(12) (19) (CA) Dem ande-Application
OPIC CIPO

OFFICE DE LA PROPRIETE (CANADIAN INTELLECTUAL

INTELLECTUELLE DU CANADA 3\ . PrROPERTY OFFICE (21) (A]) 2,301 ,160
86) 1998/08/10
87) 1999/02/25

(72) BIORKHOLM, PAUL J., US
(71) PERKINELMER INSTRUMENTS, INC., US

51) Int.C1.” GO1IN 23/08, GO1V 5/02

30) 1997/08/18 (08/912,056) US

54) DIFFERENCIATION DE SUBSTANCES AU MOYEN D’UN
SYSTEME D’IMAGERIE A RAYONS X A UNE SEULE
ENERGIE

54) MATERIAL DISCRIMINATION USING SINGLE-ENERGY
X-RAY IMAGING SYSTEM

-

CREAYE CALIBRATED LOOK UP TABLE {LUT)

S410 FOR AUTOMATIC RUMBERS

S GENERATE X-RAY BEAM TO THE MATERIAL

AT ENERGY SPECTRIM 1

OBTAIN X-RAY ATTENUATION PROFILE FOR
LINE K AT ENERGY SPECTRUM 1

GENERATE X-RAY BEAM TO THE MATERIAL
AT ENERGY SPECTRUM 2

GBTAIN X-RAY ATTENUATION PROFILE FOR
LINE K AT ENERGY SPECTRUM 2

5450 (2]
CONSTRUCT ENTIRE IKAGES FOR SPECTRA 18 21, 41,

5465

 OBTAIN RERERENCE INAGES Iy pes 8 Iy pir

S470

mlj‘fzmm[jmlf)mﬁ
S480

OBTAIN CODED IMAGE: & = Iy yeans = 12 Nomy

S OBTAIN ATONIC NUMBERS BY

USING L. TO LOOK UP LUT

<>

I*I Industrie Canada  Industry Canada



OFFICE DE LA PROPRIETE R

INTELLECTUELLE DU CANADA

CIPO

l.. .: W .‘::l:‘t:'o J
AR AR Aok
1‘. LY - A v‘w‘l," \.‘ ‘&‘ Tr \ N N
R RN .\\ S i\.\\\\l
- " 44

OPIC

PROPERTY OFFICE

(57) Cette mnvention se rapporte a un procede permettant
de déterminer le numéro atomique d une position sur une
substance au moyen d’un rayonnement produit a un
niveau d’energie predetermine. Ce procede consiste: (1)
a produire le rayonnement a un premier spectre et a un
second spectre pour qu’il pénetre la position recherchee
sur la substance; (1) a détecter un premier profil
correspondant au premier spectre et un second profil
correspondant au second spectre; (111) a determiner le
numero atomique de la substance dans la position
recherchee, sur la base du premier profil et du second
profil.
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(57) The present nvention discloses a method for
determining an atomic number of a location on a material
using a radiation at a predetermined energy. The method
comprises the steps of (1) generating the radiation at a
first spectrum and a second spectrum penetrating
through the location on the material; (1) detecting a first
profile corresponding to the first spectrum and a second
profile corresponding to the second spectrum; and (111)
determining the atomic number of the material at the
location based on the first profile and the second profile.
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MATERIAL DISCRIMINA 110 ING SINGLE-ENERGY
X-RAY IMAGING SYSTEM

BACKGROUND OF THE INVENTION

1. FIELD OF THE INVENTION

The present invention relates to the field of x-ray imaging
system. In particular, the invention relates to the use of photon spectra
for material discrimination in a single energy x-ray imaging system.

2. DESCRIPTION OF RELATED ART

Material discrimination using x-ray radiation in a number of
applications. One example of an x-ray imaging system for material
discrimination is the inspection of cargo held in containers to detect
target materials such as contraband drugs, illegal weapons, and
explosives. To date this has not been demonstrated in practice.

There are a number of prior art techniques that are relevant to
material discrimination in cargo inspection.

One technique uses dual energies at low energy. This technique
relies on the difference in the photoelectric absorption and Compton
scattering as a function of energy and atomic number of the material of
interest. This technique is useful in airport security screening but
cannot be extended to high energies which are required for cargo

scanning.

Another technique is to use single high energy x rays. The high
energy spectrum is detected without determining the spectral hardness.
This technique merely produces a shadowgraph without characterizing
the type of materials causing the shadows.

