.2% and 4.3%, respectively, only one-third of that for copper). With
different combinations of aluminum and copper filtrations (simulating a range of object thick-
nesses), measured overall variations are 2.5%, 1.0%, and 8.6% for 25.4 um of copper, erbium, and
tungsten, respectively. With and without 300 wm of copper in the beam, the measured variations
for 25.4 um of copper, erbium, and tungsten, 1 mm of aluminum, as well as 406 um of copper,
are 1.8%, 0.2%, 5.5%, 1.9%, and 7.5%, respectively.

Conclusions: The spatial variation in the effective transmission factor of the modulator blocker due
to beam hardening caused by the modulator itself reaches a minimum when the K-edge of the
modulator material is near the mean energy of the spectrum. An optimal modulator material selec-
tion using the K-edge discontinuity is therefore proposed. © 2010 American Association of Physi-
cists in Medicine. [DOI: 10.1118/1.3457472]
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I. INTRODUCTION

Scatter is a critical issue that impacts image quality in x-ray
cone-beam computed tomography (CBCT), and scatter correc-
tion is an active and challenging topic of research. A prom-
ising scatter correction method using primary modulation
was recently proposed and verified.' By inserting a primary
modulator between the source and the object, part of the
primary is modulated to high frequency while scatter still has
dominant low-frequency components, making the modulated
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primary and the scatter highly separable in the frequency
domain. After demodulation, scaling, and subtraction, a scat-
ter distribution can be estimated and removed. This estimate
is acquired using one single scan, without loss of real-time
imaging capabilities and with no increase in patient dose.
The primary modulator consists of attenuating blockers
arranged in a high-spatial-frequency pattern. The perfor-
mance of the primary modulation method depends on the
system parameters of the primary modulator and primarily
on the spatial frequency of the blocker and the transmission
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factor of the blocker itself. Optimization of the primary
modulator design is important. The characteristic dimensions
of the blocker pattern should be as small as possible in order
to achieve a high modulation frequency. The transmission
factor of the modulator blocker, which determines the modu-
lation function, should be neither too high nor too low in
order to achieve sufficient signal modulation without too
much reduction of patient entrance x-ray fluence. The value
of the transmission factor is required to be spatially uniform
so that a uniform modulation function is created. Moreover,
the insertion of the primary modulator should not cause in-
consistency in the primary signal; the primary measured with
both the modulator and the object in the field of view (FOV)
should be equal to the product of the primary measured with
only the object in the FOV and the modulation function mea-
sured with only the modulator in the FOV. Unfortunately, for
a polychromatic x-ray system, such an inconsistency always
exists due to beam hardening caused by the modulator itself.
The impact of this inconsistency on the performance of scat-
ter correction can be evaluated by assigning all of the beam
hardening effect in the system to the modulator, and then
evaluating the magnitude of the inconsistency as a function
of object size and composition. The presence of a nonuni-
form object causes the modulation function to be spatially
nonuniform even though its initial value (measured without
an object in the FOV) is uniform. The nonuniformity of the
modulation function results in errors in scatter estimation
and artifacts in reconstructed images.

It is well-known that beam hardening is also a challenging
issue for CT reconstruction. Numerous methods have been
proposed and implemented using preprocessing algo-
rithms,* postprocessing a1lg0rithms,6’7 and dual-energy tech-
niques.8 For the primary modulation method, as stated above,
the beam hardening caused by the modulator leads to an
inconsistency in the primary signal and eventually to a spa-
tially varying transmission factor. This effect cannot be eas-
ily corrected using traditional beam hardening correction
methods because of the contamination of scatter. Our first
approach is therefore to minimize beam hardening of the
modulator by selecting an optimal material.

Generally, low atomic number (Z) materials, such as be-
ryllium, generate less beam hardening than high Z materials,
such as copper, for the same value of transmission factor.
Because of the penumbra effect and geometric magnification,
the blockers in the modulator should be thin enough so that
the blocker size can be small. Thus, beryllium and aluminum
are out of consideration if a low transmission factor is re-
quired. A common perception when selecting the modulator
material is that lower Z is necessarily better as long as the
corresponding blocker thickness is appropriate. In fact, a
higher Z material, whose K-edge energy is near the mean
energy of the x-ray system spectrum, may generate less beam
hardening than a lower Z material.

