Radi ogr aphi ¢ Equi pnent Technical Field This invention concerns

~radi ographic equipnent..- In particular the invention 5 concerns
radi ogr aphi ¢ equi pnent for the detection of concealed articles, substances
and materials. For instance, the invention nmay be applied to the detection
of conceal ed weapons, explosives, contraband, drugs and other articles,
substances and materials in itenms such gs alrcraft baggage, airfreight or
shi ppi ng containers. 10 Background Art Technol ogi es based on X-rays,
gama-rays and neutrons have been proposed to tackle this problem
(Hussein, E., 1992, Cozani, 2003). The nost widely
adopt ed technology is the X-ray s?%y eﬁﬁRﬁﬁ§§¥§Porns an i mage of an item
bei ng -exam ned by nmeasuring the transm ssion of X-rays through the item
froma sourquhgmpFéﬁispatially segnented detector. X-rays are nost
,strongly attenua,hiu dense, hi ghey om c nunber materials such as

metal s. Consequehlf yi @}%UP%WD%%%%O%% G gesPmept Ty eeiou|an ghe duprtiadch as
guns, Kkni §esgomethsehdiegrapEiapaiipmehiofve e rdeteXtidySedqceabd erticle t duBstances and

di scrimnatin 2r bet ween.or.gani.c_and i norgani | eqent s i n -rays
the. separ alTHABT TPF AT ool AT EHita BrY BF SrBieh o PETHRuEn, ehogheded
narcoti cs f meapaeneaphdsives2@nfrabamd, dhegriagh otheg artictespmitatanatssaridsmatetials in
possi bl e. | devel oped for the

I nspection ofﬁlscomm rtcxllagtgdlgh{épbﬁ%ﬁr&%ﬁt%?@@@ng@ﬁ%ﬂ&%t em call ed NELIS
(Neutron Elenental Analysis System utilises a 14 MeV neutron generator

and threqog%&£ @ Agtectors to neasure induced ganma rays fromthe cargo
( Dokhal e 1; Barzilov, 25 A P., Wnble,

and

Vour vopoul os, Tee%elfgles S Reer SO C TG SURMARi 47g neyseRsharh S e wopased 19 n
conj uln_ct i OntaCWeltthlsgjﬂtl):BIemé(HusseﬁﬂIEFIS@% Getam,lllllégammf , Y1) U O& Sl CXDOBY Tk infuidt
anomal ies. A.Puls st ut r.o al ysi s cargo.inspecti. stem
nas been dUth BRI RS ShoRy i€ the ey g WAL Rl 98 R RREGGH ik B
commer ci al | skaninkd by gieagwogrtbe tr3GnGsripoeiXirays thituehREN\Ges fzine msoges tea
col I'i mat f u
spectr um@?(})lflg Se%ﬂgl‘ﬁ? gq%%ggogr ﬁ%@@%ﬁé%&ﬁ%#éxgﬁt Héet os of
key organic?® gg e’t tagssiatpeich s qnetals e Canssaaatlyn al-pay @éﬂmﬁ‘%gﬁ 1dﬁ’élﬁ3¥ ons
are req 3' r e@eﬂeéhrfgrx%ﬁs du@h |a9g@%s| Eﬁv&ﬁd&ﬁﬁ&l 'tvfrda oﬁfglowwt ei§ OBk wvhdtmltﬁ@t th he
measur ed ga i me- o | secrrrer ctic e
t echni que |?ng%mf“¥ bl}/qqge%p%a&gp@ﬁ i %8'5’5? x‘%mgfﬁ‘? e
accel erat or ,seiiai'eeiohiqf]ﬁlwﬁ orgattic amat?ials such as exploswes or narcotics from commonly