Another technique, described in U.S. Patent No. 5,524,133, uses a
number of detector configurations to determine the spectral hardness
of the beam and from that infer the atomic number of the material that
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ttenuated the beam. This technique is costly requiring extensive

detector set-up.

Accordingly, there is a need in the material discrimination

technology to have a single-energy x-ray imaging system that is low
cost, convenient, and provides fast processing time.

SUMMARY OF THE INVENTION

The present invention discloses a method for determining an
atomic number of a location in a material using radiation at a
predetermined energy. The method comprises the steps of (i)
generating the radiation at a first spectrum and a second spectrum
penetrating through the location on the material; (ii) detecting a first
profile corresponding to the first spectrum and a second profile
corresponding to the second spectrum; and (iii) determining the
atomic number of the material at the location based on the first profile

and the second profile.

BRIEF DESCRIPTION OF THE DRAWINGS

The advantages of the present invention will become more
readily apparent to those ordinarily skilled in the art after reviewing
the following detailed description and accompanying drawings,

wherein:

Figure 1 is a diagram illustrating the overall of one embodiment
of a system utilizing the teaching of the present invention.

Figure 2 is a diagram illustrating one embodiment of the present
invention using external filter at the x-ray source.

Figure 3 is a diagram illustrating one embodiment of the present

invention using different internal targets.
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Figure 4 is a flowchart illustrating an overall process to
determine the average atomic numbers in accordance to the teaching of

the present invention.

Figure 5 is a diagram illustrating one embodiment of a
processing unit in accordance to the teaching of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention discloses a single energy x-ray imaging
system for material discrimination utilizing different photon energy
spectra. Two images are obtained at different energy spectra for the
same location. These two images are then combined to provide the
average line-of-sight atomic number of the cargo. The single energy
system with different energy spectra provides accurate and efficient
measurement of atomic numbers of the materials.

In the following description, for purposes of explanation,
numerous details are set forth in order to provide a thorough
understanding of the present invention. However, 1t will be apparent
to one skilled in the art that these specific details are not required in
order to practice the present invention. In other instances, well known
electrical structures and circuits are shown in block diagram form in
order not to obscure the present invention unnecessarily.

Referring to Figure 1, an illustration of one embodiment of an x-
ray imaging system 100 for cargo inspection utilizing the teaching of
the present invention is shown. System 100 consists of an x-ray
assembly 110, an x-ray beam 125, collimator components 140a and 140b,
a truck 120, a container 122, a tunnel 160, tunnel guides 170 a-c, a

detector 180 and a processing unit 190.

The x-ray assembly 110 provides x rays having a high energy in
the order of 1 MeV - 10 MeV. The x-ray beam 125 is emitted from the x-
ray assembly 110 on the line-of-sight directly impinging on the object to
be inspected. Collimator components 140a and 140b help define the x-
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ray beam. The truck 120 carries the cargo containing the material to be
inspected. The truck 120 passes through the beam at a speed slow
enough for the scanning of the entire image. The container 122
contains the materials to be inspected. The tunnel 160 and tunnel
guides 170a-c define the scanning area for the truck 120. The detector
180 is located to receive the x-ray beam passing through the material.

The detector 180 consists of scintillating crystal elements
responsive to the high energy x-ray photons and photodiode arrays to
convert the light photons to electrical quantities. The detector 180
generates attenuation profiles for each scan line. The processing unit
190 receives the attenuation profiles, reconstructs the entire image of
the material and processes the data to determine the atomic numbers
of the scanned materials.

Referring to Figure 2, a diagram illustrating one embodiment of
the x-ray assembly 110 in accordance to the invention is shown.

The x-ray assembly 110 consists of an x-ray source 210, collimator
components 230a and 230b, and filter 250.

The x-ray source 210 provides high energy X rays. The energy is
typically in the range of 1 MeV to 10 MeV. Collimator components
230a and 230b form the
x rays from the x-ray source 210 mnto a fan beam on the line-of-sight 125
to strike the container 122. The filter 250 is used to provide at least two
photon spectra for determination of the atomic number of the
materials inside the container 122.

In this embodiment, the filter 250 has two positions: position A
and position B. When the filter 250 1s at position A, the x-ray beam
goes directly to the target container 122 without going through the filter
750, The detector 180 obtains the attenuation profile of the x-ray beam
as it penetrates the target materials inside the container 122 without the
(ilter 250 at a line on the material. When the filter 250 is at position B,
the x-ray beam goes through the filter 250 before striking the target
container 122. The filter 250 absorbs some amount of the photon
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energy such that the attenuation profile as obtained by the detector 180
is modified according to the energy spectrum as filtered by the filter 250.