The K-edge effect causes a sudden increase in the mass
attenuation coefficient when the photon energy is above the
binding energy of the K-shell electrons, which breaks the
trend of mass attenuation coefficient decreasing as the pho-
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ton energy (<200 keV) increases.” Section III B shows a
graph of mass attenuation coefficient plotted as a function of
energy, illustrating this effect. This effect has been utilized in
mammography and x-ray absorptiometry, where K-edge fil-
ters are designed to optimize the x-ray spectlrum.lo_13 In our
primary modulation method, we show that when the K-edge
energy of the modulator material (specifically the blocker
material) is near the mean energy of the x-ray spectrum, the
K-edge discontinuity in the curve of the mass attenuation
coefficient may reduce the impact of beam hardening of the
modulator. Therefore, by taking advantage of the K-edge dis-
continuity, an optimal material selection for a given x-ray
system can be realized in three steps. First, estimate and
evaluate the polychromatic spectrum for a given x-ray sys-
tem including both source and detector; second, calculate the
mean energy of the spectrum and choose the candidate ma-
terials whose K-edge energies are near the mean energy;
third, select the optimal material from the candidates after
considering both the magnitude of beam hardening and the
physical and chemical properties.

This paper is organized as follows. Section II describes
the primary modulation method and the inconsistency in the
primary signal caused by the beam hardening of the modu-
lator. Section III presents our material selection approach,
where the fact that a higher Z does not always lead to in-
creased beam hardening is shown and theoretically ex-
plained. In Sec. IV, we use a tabletop CBCT system operated
at 120 kVp as an example to validate our method, from
which the optimal material of the primary modulator is se-
lected. Finally, we summarize this paper in Sec. IV with a
brief discussion.

Il. BEAM HARDENING EFFECT IN THE PRIMARY
MODULATION METHOD

ll.A. Principle of the primary modulation method

The primary modulation method assumes that an ideal
(spatially invariant) modulation function
1, i+j=even

m(i,j) = 1
D=\ 0, i+j=odd )
is created by the primary modulator.' Here, a e (0,1) is the
transmission factor of the modulator blocker and parameters
i and j are the horizontal and vertical indices. With such a
primary modulator in the FOV, the measured x-ray image in
the spatial domain is
o p(i,j) +s(i,j), i+j=even
p'i.j)= e , (2)
ap(i,j) +s(i,j), i+j=odd
where p and s indicate primary and scatter, respectively. Tak-
ing the Fourier transform of Eq. (2), we have

1 1 -
P'(0) = %P(m) + TaP(w —m)+S(w), 3)

where P and S denote the Fourier transforms of primary and
scatter, respectively, and w € [-7, 7] X [—7, 7] is the 2-D co-
ordinate of (w,,w,) in the Fourier domain.
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From Eq. (3), we can see that part of the primary is modu-
lated to high frequencies by the modulator and is strongly
separated from the scatter, which is predominantly low fre-
quency. Using filtering techniques, a scatter distribution can
be estimated as

Se®) = P (@H(@) ~ 2P (0~ mH (W), )

where H(w) is a low-pass filter with a bandwidth of @y,y.
Details of the scatter estimation can be found in Refs. 1 and
3.

II.B. Impact of a variation in «

The accuracy of scatter estimation from Eq. (4) is highly
dependent on the uniformity and the accuracy of a. Let da
be a variation in « caused by nonideal factors in the modu-
lator design and implementation. The resulting variation in
the estimated scatter would be

2ada

dSey(w) = -’

P'(w-mH(w). (5)
Here, we take the estimated scatter S.q(w) as a function of «.
Shifting the frequency spectrum of P’'(w) in Eq. (3) by 7 to
get P'(w—), substituting it into Eq. (5), and ignoring the
high frequencies of primary and scatter, one obtains

ada

(I-a)

dSeq(w) = P(w)H(w). (6)

Therefore, it is seen from Eq. (6) that a low-frequency
primary with a weighting factor of ada/(1-«) could be in-
cluded in the estimated scatter when variation de in « oc-
curs. In other words, 1% of variation in the case of «=0.9
adds 9% of the low-frequency primary to the estimated scat-
ter.