20 found, benign organic materials is not possible. ‘

~ An elemental identification system is being developed for the inspection of
- commodities shipped on -pallets, The system called NELIS (Neutron Elemental
Analysis System) utilises a 14 MeV neutron generator and three gamma ray detectors '
to measure induced gamma rays from the cargo (Dokhale; P.A. et al, 2001; Barzilov, |
25 A.P., Womble, P.C. and Vourvopoulos, G., 2001). NELIS is not an imaging system and
is used in conjunction with an X-ray scanner to help identify gross composmon
anomalies.
A Pulsed Fast Neutron Analysis (PFNA) cargo inspection -system has been
developed (Gogzani, T., 1997, Sawa et al., 1991) and commercialised through Ancore
30 Corporation. The PFNA system uses a collimated beam of nanosecond-pulsed fast
neutrons and the resulting spectrum of gamma rays is measured. The PENA method
allows the ratios of key organic elements to be measured. The nanosecond-pulsed fast
neutrons are required in order to localise the specific regions cOntribﬁting to the
measured gamma-ray signal by time-of-flight spectrometry. In practice the technique is
35 limited by the very expensive and complex particle accelerator, the limited neutron



source strength and | ow gamma-ray detection efficiency and the resulting
sl ow scan speeds. Neutron radi ography systens have the advantage of direct
measurenent of transmitted neutrons and are therefore nore efficient than
techni ques neasuring 5 secondary radiation such as neutron-induced ganma
rays. Fast neutron radi ography has the potential to determ ne the
| i ne-of -sight “organic inmage' of objectss(Kl ann, 1996). In contrast to
X-rays, neutrons are nost strongly attenuated by organic materials,
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provi de 20 radiography using a 14 MeV neutron generator and luminescent screen/CCD camera
detection system. Mikerov found that applications were limited by both the low
detection efficiency of the 2 mm thick luminescent screen for fast neutrons and the high
sensitivity of the screen to X rays produced by the neutron generator.
Neutron radiography systems using a 14 MeV generator and thermal neutron
25 detection are commercially available (Le Tourneus, P., Bach, P. and Dance, W.E.,
1998). However the fact that the fast neutrons are slowed down (thermalised) prior to
performing radiography limits the size of the object being imaged to a few cm., No fast
neutron radiography systems are commercially available that involve fast neutron
detection, ‘
30 Most work conducted with neutron radiography has been conducted in the
laboratory using neutrons from nuclear reactors or particle accelerators that are not
suited to a freight-handling applications (Lefevre, H.W, et al, 1996, Miller, T.G., 1997,
Chen, G. apd Lanza, R.C., 2000, Brzosko, J.S. et al, 1992).
To improve the ability of fast neutron radiography systems to provide
35 discrimination between various organic materials, systems using multiple neutron
energy sources, together with detectors with the means for distinguishing between the




35 discri'm'nation between various organic materials, systens using

mul tiple neutron energy sources, together with detectors with the neans

for distinguishing between the i 3 different neutron energi es have been

proposed (Chen, G and Lanza, R C., 2000, Buffler, 2001). The key

drawbacks of these systens have been their reliance on conplex,

energy-di scrimnating neutron detectors and/or their use of sophisticated,

hi gh-energy accel erator-based neutron sources. 5 Perion et al. (Perion,

2000) have proposed a scanner using a high-energy (MeV) X-ray
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seal ed- t 4Be tensmitted neuirons, In particular, it is unlikely that the disclosed stacked scintillator -
detector would be able to distinguish neutrons in the presence of a much more intense
X-ray beam. A disadvantage of both the dual energy X-ray and the X-ray/neutron
schemes s that the X-rays and neutrons cover a wide range of energiés. This means
that it is not possible to model transmission using a simple exponential relation and that
25 it is not straightforward to extract quantitative cross-section information that could be
used for material identification. |

- Disclosure of Invention
The present inyention is radiographic equipment comprising:
30 a source of substantially mono-energetic fast neutrons produced via the
deuterium-tritium or deuterium-deuterium fusion reactions, comprising a sealed-tube or
similar generator for producing the neutrons;

a source of X-rays or gamma-rays of sufficient energy to- substanually penetrate
an object to be imaged;



simlar generator for producing the neutrons; a source of X-rays or
gamma-rays of sufficient, energy to substantially penetrate an object to be
i maged; 4 a collimting block surrounding the neutron and X-ray and
gama-ray sources, apart fromthe provision of one or nore slots for
emtting substantially fan- shaped radiati on beans; a detector array
conprising a multiplicity of individual scintillator pixels to 5 receive
radi ati on energy emtted fromthe sources and convert the received energy
into light pulses, the detector array aligned with the fan-shaped
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composition of the object being scanned.