Therefore, at each scan line, there are two attenuation protfiles
corresponding to two energy spectra: One without filter and one with
tilter. These two attenuation profiles also correspond to the same

location in the material.

The process is then repeated as the container moves through the
tunnel. In the end, there are two 1mages as reconstructed from the
attenuation profiles. Both images correspond to exactly the same
location on the material, one without filter (when filter 250 1s at
position A) and one with filter (when filter 250 is at position B).

The material for filter 250 is selected such that it modifies the
original energy spectrum such that is relevant to the atomic number of
the material to be discriminated. Either a low atomic number or a high
atomic number material can be used as the filter material. As a
guideline, a low atomic number of less than 14 or a high atomic
number of greater than 46 is acceptable. A low atomic number material
will harden the x-ray beam by absorbing the low energy photons and
transmitting mostly high energy photons to the material under
inspection. A high atomic number material will soften the x-ray beam
by absorbing the high energy photons and transmitting mostly low
energy photons to the material under inspection. In either case, the
effect is essentially the same.

Referring to Figure 3, a diagram illustrating another
embodiment of the x-ray source 210 in accordance with the teaching of
the present invention is shown. This embodiment does not utilize an
external filter. Rather it provides different energy spectra by using
different targets inside the x-ray source. The x-ray source 210 consists of
an accelerator 310, target A 320, and target B 330.

Accelerator 310 produces an electron beam to bombard target A
320 along the path 315. The resulting x-ray beam exhibits an energy
spectrum corresponding to the material of target A. This x-ray beam
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then goes through the material to be inspected. An attenuation profile
< then detected for the scan line. Thereafter, the electron beam
produced by accelerator 310 1s deflected to bombard target B 330 along
the path 325. The deflection of the electron beam can be effectuated by
using the magnetic field from one target material to another, or an
olectric field which can be internally generated. The resulting x-ray
beam exhibits an energy spectrum corresponding to the material of
target B. This x-ray beam then goes through the same location of the
material to be inspected. An attenuation profile representing the
energy spectrum caused by target B 1s then detected for the scan line.
The process is then repeated until two images for two energy spectra
are obtained.

In an alternate embodiment, two different targets can be
mechanically oscillated in front of a stationary electron beam.

The objective of this embodiment is to use different target
materials to generate the x rays because the material used for the target
strongly influences the shape of the x-ray energy spectrum. Thus, the
targets act like internal filters to produce the x rays at different energy
spectra.

The material for the two targets should be carefully selected.
They should have high thermal capacity. One télrget should be of
material having a high atomic number such as tungsten. The other
target should be of material having a moderately high atomic number
such as barium, bismuth, or even iron. The criteria for selection
:~clude the trade-off between the high discrimination capability and

the efficiency of x-ray generation.

Referring to Figure 4, a flow chart illustrating a process 5400 to
determine the average atomic numbers of the material in accordance to
the teaching of the present invention is shown.

At start, the process S400 enters step 5410. In step 5410, the look
up table (LUT) for the atomic numbers of the material is created. This
1UT is based on a calibration procedure in which materials with
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known atomic numbers are subject to the operating conditions similar
to the set-up described above. The LUT provides the atomic numbers
2s function of the indices determined by comparing the normalized
images obtained at two different energy spectra. Interpolation is
performed to obtain values between calibration points. This LUT is
normally computed off-line during calibration.

Process S400 then proceeds to step 5420. In step 5420, the x-ray
beam is generated to strike the material under inspection at energy
spectrum 1. This energy spectrum 1s obtained in one of the
embodiments described above. In the external filter embodiment, the
energy spectrum 1 may correspond to the x-ray beam without filter. In
the internal target embodiment, the energy spectrum 1 may correspond
to the bombardment of the electrons on the target 1.

In step S430, the x-ray attenuation profile as provided by the
detector for the line k as the result of the penetration of the x-ray beam
through the material in step 5420 is obtained. This attenuation profile
represents the line scan for the energy spectrum 1.

Process S400 then proceeds to step 5440. In step 5440, the x-ray
beam is generated to strike the material at the same line location (line
k) at energy spectrum 2. This energy spectrum 1s obtained in one of the
embodiments described above. In the external filter embodiment, the
energy spectrum 2 may correspond to the x-ray beam with filter. In the
internal target embodiment, the energy spectrum 2 may correspond to
the bombardment of the electrons on the target 2.