I.C. Beam hardening of the modulator

For a polychromatic x-ray system, the inserted primary
modulator causes beam hardening. Let y(E) be the spectrum
of the system including the x-ray tube and the detector. As
depicted in Fig. 1, the intensities of the primary before and
after passing through the modulator blocker alone are

Po= Cf X(E)dE,

p=C f X(E)exp[- u,,(E)T]AE, (7)

where C is a constant determined by the x-ray fluence and
the gain of the detector, and w,,(E) and T indicate the linear
attenuation coefficient and the thickness of the modulator
blocker, respectively.

Therefore, the transmission factor of the modulator
blocker « is written as
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FiG. 1. The effective transmission factor of the modulator blocker a.g in the
polychromatic x-ray system with an object in the FOV. p, p;, p, and p, are
the initial intensity of the primary, and the intensities after passing through
the modulator blocker alone, the object alone, and both the modulator
blocker and the object, respectively; x(E) is the initial system spectrum
including both the source and the detector; the linear attenuation coefficients
and thicknesses of the modulator blocker and the object are denoted as u,,,
Mo, T, and [, respectively. Parameter a,g can be considered as a function of
the object thickness if we assume that u,,, w,, and T are fixed.

f X(E)exp[— u,,(E)T]AE
a=Pl- . (8)

Po f V(E)E

The intensity of the primary after passing through the object
alone is

p=C f X(E)exp[— w,(E)I|dE, )

where wu,(E) and [ indicate the linear attenuation coefficient
and the thickness of the object, respectively. Note that pri-
mary p in both Egs. (2) and (9) refers to the same signal from
which a CT image is reconstructed. The intensity of the pri-
mary after passing through both the modulator and the object
is

p=C f X(E)exp[- u,,(E)Tlexp[- u,(E)I]dE. (10)

We can see that, in general, the primary with both the
modulator and the object in the FOV p,, in Eq. (10), does not
equal the product of the primary with only the object in the
FOV p, in Eq. (9), and the transmission factor of the modu-
lator blocker «, in Eq. (8), i.e.,

Py # ap. (11)

This inconsistency in the primary signal is due to the fact
that both the modulator and the object cause beam harden-
ing, i.e., the inserted modulator hardens the effective spec-
trum incident on the object, or equivalently, the inserted ob-
ject hardens the effective spectrum incident on the
modulator. It would be avoided if either the modulator or the
object had an energy independent attenuation coefficient.
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However, here we blame only the modulator for its beam
hardening effect since it is an add-on to the conventional CT
system.

The primary with both the modulator and the object in the
FOV p, can be decomposed into two parts as

p=C f X(E)exp[— u,,(E)Tlexp[— u,(E)I]dE

f X(E)exp[— u,(E)l]exp[— w,,(E)T]dE

f x(E)exp[— p,(E)[|dE

X C J X(E)exp[— w,(E)I]AE = ay(D)p, (12)
where

p
agll) ==
P

J X(E)exp[— w,(E)l]exp[— w,,(E)T|dE

f X(E)expl— u,(E)IJdE

J X' (E)expl- p,(E)TIdE
= (13)
f x'(E)dE

is the effective transmission factor of the modulator blocker,
with x'(E)=x(E)exp[—u,(E)I] being the effective spectrum
for the modulator after object filtration (the object is treated
as a special filter that hardens the spectrum). In Eq. (13), it is
assumed that w,,, w,, and T are fixed, making the effective
transmission factor a.s a function of the object thickness /.
Generally, only a.(0) = « is measured in the system calibra-
tion procedure where no object is placed in the FOV.

