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Abstract Material discrimination by high-energy (1-—10MeV) X-ray dual-energy imaging is investigated in
this paper, and an approximately linear model is also proposed. The sensitivity of material discrimination is
defined to evaluate the effect of material discrimination. The energy ranges of dual-energy X-ray are optimized
by analyzing the X-ray attenuation coefficients after the X-ray penetrate the materials. The sensitivity of
material discrimination can be improved by modulating the X-ray energy spectrum with filters. A prototype
emitting alternating dual-energy X-ray with 9MeV & 6MeV boundary energies is designed. It can present us

the tinctorial images with the material discrimination information. Finally, the experimental results we made

agree with the theoretical simulation.
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1 Introduction

By weighing the difference in attenuation co-
efficients between organic and inorganic materials
for high and low energy X-ray, the dual-energy
method has been widely applied in luggage X-
ray inspection systems for the purpose of mate-

=8, Recently, the dual-energy

rial discrimination
method begins to be prevalent in the high-energy X-
ray imaging container inspection systems for discrim-
inating the materials of the cargo since the container
inspection systems are widely deployed all over the
world.

The typical boundary energy of X-ray used in lug-
gage systems does not exceed 200keV, which is in the
domain of photoelectric interactions. Consequently,
the X-ray attenuation coeflicient strongly depends
on the atomic number of the matter needed to be

scanned, so material discrimination can be easily re-
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alized. However, the boundary energy of X-ray used
in container inspection system is 1-—10MeV. But the
attenuation coefficient of the high penetration X-ray
is barely correlated with the atomic number, which
hardly achieves material discrimination'.

Though the difficulty impedes the dual-energy
imaging in high energy X-ray domain, this technology
has been applied in high-energy X-ray imaging sys-
tems, in which specially designed detector and spec-
tral filter are needed to be elaborated[mflz], and in-
terlaced dual-energy X-ray pulses from LINAC are
used® ),

may cause the problems of the low sensitivity of ma-

But the interlaced dual-energy X-ray

terial discrimination and the wrong discrimination of
the thin objects.

In this study, the physical principle of mate-
rial discrimination by high-energy X-ray dual-energy
imaging is extensively studied. A mathematic pro-

cessing model is also revised to be approximately
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linear. The sensitivity of material discrimination
(SMD) is defined in order to rank the performance of
material discrimination. The method of setting the
optimal energy ranges of dual-energy X-ray is also
introduced, together with an experiment of energy
spectrum modulation of dual-energy X-ray demon-
strating the improvement of the SMD and offering an
effective solution for the incompetence of the discrim-
ination of the thin objects.

A prototype using interlaced dual-energy X-ray
with 9MeV & 6MeV boundary energies is made and
tinctorial images with material discrimination infor-
mation are obtained. The results of experiments show
strong agreement with the theoretical analysis and

simulation.

2 Physical background

Transparency is defined as the ratio between two
quantities of the radiation intensity after and be-
T(Ey,t,Z) and

T(FEL,t,Z) are transparencies of the material with

fore the penetration of an object.

atomic number Z and thickness t. The quantitative

expression of T is given by Eq. (1).
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where Fx and Ep, are the boundary energies with
respect to two X-ray beams, P(Ey, E) and P(EL, E)
are their energy distributions, Dyg, Dy and Dy, Dy,
are the radiation intensity of high and low energy X-
ray before and after the penetration of the object re-
spectively, and p(F,Z) is the attenuation coefficient
of the material with respect to the atomic number Z
and photon energy FE.

The a-curve model™ is described as Eq. (2):

{ x= ag=(—InTy) @)

y=ap—ag=InTy—InTy).

The sensitivity of material discrimination (SMD)
based on the a-curve analysis is used to evaluate the
effect of material discrimination. Therefore, the SMD
of two materials with atomic number Z; and Z, at a

fixed value ay can be expressed as:
D(Z17Z27aH):y(Z17aH)_y(Z27aH)- (3)

where y(Z1,an) and y(Z,,ay) are respectively the
y-axis value of material Z; and Z, at ay in the a-
curve coordinate. The two materials can be easily
differentiated if their a-curves are largely separated.
On the contrary, the materials cannot be differenti-
So, the
greater the absolute value of the SMD, the easier the

ated easily if their a-curves are too close.
discrimanation of the two materials.

3 Optimizing energy spectrum

Equation (2) can be rewritten as:

xr = —IHTH:ﬂeH(EH,t,Z)'t
Y= IHTH —1DTL = (ﬂCH(EL,t,Z)— (4.)
foi (B, t,2)) t.

where fiog (Fu,t,Z) and fi.q(EL,t, Z) are the effec-
tive attenuation coefficients of the material at high
and low energy X-ray. If the thickness of the pen-
etrated object increases gradually, the X-ray will be
gradually hardened, so the effective attenuation coef-
ficient will become smaller and smaller.