.20 An advantage of the present invention is that the neutrons are essentially mono-
energetic. Hence it is possible to model the neutron transmission using a simple
exponential relation and moreover, information is more accurately obtained which is
useful for material identification. |

The equipment according to at least one embodiment of the invention has the

25 added advantage of direct measurement of transmitted neutrons and is therefore much

more efficient when compared with prior art systems which measure secondary
radiation such as nevtron-induced gamma rays .

The radiographic equipment may utilise one or more neutron energies. In an

example of a dual neutron energy technique, the radiographic equipment may utitise

30 two tubes, one to produce substantially 14 MeV neitrons via the deuterium-tritium

fusion reaction and a second to produce substantially 2.45 MeV neutrons via the

deuterivm-deuterium fusion reaction. The measurement of the neutron transmission at

a second energy can be used to enhance the capability of the single energy transmission

technique.
35 The source of X-rays or gamma-rays may comprise a radioisotope source such
“as °Co or *¥"Cs with energysufficient to substantially penetrate through the object o



deuteriumdeuteriumfusion reaction. The neasurenent of the neutron
“transmission at a second energy can be used to enhance the capability of
the single energy transm ssion technique. 35 The source of X-rays or
gama-rays nmay conprise a radioi sotope source such as "Co or 137Cs with
energy sufficient to substantially penetrate through the object to 5 be

I mged. The "Co or 137Cs source may have san energy of about 1 MeV al t hough
ot her energi es may be used depending on the source. Alternatively an X-ray
tube, or an electron Ilnear accel erator to produce Brensstrahl ung
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a mask t@0 gamma rays. Energy discrimination may be used to distinguish the signals or the

detector can operate sequentially on the neutrons and X-rays or gamma rays. An
advantage of using the same detector array to sense neutrons and X-rays or gamma
~ tays, is that a reduction in the cost of the detector array may be achieved.

Optionally, separate detector arrays may be used to respectively sense the

25 neutrons and X-rays or gamma rays, with or without separate neutron and X-ray or
-gamma-ray detector collimators, ‘

The scintillators may be selected such that their spectral response is closely
matched fo the photodiodes. The scintillators may further be surrounded by a mask to
cover at least a portion of each of the scintillators, each mask having a first reflective

30 surface to reflect -escaped light pulses back into the scintillator. The mask will have an
opening to allow scintillator light to be detected by the photodiode.  The mask may -
comprise layers of PTFE tape and/or Tyvek paper. Advantageously, the efficiency of
plastic scintillators with a mask for neutrons may be greater than 10%. The matetial
surrounding the scintillators acts to ensure that light which escapes the scintillators is

35 reflected back to be detected. In an example where each detector array includes
orange-light emitting plastic scintillators and silicon photodiodes, the equipment may



cover at least a portion of each of the scintillators, each mask having a
first reflective 30 surface to reflect escaped |ight pul ses back into the
scintillator. The mask will have an opening to allow scintillator light to
be detected by the photodi ode. The mask nay conprise |ayers of PTFE tape
and/ or Tyvek paper. Advantageously, the efficiency of plastic
scintillators with a mask for neutrons ngy be greater than 10% The
material surrounding the scintillators acts to ensure that |ight which
escapes the scintillators is 35 reflected back to be detected. In an
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scinti || at ogciff@latdry B fdbshid s TR De QY8 4; 1 Dy, 2l : er
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sci nti | | at of*HE)He Alfpragtivelya il Saes or 1gonmem tayd dategtolre may benivnisatiorf t he
det ecti on ethantieesacy and |ight collection efficiency. In an exanple where

typi oal |y used oBTRARfon Sofivifi frpe fark Sonifreos agiar wen olsoeh Kimgistuce of
the arr azﬂ oforssponds|tb at single el The area of each scintillator may typically be smaller
. than about 20 mm by 20 mm. Smaller areas lead to improved spatial resolution.
The thickness of each scintiilator may be in the range 50 to 100 mm and may be
a function of the detection efficiency and light collection efficiency. In an example
where the object to be imaged is a unit load device or ULD such as those typically used
25 in airport environments, the radiation receiving face of the array of scintillators may
have dimensions of aboqt 120 mm x 3300 mm and may comprise about 1000 pixels.
When combined with a 14 MeV neutron source energy of approximately 10'°
.neutrons/second, the contents of a single ULD may be tmaged over a time period of
about one minute,
30 Alternatively separate neutron and gamma-ray scintillators may be used,
comprising, for example, about 1000 neutron pixels and about 500 gamma ray pixels.
In practice the gamma ray pixels may be made smaller than the nentron pixels which
advantageously provides high-resolution spatial images.
In a further example, the conversion means may comprise photommltiplier tubes
35 and wavelength shifting optical fibres (WSF). In this example, light from a row or
column of scintillator rods may be collected by the WSF and transmitted to a mulfi-