After decomposition, the inconsistency in the primary sig-
nal due to beam hardening caused by the modulator is pur-
posely assigned to a.g, leading to a spatially nonuniform
modulation function when an object is placed in the FOV
even though a uniform modulation function is initially de-
signed. The variation in a. as a function of object filtration
represents the magnitude of beam hardening of the modula-
tor. It could generate considerable errors in scatter estimation
as stated in Sec. II B. Therefore, the beam hardening caused
by the modulator is an important aspect to be considered in
modulator design.

lll. MATERIAL SELECTION IN MODULATOR
DESIGN
lllLA. Requirements for the modulator material

The material used in the primary modulator (specifically
the attenuating blockers) should have good physical and
chemical properties, such as being solid, stable, and easy to
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manufacture. Metals are therefore our major candidates. In
addition, two particular requirements are necessary for a
good modulator material: (1) High density or high mass at-
tenuation coefficient and (2) weak beam hardening effect.

The first requirement is to guarantee that the blocker can
be thin. To obtain an accurate scatter estimation, the modu-
lation frequency of the primary modulator should be set as
high as possible, requiring the size of the blocker to be as
small as possible. As mentioned in Sec. I, the penumbra ef-
fect of the blocker limits its minimum size for a given trans-
mission factor. Therefore, a thin blocker is essential for the
primary modulation method.

The second requirement is to reduce the spatial variation
in the effective transmission factor a.g, caused by the beam
hardening of the modulator as described in Sec. II C. Unfor-
tunately, the two requirements are difficult to satisfy simul-
taneously because a material with high density or high mass
attenuation coefficient usually has a high Z, which results in
significant beam hardening.

111.B. Minimum variation in the effective transmission
factor

In the primary modulation method, what is of most con-
cern is not the effective transmission factor o, itself but its
spatial variation over the FOV with the scanned object in
place (i.e., the object filtration). According to the analysis in
Sec. II B, to obtain an accurate scatter correction, a minimum
spatial variation is desired, i.e., the first order differential of
aesi(l)

d f mo(E)x'(E)AE f X' (E)exp[- w,,(E)T]dE
Peff

di
f X' (E)dE

f X' (E)dE
f Mo(E) X' (E)expl— p,(E)TIAE
- s (14)

f mo(E)x' (E)dE

should approach zero.
Let E.(]) and E(]) be the effective energies at an
object thickness /, defined as

J X' (E)exp[— w,,(E)T1AE

1
Mon(Eegpy (1) = = ;ln , (15a)

j X' (E)dE

f wo(E)x' (E)exp[— w,,(E)T]dE

Iu’m(EeffZ(l)) == %11’1
f Ho(E) X' (E)AE

(15b)
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FIG. 2. A situation where the first order differential of (/) equals zero.
The effective energies E.pn(l) and E.q (/) are located before and after the
K-edge energy of the modulator material. Both E (/) and Eq (/) move
toward the high-energy direction as object thickness / increases.

Then, one way to get the first order differential of a.g(l) in
Eq. (14) to approach zero is to have

Mm(Eeffl) = Mm(Eeff2)~ (16)

The spectrum y'(E) in Eq. (15a) is harder than the spec-
trum u,(E)x'(E) in Eq. (15b). The effective energies Eg; (1)
and E.g, (1) are related to the x-ray spectrum, the modulator,
and the object. In most cases, the corresponding effective
energy of the former is higher than that of the latter, namely,
E it (1) > Ecip (1) = iy (Eegry (1) < s (Ecepp(1)), - resulting  in
violation of formula (16). However, if the effective energies
E (1) and E.y (I) are located just before and after the
K-edge energy of the modulator material (as shown in Fig.
2), formula (16) may be satisfied. As both E (1) and E.g; (1)
move toward higher energies as the object thickness [ in-
creases, the particular situation (w,,(Ees(1)) =ty (Eeria(1)))
depicted in Fig. 2 may only occur at a specific /. But the first
order differential of a.x(/) may still be small over a certain
range of /.

lll.C. Optimal material selection approach

Using the K-edge discontinuity, an optimal material selec-
tion approach can be carried out in three steps, as illustrated
in Fig. 3. The x-ray spectrum in step 1 can be obtained by
Monte Carlo simulations and can be refined by experimental
data from the system if necessary. Details of spectrum esti-

Step 1 Step 2
Spectrum )iﬁ Mean energy ‘ Beam hardening effect ‘

I I

‘ Candidates ‘ Physical/chemical properties ‘

K-edge energies
near mean energy Optimal
material

Fic. 3. The flow diagram of our optimal material selection approach.

