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Detect the difference.




Preview of Conclusions AEE

= SAT is a powerful new x-ray technique for identifying concealed materials
= Very robust to surrounding clutter
= Highly specific (sensitive to both density and atomic number)
= Beam hardening effects can be easily corrected for
= Well suited to screening liquids or solids

= SAT is a point interrogation method better suited to individual items or level 2
inspection

= Acquisition times are typically on the order of 1-5 seconds per interrogation

= Level 1 screening applications for baggage would require fairly intense x-ray
sources
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HOW CAN WE USE INCOHERENT (COMPTON)
SCATTER OF X-RAYS TO CHARACTERIZE OR
IDENTIFY CONCEALED MATERIALS?




Prior Art (with Monochromatic Sources) ASE

G. Harding; Philips, 1983 G. Harding & J.M. Kosanetzky; Philips, 1989

U.S. Patent Dec. 27, 1983 Sheet 1 of 2 4,423,522
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Prior Art (with X-Ray Tubes)

K.H. Reiss & K. Killig; Siemans, 1978 G. Harding; Philips, 1988

Re

BsI [RecoRDING
THARNEL |

RECORDING

gy T
a3\ ; % CHANKEL 1 ~
DISCRIM I RECORDIKG i -

CHANNEL

N 2 5 :
i E §
0
B~k ) 7
300 B B \ 7
! Wi t2 ! . /
a
5o R _ PREAMPLIFIER | PREAMPLIFIER
X s -
A 3 5 nooafls w 7
2 ,Sa o (i
fi/ ks ey, b N A
e ; I .
GE% i
] A o Yo M
| i i 50 in)

q .
N -
; i : PRM
| [MEchANISM a DISChIM m[“NI, ! T | MEMORY
1 % !} ] 5 5
L,W,,Q%;____. — 2 Nsm{n) ol
b1.b2

[

G. Harding & J.M. Kosanetzky;
Philips, 1989

E. Hussein & B. Achmad; G. Harding; 2011
Univ. New Brunswick, 2003 .,

13 August 2010 5



“Thought Experiment” with an Embedded Radioactive Source ASE

Signal 1=1.0 Signal 2=0.5

Radioactive
Source

Detector
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A(Signal)/Signal
Atten Coeff = p = S &})(/ 5 = 0.5/cm




Collimated detector with an X-Ray beam can mimic an AEE
embedded X-Ray source

Collimated Scatter

Detector \

\ High-Z ' Effective scatter source
Collimator "  mimics an embedded
X-ray source

X-Ray Beam

Unknown
Material

H

LY_’

Field of View (FOV) Intersection of detector FOV with beam is
of Detector equivalent to an embedded x-ray source
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Moving the X-Ray beam is equivalent to moving the AEE
embedded source

Signal (P,) = 1.0 Signal (P,) = 0.5

Beam Position P, Beam Position P,

X-Ray Beam

Unknown
Material

H

—
v

A(Signal)/Signal
Atten Coeff = p = Glg &3{/ 5 = 0.5/cm
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However, there is a problem... we assumed the source AEE
strength does NOT vary with time

Signal (P,) =1.0 Signal (P,) = 0.25

Beam Position P, ..:. Beam Position P,

1l
|
1l
X-Ray Beam 11

(F

Unknown
Material

H

l,=1,/2 — Scatter source at time t, is weaker than at t,

A(Signal)/Signal
Atten Coeff = p = Cig &3{/ o _ 0.75/cm | (Incorrect])
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Solution: Use two detectors

Left Detector Signal L, Signal L,

Beam Position P,

X-Ray Beam

g

Unknown

ASGE

Material

H

Right Detector Signal R, Signal R,

L1 - 11 Pe VNAtl d.QL R1 - 11 Pe VFAt]_ d.QRe_qu
Lz - Iz Pe VFAtz dQLe_qu RZ - IZ Pe VNAtz d.QR




Take Ratios of Signals in Each Detector:

Multiply 2 equations and
solve fory —>

l, I, , At,, At, disappear

NSAT(ES) = M(Es) = — Ln|— —

1 L, Rzl
24X " |L, R,

Ln (IL;—:_’)

where (=
aX

~ 0  (C can be calculated exactly from geometry, but is just an offset)

1 [Ll Rz] (Scatter Equivalent of
LZ Rl

—> | Nsr(Eg) = W) =5~ Ln the CT Number)




What about surrounding clutter?