. have di nensions of about 120 nm x 3300 nm and may conprise about 1000

pi xel s. Wen conbined with a 14 MeV neutron source energy of approxi mately
1010 neutrons/second, the contents of a single ULD may be imged over a
time period of about one mnute. 30 Alternatively separate neutron and
gamma-ray scintillators may be used, conprising, for exanple, about 1000
neutron pixels and about 500 ganma ray pi7’xels. |In practice the ganma ray
pi xel s may be nade snaller than the neutron pixels which advantageously
provi des h|%8 %§ﬁﬁﬁutlon .Spatial images. In a further exanple, the
conver si on Iipliey whe. pﬁbiwgﬂ}ﬂfpwmmﬁﬁo@mﬁgw%}ﬂ@glsb
. shifting opuhamnmnawreamwptm ﬁaatlsﬁﬁagtgggt ght froma rowor colum
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preanplifi ergosﬁa%fqﬁ‘é’%ool ed to about -10C or lower. In.one exanple, as an
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measuri ng, tgg E:?nsm ssi Oﬁ% i nst anc
the object TReaS NS eéwsgmtoﬁéoummvceg thaj4 die'\gaentens dlysugthiheugh

the obj ect . objsrt andithé tranenigylomS£Hhe AMEE 31y gahldGa- *%S%%%ﬂh%eﬁ“ Sy the

2.45 MeV ne | S SO rreasur tronis
not Iini tedld%loé}lhégm e%H%P ¢ #é’é%g gjffevfﬁﬁs@éssm&l Prigy the 2iVIeV aeyirors taradghect or
array is usé&f ohjectiealspvneagureddiTieiioventine igyof Koffed B the @ WFeRes@ enals egyS or
gama rays anglet he source of neutrons, the object may be scanned re than
once. e sepagate dete ors are used for receivi ng radi ati on energy from
t he sour of n&YEFOASINER deteeton aelis wied Yor ageiving wmtmnrayssgy fib@ thet put

signal may Gmlrpasoﬁﬁsra?s ofhnhrhi $dys QHY B solifcRBf r f
scintillatops &?ﬁx gecond out pgt fromstohec seg%ﬁ‘a&gf rﬁ:[aeyo% ‘%C?Xlébyr}?ﬁsf’?ng?%rs
where the firs outB is related to the neutron count rate in each plxel

location of the Waesrtepatateatutectdre asanahtbr astefig tadlidihh6gy tnt B8 smt@Y O
gama- of neutrons and the source of X-rays or gamma rays, the output signal may comprises a
20 first output from the first array of scintillators and a second output from the second
array of scintillators, where the first output is related to the neutron count rate in each
pixel location of the detector, and the second output is related to the X-ray or gamma-
ray count rate in each pixel location of the detector.
Each of the source inputs may be separately processed.. A simple scintillation
25  spectrum may be collected separately for each pixel of the array to deduce neutron and
X-ray. or gamma-ray count rates for each pixel. The information may then be
assembled to form a complete 2-dimensional neutron image ‘and a complete 2-
dimensional X-ray or gamma-ray image The resulting image may have a vertical
resolution governed by the pixel size, and a horizontal resolution governed by the plxel
30 size and the frequency with which the array is read out.
The computer may also be able to perform automatic material identification.
For instance, the transmission outputs may be converted to mass-attenuation coefficient
images for each pixel for display on a computer screen with different pixel values
mapped to different colours. In patticular mass-attenuation coefficient images may be
35 obtained from the count rates measured from the transmlsmons for each of the 14 MeV