Step 3
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mation can be found in Ref. 14. In step 2, as the effective
energy E.q(I) at [=0 is still dependent on the modulator
material [see Eq. (15a)], the mean energy of the x-ray spec-
trum y(E), defined as

f Y(E)EdE
E =————, (17)

f x(E)dE

which is totally independent of the modulator material is
used as a substitute to sift and narrow down the search for
the potential candidates. The elements whose K-edge ener-
gies are within E£,,—10 keV-E,+10 keV, based on our ex-
perience, are sufficient. This is because, in general, the mean
energy is close to the effective energy E.q;(0) and 20 keV is
quite a wide span for the K-edge energy.

Evaluation of the magnitude of beam hardening in step 3
can be implemented using Eq. (13) by inserting objects in the
FOV to change the x-ray spectrum from x(E) to x'(E) (i.e.,
object filtration). The effective transmission factor with no
object in the FOV a.(0) that determines the required thick-
ness for a specific material is chosen in advance. For a range
of object filtrations, the spatial variation in a.¢ should be as
small as possible. When evaluating the candidate materials
whose K-edge energies are within E,,—10 keV-E,,
+10 keV, the magnitude of beam hardening should first de-
crease as Z increases and then increase as Z continues to
increase. If this is not the case, then more candidates are
required to ensure that such a local minimum in beam hard-
ening is achieved.

IV. RESULTS
IV.A. The x-ray system and spectrum

Numerical simulations and practical experiments were
carried out to validate our method and to determine the op-
timal modulator material for our tabletop x-ray CBCT system:
A CPI Indico 100 x-ray generator (CPI, Communication &
Medical Products Division, Georgetown, ON, Canada), a
Varian PaxScan 4030CB flat panel detector (Varian X-ray
Products, Salt Lake City, UT), and a Huestis collimator
(Heustis Medical, Bristol, RI). The x-ray tube has a tungsten
target, a 12° target angle, and was operated with a 0.6 mm
focal spot size. The x-rays generated from the tube were
filtered by 1 mm of inherent aluminum plus 3 mm of equiva-
lent aluminum due to the collimator. The CsI scintillator in
the flat panel detector has a thickness of 270 mg/cm?. No
antiscatter grid was mounted in front of the detector.

We simulated the spectrum for our x-ray system at 120
kVp using the GEANT4 Monte Carlo simulation (shown in
Fig. 4)."” The x-ray spectrum x(E) in Eq. (13) is the product
of the filtered x-ray spectrum from the x-ray tube and the
energy deposition efficiency of the detector (scintillator).
This spectral model was validated by comparing the half-
value-layer (HVL) measured on the system with the HVL cal-
culated from the simulated spectrum. The measured HVL for
our system at 120 kVp is 7.98 mm of aluminum, while the
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FIG. 4. Polychromatic spectrum of our tabletop CT system. (a) Spectrum
from our x-ray tube after 4 mm of Al filtrations at 120 kVp; (b) energy
deposition efficiency of our Csl scintillator with 270 mg/cm? of thickness;
(c) spectrum of the x-ray system y(E) in Eq. (13); it is the product of (a) and
(b). When simulating the spectrum from the x-ray tube, a tungsten target
with a 12° target angle was used, and three electron interactions (multiple
scattering, ionization, and bremsstrahlung) and two photon interactions
(photoelectric absorption and Compton scattering) were included in the
physical process. The energy deposition efficiency of the scintillator was
simulated by calculating the deposited energy in the scintillator, where pho-
toelectric absorption and Compton scattering were involved.

simulated HVL is 8.01 mm of aluminum. As shown in Fig. 5,
the simulated transmission values for different thicknesses of
aluminum match with our measurements (maximum error is

0.8%).