Substituting Eq. (4) into (3), we get:

D(Zy,Z5,0) ((ﬂefffoZl — fefi—1—7,) —
(Fest 11—z, = fle—n-2,)) -t - (5)

where four new signs fleg—n-z,, Heffi-1.—z, and
Hoff—H—2z,s Hei—1.—z, are the effective attenuation co-
efficients of material Z;, Z, at high and low energy
X-ray.

So, Eq. (5) is the foundation of the determina-
tion of the optimal energy range. Some typical ma-
terials are selected to describe the implication of
Eq. (5).
ficients between organic and inorganic materials as

The differences of mass attenuation coef-

well as the ones between inorganic and high-Z mate-
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1%, The maximum difference

rials are shown in Fig.
of the effective attenuation coefficients between two
energies can be regarded as the criteria for the opti-
mal energy range. As shown in Fig. 1, the peak is
shown in the low energy area, but it decreases along
with the energy axis. Therefore, theoretically, the se-
lection of optimal value of low energy X-ray should be
around the peak. But for the high energy X-ray, the
highest value is what we should select. According to
Fig. 1, in order to optimize the energy spectrum for
improving the effect of material discrimination, the
photon energy range of high energy X-ray should be
set above 4MeV. The rule of high energy selection is
that the higher the energy, the better the effect. But
the optimal range for low energy X-ray depends on
the materials to be differentiated. If the organic &
inorganic materials need to be differentiated, 0.3—
3MeV is the optimal energy range, but the optimal
energy range is 1—4MeV if the inorganic & high-Z
materials require to be differentiated.

Figure 1 also indicates that the photons with the
energy lower than the optimal energy range of low en-
ergy X-ray will depress material discrimination when
the object is thin, which also is the reason why the

thin objects cannot be well differentiated.

2

CH,-Fe (a)

(w/p)/(em?/g) (X107

(Wp)(em?g) (X 1072)

012 3 456 78 910
photon energy/MeV

Fig. 1.
inorganic materials (a), as well as inorganic

Difference of p/p between organic and

and high-Z materials (b). Shadings represent
the optimal energy ranges of low and high en-
ergy X-ray respectively.

4 Energy spectrum modulation

High-Z materials, such as Pb, W and U, are often

used as spectral filter*”

. The energy distributions of
both high energy X-ray (9MeV) and low energy X-ray
(4MeV) modulated by different filters are simulated
and normalized, as presented in Fig. 2. The original

energy spectra are also simulated by MCNP 4B and

normalized.
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Fig. 2. The effect of spectrum modulation by

different materials with the 4MV low energy
X-ray (a) and 9MV high energy X-ray (b).

The comparison between Fig. 1 and Fig. 2 shows
the accordance between the energy spectrum modula-
tion and the optimal energy range. From the figures,
the spectrum curves of the high-Z materials are sepa-
rated farther in the low energy range of the X-ray, but
the ones of the low-Z materials are separated farther
in the high energy range of the X-ray. The reason is
due to the predomination of photoelectric interaction
between high-Z material and low energy X-ray with
energy lower than the optimal energy range, and lack
of pair production between low-Z material and high
energy X-ray in the optimal energy range.

The SMD value is greater as the mass thickness
of modulation material increases for most of the ma-
terials. The SMD of thin inorganic and high-Z ma-

terials as well as the differentiation capability of thin
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materials will be greatly improved when 3—5g/cm?
Pb is used to modulate low energy X-ray. Further-
more, the SMD will be improved 100%—200% when
60—80g/cm? CH, or C is used to modulate high en-
ergy X-ray, as shown in Fig. 3. But the intensity
reduction of X-ray after the spectrum modulation
will lead to the degradation of the inspection image
quality as well as signal-to-noise (SNR). As a conse-
quence, it might affect the accuracy of material dis-
crimination somewhat. However, taking into account
the great enhancement of SMD, the negative effect
caused by intensity loss can be limited to an accept-
able extent. For example, the intensity of 9IMV X-ray
decreases only to around 1/8 after it is modulated
by the 60g/cm? graphite, but the testing data shows
that penetration can still reach about 380mm iron af-
ter spectrum modulation process. For achieving the
best modulated spectrum, the most appropriate mass
thickness of modulating material should be carefully

tested, but it varies with practical applications.
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Fig. 3.
lation on low and high energy X-ray. (a) The

Influence on SMD by spectrum modu-

boundary energy used for spectrum modula-
tion on low energy X-ray is 5MeV. D (26, 82,
500) is SMD of Fe/Pb on an=500. (b) The
boundary energy used for spectrum modula-
tion on high energy X-ray is 9MeV. D (5.5,
26, 2000) is SMD of CHz/Fe on an=2000.