Next, in step 5450, the x-ray attenuation profile as provided by
the detector for the line k as the result of the penetration of the x-ray
beam through the material in step 5440 1s obtained. This attenuation
profile represents the line scan for the energy spectrum 2.

Process S400 then proceeds to the decision step 5455. In this step,
+ is determined if all lines of the material have been processed. In
other words, it is determined if the entire material has been examined.
If not, the next scan line is proceeded in step 5457, 1.e., the material is
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moved through the scanning area. Then, process S400 returns back to
step 5420 to repeat the same steps G420, S430, S440 and S450. If the
entire material has been processed, process 5400 proceeds to step 5460 to
begin the determination of the average atomic numbers of the

material.

In step S460, the entire images of the material for energy spectra
1 and 2 are reconstructed based on the attenuation profiles of the scan
lines. These images are denoted I1 and I2 to correspond to energy

spectra 1 and 2, respectively.

In step 5465, the reference images for energy spectra 1 and 2 are
reconstructed based on the attenuation profiles of the scan lines. These
reference images are obtained in a similar manner as described in steps
5420, S430, S440 and S450 except that there 1s no material being

interposed between the x-ray source and the detector. The reference
images I1REF and I2REF, therefore, correspond to the image profile of

the environment in the inspection area. In most cases, this
environment merely consists of air.

Process S400 then proceeds to step S470. In step 5470, the two
images 11 and I2 are normalized by eliminating the bias component

caused by the reference images. One simple way to perform this
normalization is to divide I1 and I2 by I1REF and I2REF respectively.

Process S400 then proceeds to step S480 to obtain the coded image
IC containing the indices for the atomic numbers at all the locations of

the material. One simple way to perform this operation is to subtract
IDNNORM from IINORM. As is known by one skilled in the art, it 1s
also possible to apply other arithmetic operations on I1INORM and
IYNORM to produce IC. As long as this operation is consistent with the
operation performed in constructing the LUT in step 5410, the same
result is obtained. Criteria to decide on what operation to be used
include the range of the indices, the positiveness of the results, the

overflow /underflow arithmetics, and the dynamic range of the atomic
numbers. Conceptually, the following operations are possible:
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Ic = | INORM - I2NORM | were |o| denotes the
absolute value.
Ic = o INORM + B I2NORM where o, B are two scale
constant.
IC = a______.IlNORM where o is a scale

[2NORM
constant.

Fmally, process 5400 proceeds to step 5490 to obtain the

created at step 5410 to produce the corresponding atomic numbers. The
process 5400 is then terminated.

Referring to Figure 5, a diagram illustrating one embodiment of
the processing unit 190 is shown. The processing unit 190 comprises a
data conversion unit 510, a normalizer 520, an index generator 530 and
a converter 540.

The data conversion unit 510 is coupled to the detector 180 to
receive the analog quantities representing the radiation profiles. The
data conversion unit 510 may consist of a signal condition circuit, a
multiplexer, and an analog-to-digital converter. The signal
conditioning circuit conditions, amplifies, and filters the analog signal.
The multiplexer multiplexes the analog signals from the photodiodes
. the detector 180. The analog-to-digital converter converts the analog
signal into a digital value representing the attenuation profile.

The normalizer 520 receives the digital values from the data
conversion unit 510 representing the profiles at the two energy spectra.
The normalizer 520 performs the normalization process for the value
of the first spectrum and the value of the second spectrum in
accordance to the method described above.

The index generator 530 generates the index corresponding to
the difference between the two normalized values produced by the
normalizer. The converter 540 converts this index to the average
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the material at the location. The converter 540 can

LUT) containing predetermined atomic
s described above.

atomic number of

be simply a ook up table (

numbers during a calibration process a

Alternatively, the processing unit 190 may consist of the data

conversion unit 510 and a processor that execute a program having
tunctional modules similar to the normalizer 520, the index generator

530, and the converter 540. The processor may process the data
real-time basis as the attenuation profile 18 generated line-by-line, or

when the entire 1mage of the material 18 reconstructed.

iments have been described and

While certain exemplary embod
:t is to be understood that such

shown in the accompanying drawings,
iments are merely illustrative of and not restrictive on the broad

this invention not be limited to the specific
nts shown and described, since various
to those ordinarily skilled in the art.

embod
invention, and that
constructions and arrangeme

other modifications may occut
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L. A method for determining an atomic number of a location on a material using a

radiation at a predetermined high energy, the method comprising the steps of:

— generating the radiation at a first spectrum and a second spectrum, at least one of the first
and second spectra being obtained without filtering, the radiation penctrating without reflection

through the location on the material;
detecting a first profile and a second profile, the first profile corresponding to the first

spectrum, the second profile corresponding to the second spectrum; and

determining the atomic number of the material at said location based on the first profile

and the second profile.