IV.B. Choosing candidates

Before choosing candidates according to their K-edge en-
ergies, it is worth briefly demonstrating that the required
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FiG. 5. The simulated and measured transmission values for different thick-
nesses of aluminum.

thickness for modulator blocker could be a limiting factor in
modulator design. To make the effective transmission factor
with no object in the FOV a,¢(0) be 0.9 and 0.8 on our CBCT
system, Table I lists the corresponding thicknesses of the
modulator blocker for beryllium, aluminum, and copper, re-
spectively. It is seen that if a low transmission factor
(ae5(0) <0.9) is required, low Z materials (such as beryllium
and aluminum) are too thick (more than 1 mm) to use.

Using the x-ray spectrum in Fig. 4 and Eq. (17), the mean
energy of our system E,, is 62.7 keV According to our opti-
mal material selection approach described in Sec. III C, the
K-edge energy of the optimal material most likely is between
50 and 73 keV. Table II lists the K-edge energies of several
common metals and those whose K-edge energies are within
50-72 keV. The K-edge energies of aluminum, iron, copper,
silver, gold, and lead are either too low or too high. Accord-
ing to these data, Z e[64,75] are chosen as the candidate
materials for our system, whose corresponding K-edge ener-
gies are from 50.3 to 71.7 keV.

IV.C. Beam hardening for typical and candidate
materials

Using the x-ray spectrum in Fig. 4, we first calculated
ae(l) in Eq. (13) for beryllium (Z=4), aluminum (Z=13),
copper (Z=29), silver (Z=47), and tungsten (Z=74), with
object being water and [/ ranging from 0 to 400 mm. Two
sets of simulations are demonstrated in Fig. 6, with a.(0)
=0.905 and «(0)=0.818, corresponding to 1.0 mm of alu-
minum and 25.4 wm of erbium, respectively. As mentioned
in Sec. IV B, the required thicknesses for these materials are
determined by the predefined a.(0).

TaBLE I. The atomic numbers, densities, and the required thicknesses for
beryllium, aluminum, and copper.

Materials Beryllium Aluminum Copper
Atomic number 4 13 29
Density (g/cm?) 1.85 2.70 8.96
Thickness a.(0)=0.9 3.6 mm 1.0 mm 44.0 pm
a.;(0)=0.8 8.0 mm 2.3 mm 105.0 pum
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FIG. 6. The effective transmission factors a,g for beryllium, aluminum, cop-
per, silver, and tungsten, with object filtrations ranging from 0 to 400 mm
water. (a) a,;(0)=0.905; (b) @(0)=0.818.

In Fig. 6, it is shown that the effective transmission factor
a,ir changes with the object filtration. Since the variation in
ae represents the magnitude of beam hardening of the
modulator (described in Sec. II C), we can conclude from
Fig. 6 that beryllium causes the least amount of beam hard-
ening. Beam hardening for silver is slightly lower than that
of copper. Tungsten is seen to produce even less beam hard-
ening than aluminum. These results validate our previous
argument that a higher Z material does not always generate
stronger beam hardening.

The beam hardening of the candidate materials are evalu-
ated in the same way as in Fig. 6. After a rough comparison,
the best material in terms of minimum beam hardening for
our system can be further constricted to fall between hol-
mium, erbium, and thulium. All three candidates are rare-
earth metals. Figure 7 shows the effective transmission fac-
tors ag for beryllium, aluminum, holmium, erbium, and
thulium with a(0)=0.905 and a,(0)=0.818, respectively.
From Fig. 7, it is seen that the three materials are comparable
in both cases. Holmium has a slightly lower beam hardening
when the water thickness is less than 200 mm; thulium is
slightly better when the water thickness is over 300 mm,;
while erbium is in between holmium and thulium.