ray count rate in each pixel location of the detector. Each of the source

I nputs may be separately processed. A sinple scintillation 25 spectrum may
be coll ected separately for each pixel of the array to deduce neutron and
X-ray or ganma-ray count rates for each pixel. The information may then be
assenbled to forma conplete 2-di mensional neutron image and a conplete 2-
di mensi onal X-ray or gamma-ray image. Thé resulting image may have a
vertical resolution governed by the pixel size, and a horizontal

resol ution erned I xel S nd the frequency with which the
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section § tig |ma&es ar.e conbi ned may be operato _
contrast nd*EBIS t"?met‘{f‘a% a particul ar object be| ng 15 exam ned |n the
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section ratig..d;mges. Two regions in an inmage nmay be identified which
contain a firs substance but only one of the regions nay contain a.
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the first swlBtaRcs tE&Yegt?&Js%ﬁf%dtéﬁﬁlﬁseﬁ@ﬁ@é’tﬁﬂta&]@évBQ%e%ng cross section

20 subiractions the image of the first substance may be effectively removed leaving the

image of the second substance available for identification. The mass of the second
substance may be obtained from the X- or gamma-ray transmission data.

In one example, the source of neutrons and the detector are stationary and the

conveyance means is arranged such that the object is moved in front of the source of

25 neutrons and gamma rays. In a further example, the object may be stationary and the

conveyance means arranged such that the source and the detector move in

synchronicity either side of the object. In a still further example, multiple sets of

detectors may be situated around sources which are centrally located to allow scans of 2

-plurality of separate objects to be acquired simultaheously. This would have the

30 advantage of improving throughput. In such an example, the conveyance means may

be arranged such that the objects can be moved between the source of neutrons and the

respective detector.. Alternatively, the sources and detectors can be rotated around the

object to be examined to allow multiple views to be obtained.

The rate at which the object is able to be moved in front of either the source of

35 neutrons, or, the source of nevtrons and X-rays or gamma-rays is partially dependent on

the intensity of the neutron and gamma ray sources. The intensity of the single neutron.




i mge of the second substance available for identification. The nmass of the
"second substance may be obtained fromthe X- or gamma-ray transm ssion
data. In one exanple, the source of neutrons and the detector are
stationary and the conveyance neans is arranged such that the object is
noved in front of the source of 25 neutrons and gamma rays. In a further
exanpl e, the object may be stationary an@ the conveyance neans arranged
such that the source and the detector nove in synchronicity either side of
the object. In a still further exanple, ltiple sets of detectors nay be
situat ed ar 6%HEe 8baft ddeV umasche trthe oeder 1Al neutronsisesdnd, mraik high scpmsticilya

- plurality ohos&faifbRePR iBhtSyel i:red sinultaneously. This woul d
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source of neutro -raus. or -rays is partially dependent on, the
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neut r ons [ An@axX-bedyanspprieda ridfematiely, she envhgance sppensimay irshiderreconaeyatbielin
recei ving fagethed liNe dri@gdmbaYfoPfoasbg bl Wifd t L
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on the | engfE¥aRFeMEHSIOEY PE aplen h thetdhe spiset ismmpothly dreapinsted 48t ween
t he neut r onfimntoffhewaurcayf satroges aandiroldelectitirmane:, My pass through a
shi el ded tunnel . ce neans may  conprise a. pair of rails for the
posi tioning of a@%ﬁ?‘&ﬁgéﬁﬁﬁi ?%Ia Bﬁ?lg’ﬁ %}?(%mtv%v%ﬁicwgﬁ‘@ Hgﬁﬁae cargo, air
t r anspor 1&d catsptdnip dond Heyices KELDynweymailee comtainersnarypickegessthealeteutice \ofr
belt or ot behtrdbak® SHIARRBAloHS i 1,08 Bh G a0 Lhrough the
tunnel . -The. conv yan(I:)Il _rre'f:;\ogs r%% baéﬁggf,ggg%tgﬁdpegggﬁ%{q}g?ﬁghg{%g%@?%g :
smoot hly t r FABISPE SRCHRCI 105 fonstbapt aieriply duelt ap etganimmaterials ipgnimally abl e
uni f or m r at énorgdnte inmateees) ﬁm_\ﬂm{asbtge aRRICIiGH ah® Eﬂ[??ﬁﬂcm&ﬁ bf|7 l@p&mliaﬂ_ek Qp of
sea cargo, . nit.. vi ces , Or_s er containers or
packages, t ﬁ.}egraalé:g]g%%ﬁ%ﬁ?%? paggzﬁfé?lgggﬁg! %(EQBT(' g@ﬁe%f&l U ekPIRSHIES, BATeqtics @ad
subst ancéd ather eenteabprd ¥ems convegledinmanicdst bagapge wirfreizhecirtdinért ynd Hipping -
contraband ggitgink@l S, such as organic materials in primarily
A further advantage of at least one embodiment of the invention is that use of a
neutron generator for producing neutrons is able to be switched on and off,
It may also provide increased automation of the inspection process, with
25  reduced reliance on human operators.
Further, it may provide a fast scanning rate so that a high throughput can be
-achieved. It is simple, low-cost and uses safe radiation sources; and simple, low-cost
radiation detection systems. It may operate with a high detection rate and low false
alarm probability.
30
Brief Description of Drawings