Left Detector

Scattered radiation from the two
voxels follows exactly the same
path through the surrounding
clutter, so the attenuation terms Beam Position P,
from near and far voxels cancel
in the ratios

p = Electron Density Beam Position P,

V\» Vi = Voxel Volumes
At,, At, = Integration Times

Right Detector

“LcAd
E_ 1_2 pEVF ‘ﬂtE e e_p_ﬂx R

L, I p,Vy At, e Hcddl

iz Iy peVe ﬂtie—pax
R, I p.Vy At




SAT Number (Scatter Analog of CT Number) AEE

1 L, R,
Ngar(Eg) = WE) = 2AX Ln [g R_J

=N,y depends only on measurable values L,, L,, R, R,

=Does not require precise dwell times of beams (integration times all cancel)

=Measurement of N, is not affected by attenuation of the incident beam or the
scattered beams

= Not sensitive to surrounding “clutter”

= Using a pair of energy-discriminating detectors and a polychromatic
Bremstrahlung x-ray source allows Ng,; to be measured at multiple energies

= Yields independent measurements of density (p) and effective atomic number (Z.4)

= Value of Ng,7 is immune to beam hardening if the width of the energy bins is kept
small

= Beam hardening can be compensated for by measuring the mean energy of the
scatter in a given energy bin and applying a correction factor
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HOW CAN WE USE SAT?




2010: 50kV SAT Bottled Liquid Scanner (BLS)

Sample Chamber

Red/Green Light
Notification

Single Touch-Button
Operation




2012: 70kV SAT Bottled Liquid Scanner (BLS)

Sample Chamber

(automatic door) Red/Green Light
Notification

Single Touch-Button
Operation

70kV allows much wider separation of low and high energy bins
—> improved p and Z determination




SAT Tabletop BLS Geometry

Left Right
Beam Beam

A
1
1
1

Voxel (intersection of
detector field of view
and beam cross section)

Left CZT Detector / Right CZT Detector
Shutter

*=_ 50KV or 70kV Mini
X-Ray Tube




Spectra Acquired on 50kV BLS System

300

“Near” Voxels (L1 & R2)

(LE SAT) (HE SAT)

Low Energy Bin — | High Energy Bin ~— |

“Far” Voxels (L2 & R1)

\

25.5
Energy (keV)
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System Affected by Beam Hardening

13 August 2010

= Energy bins are fairly wide on the 50kV BLS system due to low
power x-ray source (AE ~ 12keV)

= This means that the mean energy of the scattered x-rays in each bin
can vary with container type, changing the measured SAT Numbers

= Use a classifier algorithm that compensates for this

= Can use measured count rate or the mean energy in each bin to
determine the container type

= Use five separate classifiers for each major container category
= e.g. thin plastic, thick plastic, thin glass, medium glass, thick glass
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50kV Experimental SAT Data for Wide Range of Threat Liquids
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Experimental SAT Data for Some Specific Liquid Threats ~ ASHF

1.70

1.55

1.40

1.25

1.10

These threats overlap with
some benign liquids
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ONE SOLUTION IS A VALIDATION SYSTEM
THAT USES A BARCODE SCANNER




Barcode is scanned as bottle is placed inside system ASE

System simply confirms that the SAT Numbers are what
you would expect for the item being inspected
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Barcode Identifies Exact Item and “Validates” It

1.70

1.55

1.40

1.25

Anything outside this
region is suspicious

o
A
—

0.95

0.80

0.50 0.65

Example: Dasani Water

Database with SAT numbers for
each product can be compiled
automatically by the system
over a trial training period

I
0.40 0.50 0.60 0.70 0.80

Hi SAT
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Next Steps for SAT BLS ASE

= The 50kV SAT Tabletop system underwent testing for ECAC certification in Germany at
Fraunhofer (Europe’s largest application-oriented research organization)

= 50kV system achieved Category B Standard 1 certification
= 10 seconds/bottle (plastic) and 20 seconds bottle (thick glass)

= System was upgraded from 50kV to 70kV to attempt Standard 2 certification
= Greatly decreased scan times (2-5 sec/bottle)
= Approximately 1 second / bottle for a validation system with a barcode scanner

= 70kV system has not been sent for ECAC certification testing (decision by AS&E not to
pursue liquid scanning)
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SAT FOR BAGGAGE INSPECTION




Concept for 100% Inspection of Baggage AEE

= |n principle, a sweeping x-ray beam and two arrays of collimated scatter detectors can
give 100% coverage of baggage.

