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X-ray beam hardening correction for measuring density

in linear accelerator industrial computed tomography *
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Abstract Due to X-ray attenuation being approximately proportional to material density§it is possible to

measure the inner density through Industrial Computed Tomography (ICT) images accurately. In practice,

however, a number of factors including the non-linear effects of beam hardening and diffuse scattered radia-

tion complicate the quantitative measurement of density variations in materials. This paper is based on the

linearization method of beam hardening correction, and uses polynomial fitting coefficient which is obtained

by the curvature of iron polychromatic beam data to fit other materials. Through theoretical deduction, the

paper proves that the density measure error is less than 2% if using pre-filters to make the spectrum of linear

accelerator range mainly 0.3 MeV to 3 MeV. Experiment had been set up at an ICT system with a 9 MeV

electron linear accelerator. The result is satisfactory. This technique makes the beam hardening correction

easy and simple, and it is valuable for measuring the ICT density and making use of the CT images to recognize

materials.
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1 Introduction

ICT is a non-contacting and non-destructive in-

spection technique which provides cross-sectional im-

ages that allow the detection, location, and sizing of

defects. It also provides information on the local ma-

terial X-ray attenuation coefficients at each point in

the image. In terms of the Beer’s law, the attenua-

tion of the monochromatic X-ray beam (ln(I0/I)) is

linearly dependent on the mass density when passing

through the same thickness. ICT makes use of this in-

formation and reconstructs an ICT image to find the

composition of the objects and the density difference

in the form of grayscale[1]. However, the beam used

with wide energy spectrum in the ICT, also called

the polychromatic beam, is composed of different en-

ergy photons. When photons pass through the object,

the lower energy photons are more strongly absorbed

than the higher ones. Therefore, the energy spectrum

of the beam changes, the average energy of photons

is improved and the beam seems to become “harder”,

which is called beam hardening. Because of this, the

attenuation of a homogeneous object is not propor-

tional to the density of the object. It also brings

cup, streaks, and pronounced edges artifacts for ICT

images[2—5]. Fig. 1 is the attenuation profiles through

a homogeneous iron cylinder of 150 mm in diameter.

As seen from the grayscale curve in the figure, the

cup artifacts are severe. It is obvious that there is

an over 10% difference between the density measure

value in the edge and that in the middle if the density

measurements of the ICT image are directly done.

At present, there are a lot of methods about beam

hardening. To give a short review on beam hardening

corrections, the most common methods are presented

subsequently. One of the first approaches to reduce

the effects of the beam hardening is hardware filters.

These filters which are made of diverse materials like

aluminum, copper or brass are used to harden the X-

ray. However, if the filter is too thick, it will absorb
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superfluous photons that make the total amount of

X-ray reduce too much, and consequently, debase the

signal-to-noise ratio of the detector system. On the

other hand, the filter being too thin, the hardening

artifacts are not completely eliminated[6].

Fig. 1. The grayscale curve of ICT image of an

iron cylinder.

The second correction method is named the dual

energy method[1, 2]. It utilizes two characteristic spec-

trum peaks of the K and L shells of the anode mate-

rial of the source to perform the hardening correction.

This method has many merits at low energy. But the

two feature spectrum peaks are not obvious in the

bremsstrahlung spectrum of X-ray which is produced

by a high energy accelerator. Therefore, this cor-

rection method cannot suit ICT with a high energy

linear accelerator.

The commonest correction method is the lin-

earization technique[3, 7, 8]. Virtually, by this method

we can obtain relative curve between the attenuation

of the polychromatic beam (ln(I0/I)) and the thick-

ness of the object by experiments, and then perform

a polynomial regression to make it equivalent to a lin-

ear curve between the attenuation of monochromatic

beam and the thickness of the object. However, the

drawback with linearization is that it requires cali-

bration measurements of polychromatic reprojection

for different thicknesses of the object material. This

can be laborious, especially if many different materi-

als are to be inspected as in most industrial applica-

tions. Another drawback is that it assumes homoge-

neous materials. However, for industrial application

the objects often are not homogeneous and a priori

knowledge of the material composition and density

generally are unobtainable.

Fortunately§if the photon energy is between

0.3 MeV and 3 MeV, the diversity of the mass at-

tenuation coefficient µm(E) in average metal is less

than 2%. In the second section of this paper we have

proved that the effect of the diversity of the mass

attenuation coefficient is limited. The correction

method which is presented in the second section asso-

ciates hardware filtration with equivalent monochro-

matic method to obtain the attenuation curves, and

regresses equivalent monochromatic data to recon-

struct CT image. This method conquers the disad-

vantages of the two methods mentioned above and

makes this correction method suitable for the homo-

geneous material as well as different density materials

(steel, aluminum, copper, titanium alloy, etc).

2 Theory and method

While propagating through the specimens which

are made of i sorts of material, polychromatic X-rays

with an incoming intensity I0 are attenuated accord-

ing to the material characteristics. These characteris-

tics are expressed by the linear attenuation coefficient

µi(E). This physical effect of attenuation is described

by the Beer’s law:

p(r)=− ln
I(r)

Io

=− ln

(∫
S(E)e

−

n
∑

i=1

µi(E)·li(r)

λ(E)dE

)

,

(1)

where λ(E) is the detector efficiency; li(r) is the

project distance in the i material along r; and S(E) is

the energy spectrum of X-rays, which meets S(E) >0,∫
S(E)dE = 1, additional

µi(E) = µim(E) •ρi , (2)

where µim(E) is the mass attenuation coefficient of

the i substance, and its density is ρi.