IV.D. Physical/chemical properties and the optimal
material

Selected physical and chemical properties for holmium,
erbium, and thulium are listed in Table III. All three elements
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TABLE II. The K-edge energies (keV) of several common metals and those
whose K-edge energies are from 50 to 72 keV [Source: National Institute of
Standards and Technology (Ref. 16)].

Element V4 K-edge
Aluminum (Al) 13 1.6
Iron (Fe) 26 7.1
Copper (Cu) 29 9.0
Silver (Ag) 47 25.5
Gadolinium (Gd) 64 50.3
Terbium (Td) 65 52.0
Dysprosium (Dy) 66 53.8
Holmium (Ho) 67 55.6
Erbium (Er) 68 57.5
Thulium(Tm) 69 59.4
Ytterbium(Yb) 70 61.3
Lutetium (Lu) 71 63.3
Hafnium (Hf) 72 65.4
Tantalum (Ta) 73 67.4
Tungsten (W) 74 69.5
Rhenium (Re) 75 71.7
Gold (Au) 79 80.7
Lead (Pb) 82 88.0
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TaBLE III. Selected physical/chemical properties for holmium, erbium, and thulium [Source: Nature’s Building

Blocks: An A—Z Guide to the Elements (Ref. 17)].

Property/element Holmium Erbium Thulium

Atomic number 67 68 69

Density 8.80 g/cm? 9.07 g/cm? 9.32 g/cm?

Metallicity Relatively soft and malleable Soft and malleable Soft, malleable, and ductile

Stability Slowly attacked by oxygen Slowly tarnishes in air Slowly tarnishes in air
Slowly attacked by water ~ Very slowly reacts with water Reacts with water
Dissolves in dilute acids Dissolves in acids Dissolves in dilute acids

Abundance

(in Earth’s crust) 1.4 ppm

4 ppm 0.5 ppm

are metallic clusters with high densities. As they all belong to
the lanthanides, their chemical properties have similarities.
However, erbium is more stable in air and water, and is
cheaper (more abundant in the Earth’s crust).

Taking both beam hardening and the physical and chemi-
cal properties into account, erbium is the optimal modulator
material for our x-ray CBCT system operated at 120 kVp.
When erbium is used as the modulator material, according to
the numerical simulations in Figs. 6 and 7, the overall spatial
variation in agy for a.(0)=0.905 (thickness of erbium:
12.4 um) is only 2.2%, with water thickness / ranging from
0 to 400 mm; it is 4.3% for a.(0)=0.818 (thickness of
erbium: 25.4 um). In contrast, the variations in a.g for cop-
per are up to 6.2% and 12.3%, respectively, three times
higher than that for erbium.

IV.E. Practical experiments

On our tabletop X-ray CBCT system operated at 120 kVp,
we measured the effective transmission factor agg of
25.4 um of copper, tungsten, and erbium foils using differ-
ent combinations of aluminum (0-8 mm) and copper
(0-300 wm) filtrations, simulating a range of object thick-
nesses. The measurement of a,; was illustrated in Fig. 1 in
Sec. III B.

For 25.4 um of copper, erbium, and tungsten, the varia-
tions in the measured a.; with the combinations of object
filtrations are 2.5%, 1.0%, and 8.6%, respectively (the mea-
sured values of «a.g are listed in Table IV, where the corre-

sponding simulated values are also given for comparison).
Even though this thickness (25.4 um) is one-fourth of the
required thickness for copper given a.;(0)=0.818, erbium
still outperforms copper in terms of beam hardening. Since
this thickness corresponds to a relatively low transmission
factor for tungsten, its variation is higher as expected. In
general, the effect of beam hardening for a given material
becomes worse as the material thickness increases. In Table
IV, the differences between simulations and measured data
can be explained by uncertainty and variability in material
thickness, the abovementioned discrepancy between mea-
sured and simulated spectra, and statistical errors (up to
+0.6%) in the measured data.