= Each pair of detector elements analyzes a horizontal slice of the bag

= Detectors collimated in only one dimension are vulnerable to multiple scatter which can
affect the SAT Number measurement

= The beam intensity must be very high for realistic throughput rates (10’s of kWs)

Sweeping X-Ray
Beam (160kV)

AS&E Gemini ™ System
(Contains a Sweeping 160kV Beam)

Left Detector Right Detector

Array \ / Array
r

B Conveyor

[~ Chopper
Wheel
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Concept for Level-2 Inspection of Baggage

160kV Tube

Suitcase

Location of threat
identified by level 1 system
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120kV Laboratory Test Stand ASE

Detector
X-ray tube

Housing

Detector

Collimat
ollimator Beam

Selector

Inspection
Target
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Spectra Acquired with 120kV Test Stand

Single Energy Bin
(30-90 keV)

60
Energy (keV)
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Effect of Beam Hardening for water with 120kV System ASE

Book (Both Beams)

Book (PB)
No Clutter

Can (Both Beams)

SAT Number

Can (PB)
Can (SB)

Mean Energy of Near Voxels (keV)
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Experimental Results at 120kV for Liquid Identification ASE

13 August 2010
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Light Clutter Moderate Clutter ~ Heavy Clutter

50% Alcohol

50 5 60
Mean Energy of Detected X—Ray [keV]

Material placed in primary
(PB) and secondary (SB)
beams to simulate clutter

. FePB
- Fe 5B
Al PB
Al SB
nothing
. Fe PB
- Fe 5B
Al PB
Al SB
nothing
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SAT FOR CARGO INSPECTION




Concept for Level 2 Inspection of Cargo ASE

Suspect
Material

Beam Selection
Shutter

Rotating Collimated
Sodium lodide Detector”™

*Rotation Angle of detectors selects depth of object being interrogated
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Simulation of Organic Material Identification in Cargo at 6MeV ASE
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Cubes of material placed in

36" crate of cotton cloth

6 MeV Bremstrahlung spectrum
2.8x10'0 x-rays in each beam
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Simulation of High-Z Material Identification in Cargo at 6MeV
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Conclusions

= SAT is a promising new x-ray technique for identifying materials
= Very robust to surrounding clutter
= Highly specific (sensitive to both density and atomic number)
= Beam hardening effects can be easily corrected for

= SAT is a point interrogation method better suited to level 2 inspection

= Acquisition times are typically on the order of 1-10 seconds per interrogation

= Level 1 screening applications would require fairly intense x-ray sources

= \We believe that there are many potential applications for this technology
= Non-Destructive Testing (NDT)

= Material characterization, void detection

= Counterfeit pharmaceutical detection
= Selected for funding under DHS BAA 13-05 (in collaboration with LLNL, Tufts, Multix)
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SAT WITH MONOCHROMATIC SOURCES




Concept for SAT with Radioactive Sources ASCE

Left Detector ’ Measures the “SAT Profile” as a function of depth

(not collimated)
Depth

Radioactive
Source

> Left Beam

= Right Beam

Right Detector
(not collimated) ‘

i /11111111

Threat Material (u,)

T

E3 E1
Energy (keV) or Depth (cm)
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Simulation Results (10cm Cube at Center of 1m Sphere of Cotton)

13 August 2010
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Future Developments

= Investigate Use of SAT for Non-Destructive Testing Applications
= Material classification

= Density Measurement

= Effective Atomic Number Measurement
Void detection in Uniform Materials
Mining applications

= Soil or rock classification

= Metal content of ore
Counterfeit Pharmaceutical Detection
Quality Control
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SAT Related Patents

Two Issued SAT Patents: AS&E (Rothschild)

June, 2009 April, 2011
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ADAPTIVE CLASSIFIER WITH A BARCODE
SCANNER




Adaptive Classifier with Barcode Scanner

70

1.

Example: Barcode indicates a bottle of wine

P

1.55

1.40

1.25

Can now detect these threats

Anything outside this \

region is a threat

1.10

Database contains SAT numbers
of each major category of liquids
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Adaptive Classifier with Barcode Scanner

Example: Barcode indicates medications

TS i
T9 Anything outside this
region is a threat

Can now detect these threats

1.10

Database contains SAT numbers
of each major category of liquids

050 0.65 0.80 0595

I I | | |
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Adaptive Classifier with Barcode Scanner

1.70

Example: Barcode indicates oil-based liquid
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Database contains SAT numbers
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