As can be seen from Table 1, in the energy range

of 0.3—3 MeV, the value of µim(E) of a different sub-

stance is approximately the same§particularly for Fe

and Cu, the relative error is even less than 1%.

Table 1. Attenuation coefficients of Cu, Fe, Zn,

Ti, and Al under various photon energy.

photon/MeV Cu(29) Fe(26) Zn(30) Ti(22) Al(13)

0.3 0.1119 0.1062 0.1041 0.1043 0.1042

0.6 0.0762 0.0770 0.0769 0.0753 0.0780

1.0 0.0590 0.0599 0.0594 0.0589 0.0614

1.2 0.0537 0.0546 0.0540 0.0537 0.0561

1.5 0.0480 0.0488 0.0484 0.0480 0.0500

2.0 0.0420 0.0426 0.0424 0.0418 0.0432

2.5 0.0384 0.0387 0.0387 0.0381 0.0387

3.0 0.0360 0.0360 0.0363 0.0351 0.0354

So let

µim(E) = K(E). (3)

Using Expression (1)—(3), we can obtain Eq. (4)

p(r) =− ln

(∫
S(E)e

−K(E)
n
∑

i=1

ρi·li(r)

λ(E)dE

)

, (4)
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For the monochromatic beam, by the Beer’s law, we

can acquire

m(r) =− ln
I(r)

I0

=−K(E0)λ(E0)

n
∑

i=1

ρi · li . (5)

Using Eqs. (4), (5), we acquire Eq. (6)

p(r) =− ln

(∫
S(E)e−K(E)·m(r)/K(E0)λ(E0)λ(E)dE

)

.

(6)

Eq. (6) implies p(r) is a function of m(r) and

S(E), which is independent of the substance i.

The answer of m(r) in Eq. (6) can use polynomial

regression[9]. So, the acquired polynomial coefficient

is suitable for all substances.

As we all know, the spectrum of linear accelera-

tor is polyenergetic, and the low energy photon is in

the majority. To absorb the low energy photons, pre-

filters of the spectra below 0.3 kV have to be used.

The change of the spectrum shown in Fig. 2 indicates

that we have got the beam source whose photon en-

ergy range of 0.3 MeV to 3 MeV is mainly from the

9 MeV linear accelerator.

Fig. 2. The change of the spectra of 9MeV linac

after filters (simulated by EGSnrc program).

Experiments are conducted to show the nonlinear

relation between the iron thickness d and the attenua-

tion when the photon energy ranges between 0.3 MeV

to 3 MeV. The beam hardening effect is shown in

Fig. 3. The curve is the iron attenuation of the poly-

chromatic beam, and via regression to attenuation of

the monochromatic beam to correct the ICT data[10].

This correction cure can be used to correct the arti-

facts of object made of average metals also, and the

measure error is less than 2% theoretically.

Fig. 3. The beam hardening effect causes a

nonlinear relation between the iron thickness

d and the attenuation.

3 Measurements and results

The experiment which was conducted to examine

the validity of the method was carried out in an ICT

with a 9 MeV electron linear accelerator, and the pre-

filters were used. An iron cylinder with 150 mm in

diameter was taken as the test object. The results are

shown in Fig. 4. The upper part of the figure is the

image before using beam hardening correction, while

its lower part is the beam hardening correction re-

sult. The image quality reveals that this beam hard-

ening correction algorithm can substantially reduce

the cupping distortion.

Fig. 4. Reconstructive graph of iron tray with

beam hardening correction or not (the upper

is before beam hardening correction and the

lower is after).

The density test model is composed of seven cylin-

ders of 30 mm each in diameter. The cylinders are
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materials of copper, steel, titanium, aluminum alloy,

tetrafluoroethylene, plastic and methacrylate"Fig. 5

is the CT image of the test model after using lin-

earization beam hardening correction. The density

measurement result and measurement precision are

shown in Table 2. It shows that the relative error is

even less than 1.68% even when many different ma-

terials are to be inspected at a time.

Fig. 5. CT image of the objects consists of

seven different materials.

Table 2. Errors for density measurement of

some different materials after beam hardening

correction.

factual density CT measure relative
material

/(g/cm3) density/(g/cm3) error δ(%)

copper 8.37 8.40 0.36

steel 7.85 7.845 0.06

titanium alloy 4.43 4.42 0.12

aluminum alloy 2.80 2.77 0.36

tetrafluoroethylene 2.16 2.03 1.55

plastic 1.59 1.61 1.25

polymethyl

methacrylate
1.19 1.21 1.68

4 Conclusion

The advantages and disadvantages of popular

beam hardening correction methods are discussed,

and a suitable method is presented. This method,

which associates hardware filtration with lineariza-

tion equivalent monochromatic method, has been ap-

plied to the ICT device with a 9MeV accelerator, and

the density measure error is less than 2% among seven

kinds of materials. This result is in perfect accor-

dance with the theory. It indicates that this tech-

nique is easy, simple, and avoids laborious work, and

that it is valuable for measuring the ICT density and

making use of the CT images to recognize materials.

We hope that this correction will encourage more re-

searche on the beam hardening method and will lead

to greatly improving the precision for measuring the

ICT density.
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