5 Experiments

Experiments were performed on the high-energy
X-ray imaging experimental system in the accelerator
lab of Tsinghua University. The LINAC consists of
a 9MeV standing wave accelerating tube, a MG5193
magnetic tube and MG6062 electromagnet. The col-
limating system can reshape the X-ray beam to an
8mm-wide fan-shaped X-ray beam. A detector array
mainly made of the 6mmx6mm CdWO, pitch is used
to detect X-ray. The facility for the spectrum modu-
lation is close to the accelerator. The composition of

the system is illustrated in Fig. 4.
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Composition of the experimental system.

Fig. 4.

The X-ray beams with different boundary ener-
gies, calibrated by means of measuring the half-value
layer, are obtained by changing the intensity of elec-
tron beam and micro-wave power. The experimental
a-curves of the typical materials, such as CH,, Fe and
Pb, are plotted in Fig. 5, which are obtained on the
prototype with X-ray with 9MeV & 6MeV bound-
ary energies and about 1000cGy/min-m@80pps out-
put intensity. The results of the SMD before and
after spectrum modulation on both high and low en-
ergy X-ray are depicted in Fig. 6, which agree with
the above theoretical analysis and simulation.
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Fig. 5. a-curves of typical materials on the pro-
totype with 9MeV & 6MeV boundary ener-
gies.
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60 investigated, and the a-curve model revised to be a
L — (@
™ more practical format. The SMD is defined based on
~ 40 — ~5g/cm? Pb
3 > the a-curve model, which is useful for evaluating the
% 20 ,"’ effect of material discrimination. The treatment of
N R S Sp——
Qo ," optimizing energy spectrum of dual-energy X-ray is
7
=4 low-energy X-ray to find the optimal energy range of both high and
™ no modulation
—20 . S t',) : . low energy X-ray for differentiating different materi-
8 N ) als. The experiments demonstrate that in the op-
<7 N C timal energy range, the thick low-Z material used
; 6 R0 for high energy spectrum modulation of the X-ray
g5
S . M~d_ NW and the thin high-Z material used for the low energy
§ 3 Sk \§‘28§//c°$22§1 spectrum modulation of the X-ray could improve the
v I~ 40g/cm? C . c . o .
g 2 | high-energy X-ray—F <o 40gfem? Al SMD and offer the differentiation ability of thin ob-
lati . . .
 Lnomodulation , e | ject. A prototype using interlaced dual-energy X-ray
4 5 6 7 8
boundary energy of low-energy X-ray/MeV with 9MeV & 6MeV boundary energies is fabricated.
Fig. 6. Experimental SMD before and after Tinctorial images with material discrimination infor-

spectrum modulation both on low energy (a)
and high energy (b) X-ray. The boundary en-
ergies of low and high energy X-ray are 5MeV
and 9MeV respectively. D (26, 82, 500) and D
(5.5, 26, 2000) are SMD of Fe/Pb on axy=500
and SMD of CHz/Fe on ap=2000 respectively.

In imaging experiments, LINAC alternately emits
X-ray beams with the boundary energies 9MeV &
6MeV by changing the intensity of electron beam and
micro-wave power. The facility of spectrum modula-
tion can synchronously modulate high and low energy
X-ray while objects are moved smoothly. Signals are
detected by the detector array and sent to the im-
age processing station. Both the grey images and

tinctorial images containing material discrimination

information are gained.

6 Conclusions

The physical principle of material discrimination

by high-energy X-ray dual-energy imaging has been

mation are collected. The results of experiments show
a strong agreement with the theoretical analysis and
simulation.

The SMD of the dual-energy method in high-
energy X-ray imaging system is greatly improved in
this study, which pushes the progress of this technol-
But there
still are some issues which need to be considered.
(1) The SMD should be considered together with SNR

to accurately assess the final realization effect of ma-

ogy in the large cargo inspection area.

terial discrimination. (2) The dual-energy method is
insufficient while optimizing energy ranges is differ-
ent for the differentiation of different materials. (3)
The spectral response of the detector is a valuable
topic besides X-ray source and spectrum modulation.
(4) A better revised a-curve model or a new model
continues to be under investigation. The enhance-
ment of SMD is always the crucial issue of mate-
rial discrimination by high-energy X-ray dual-energy

imaging.
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