2. The method of claim 1 wherein the step of determining the atomic number

compnses the steps of:

normalizing the first profile and the second profile to produce the first normalized profile

and the second normalized profile;

generating an indeX representative of a difference between the first normalized profile

and the second normalized profile; and

converting the index to the atomic number.
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3. The method of claim 2 wherein the step of converting includes a step of looking

up the atomic number in a lookup table.

4, The method of claim 3 wherein the lookup table is created by obtaining a known

set of atomic numbers based on a corresponding set of materials.

S. The method of claim 2 wherein the step of normalizing includes the steps of:

detecting a first reference profile and a second reference profile, the first reference profile
corresponding to the radiation at the first spectrum without the material, the second reference
profile corresponding to the radiation at the second spectrurn without the material; and

companng the first profile and the first reference profile, and the second profile and the

second reference profile to produce the first normalized profile and the second normalized

profile.

6. The method of claim 1 wherein said predetermined high energy is in a range from

1 MeV to 10 McV.
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7. The method of claim | wherein the radiation at the first spectrum is generated
without a filter.
8. The method of claim 1 wherein the radiation at the second spectrum is generated
with a filter.
9. The method of claim 8 wherein said filter is made of a material having a low

atomic number.

10.  The method of claim 8 wherein said filter is made of a material having a high

atomic number.

1. The method of claim 1 wherein the radiation at the first spectrum is generated by

bombarding an electron beam onto a first target, said first target having a first atomic number.
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12.  The method of claim 11 wherein the radiation at the second spectrum 1s generated

by bombarding the electron bearn onto a second target, said second target having a second

atomic number.

13. A system for determining an atomic number at a location of a material using a

radiation at a predetermnined high energy, the system comprising:

a radiation generator to generate the radiation at a first spectrum and a second spectrum,
at least one of the first and second spectra being obtained without filtering;

a detector located to receive the radiation at the first spectrum and the second spectrum
penetrating without reflection through the location of the material, the detector producing a first

profile and a second profile, the first profile corresponding to the first spectrum, the second

profile corresponding to the second spectrum; and

a processing unit, coupled to receive the first profile and the second profile, to determine

the atomic number of the material at said location based on the first profile and the second

profile.

14.  The system of claim 13 wherein the processing unmit comprises:

- R
. - P N
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a data converter to convert the first profile to a first value and the second profile to a
second value, and the first reference profile to a first reference value and the second reference

profile to a second reference value;

a normalizer to produce the first normalized value and the second normalized value, the
first normalized value corresponding to a comparison between the first value and the first

reference value, the second normalized value corresponding to a comparison between the second

value and the second reference value:
an index generator coupled to said normalizer to generate an index representative of a
difference between the first normalized value and the second normalized value: and

a converter coupled to said index generator to convert the index to the atomic number.

15.  The system of claim 14 wherein the converter includes a look up table (LUT).

16.  The system of claim 15 wherein the LUT is created by obtaining a known set of

atornic numbers on a corresponding set of matenals.

17, The system of claim 13 wherein said predetermined high energy is in a range

from 1 MeV to 10 MeV.
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18. A processing unit for determining an atomic number at a location of a material
based on a first profile and a first reference profile corresponding to a first radiation at a first
spectrum and a second profile and a second reference profile corresponding to a second radiation
at a second spectrurn, at least one of the first and second spectra being obtained without filtering,
the first and second radiation penetrating without reflection through the location of the matenal
at a predetermined high energy, the processing unit comprising:

a data converter to convert the first profile to a first value and the second profile to a
second value, and the first reference profile to a first reference value and the second reference
profile to a second reference value;

a normalizer to produce a first normalized value and a second normalized value, the first
normalized value corresponding to a comparison between the first value and the first reference
value, the second normalized value corresponding to a comparison between the second value and
the second reference value,

an index generator coupled to said normalizer to generate an index representative of a
difference between the first normalized value and the second normalized value; and

a converter coupled to said index generator to convert the index to the atomic number,

19.  The processing unit of claim 18 wherein the converter includes a look up table

(LUT).
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20.  The processing unit of claim 19 wherein the LUT is created by obtaining a known

set of atomic numbers on a corresponding set of materials.
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