With and without 300 um of copper in the beam, a, for
different materials, 25.4 wm of copper, erbium, and tungsten
foils, 1 mm of aluminum sheet, and 406 um of copper in a
copper modulator that was deposited using PCB manufactur-
ing, were measured on our tabletop x-ray CT system at 120
kVp (Fig. 8). The respective variations in the measured g
are: 1.8%, 1.9%, 0.2%, 7.5%, and 5.5%. Among these mate-
rials, again we can see that erbium generates the lowest beam
hardening for our x-ray system, better than aluminum, de-
spite the fact that the aluminum sheet used was only half the
thickness given the same a.(0) of 25.4 wm thick erbium. It
is also seen that the beam hardening of 25.4 um thick tung-
sten is lower than that of 406 um of copper, whose a,(0)
are quite close.

TaBLE IV. The simulated and measured . for 25.4 um of copper, erbium (the 25.4 um of erbium foil we
purchased has a thickness tolerance of *=10%), and tungsten foils with a series of added filtrations.

2 mm Al 8 mm Al Variation

Filtrations" 0 2mmAl 03mmCu and 0.3mm Cu and 0.3 mm Cu (%)

Measured Copper 0.949 0.958 0.967 0.969 0.973 2.5
Erbium 0.806 0.806 0.807 0.808 0.814 1.0

Tungsten  0.714 0.736 0.753 0.766 0.775 8.6

Simulated Copper 0.942 0.951 0.966 0.967 0.970 3.0
Erbium 0.818 0.825 0.834 0.835 0.837 2.3

Tungsten  0.711 0.729 0.755 0.757 0.760 6.9

*The corresponding equivalent water thicknesses are 0,

24, 114, 132, and 184 mm, respectively. They are

estimated by calculating the water thickness that causes the same shift in spectrum mean energy for each of the

above filter combinations.
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FiG. 8. The measured a.g with and without 300 um of copper in the beam
for different materials.

Therefore, erbium is the best material for our system, pro-
ducing the least amount of beam hardening. Tungsten was
found to prevail over copper. These experimental results are
consistent with the previous numerical simulations.

V. CONCLUSION AND DISCUSSION

An approach for optimal modulator material selection is
proposed and validated to reduce beam hardening of the pri-
mary modulator. The spatial variation in the effective trans-
mission factor of the modulator blocker due to beam harden-
ing caused by the modulator itself reaches a minimum when
the K-edge of the modulator material is near the mean energy
of the spectrum. Both numerical simulations and experimen-
tal results validate our method. Applying our method to an
x-ray CBCT system operated at 120 kVp, erbium is found to
be the optimal modulator material. With the transmission
factor initially being 0.905 and 0.818, simulations show that
erbium provides the least amount of variation as a function
of object filtrations (maximum variations are 2.2% and 4.3%,
respectively, nearly one-third of that for copper). With differ-
ent combinations of aluminum (0-8 mm) and copper
(0-300 wm) filtrations, measured variations in the effective
transmission factors are 2.5%, 1.0%, and 8.6% for 25.4 um
of copper, erbium, and tungsten foils, respectively.

According to the principle of our proposed material selec-
tion approach, the optimal modulator material depends on
the spectrum of the x-ray system. For different x-ray systems
or for the same system but operated at different tube poten-
tials, the optimal material will likely be different. Taking
tungsten for instance, although it is not the best material for
our system at 120 kVp, from Fig. 6 it can be predicted that it
may outperform other materials if the tube potential is in-
creased. In contrast, reducing the kVp to a lower level could
distinguish silver from other materials. As a result, to obtain
accurate scatter correction, it may be necessary to provide a
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series of primary modulators made of different materials that
are optimized for different applications and acquisition pa-
rameters.

The investigation of the modulator material in this paper
focuses on elementary substances, especially metals due to
the ease of manufacturing. Compounds and metal alloys may
also be worth exploring, as long as they meet the require-
ments in Sec. III A. The impact of spectrum inaccuracy on
the final selection of the optimal modulator material is also
an important subject of our future studies. Design and evalu-
ation of an erbium primary modulator are underway.
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