Several examples of the invention will now be described with reference to the
accompanying drawings, in which:
. Figure 1 is a perspective view of the radiographic equipment;
35 Figmre 2 is a schematic illustration of one module of the radiographic
equipment's detector array; '




i norganic matrices, as well as the detection and identification of specific
classes of organic material. It is particularly suited for the detection
of expl osives, narcotics and 20 other contraband itenms concealed in
aircraft baggage, airfreight containers and shipping containers. .A
further advantage of at |east one enbodi nent of the invention is that use
of a neutron generator for producing negfrons is able to be switched on
and off. It nmay al so provide increased autonmation of the inspection-
process, with 25 reduced reliance on.-human operators. Further, it may
provi de a fast sda@HeAdsea bar@r&ph aftthe calcilatgh ratho, ®ydleutio 68hehe Mee hbay&d. -
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obj ects arraaggd on wooden shelves; Figure 6b is a display output of a
ol our ed”_aceor di A ot e nadsmiaff sFitsR boet sPErim of derisnsRsamples,14
MeV neut t8n<oasasl Wabmdydpolmﬂ,@s rveell7as sismbatalieimbl apldshves; Fighdeom i9fa a
sel ecti on ofgigpdyesitiilt ota HatBfh-ray scan; Figure 7c is a display output in which the image is
coloured according to the mass attenuation coefficient ratio, R, for 14 MeV neutrons
and gamma rays;
Figure 8a is a photograph of 2 ULD containing assorted household electronics
20 metal items, concrete blocks and concealed contraband; Figure 8b is a display output of
a gamma-ray scan; Figure 8¢ is a display output in which the image is coloured
according to the mass attenuation coefficient ratio, R, for 14 MeV neutrons and gamma
rays; Figure 8d is the display output of figure 8¢ whlch has been further processed to
emphasise the organic material;
25 Figure 9a is a photograph of a ULD containing assorted household iterns and
concealed drugs; Figure 9b is a display output of a gamma-ray scan; Figure 9¢ is a
display output in which the image is coloured according to the mass attenuation
“ coefficient ratio, R, for 14 MeV neutrons and gamma rays R; Figure 9d is the display
output of figure 9c which has been further processed to emphasise the organic material;
30 Figure 10a is a photograph of a ULD containing assorted household items and
concealed drugs, Figure 10b is a display output of a gammal-ray scan; Figure 10c is a
display output in which the image is coloured according to the mass attenuation
coefficient ratio, R, for 14 MeV neutrons and gamma rays; Figure 10d is the display
output of figure 10c which has been further processed to emphasme the organic
35 material;

the




15 conceal ed contraband, al cohol, as well as sinulated and real expl osives;
‘Figure 7b is a display output of a ganma-ray scan; Figure 7c is a display
output in which the image is coloured according to the nass attenuation
coefficient ratio, R for 14 MeV neutrons and ganma rays; Figure 8a is a
phot ograph of a ULD containing assorted household el ectronics 20 netal

I tens, concrete bl ocks and conceal ed contifaband; Figure 8b is a display
output of a gamma-ray scan; Figure Sc is a display output in which the

i mage is coloured  according to the mass attenuation coefficient ratio, R
for 14 MeV neut r diigugrd igapint of adarge ninberref Weignsndrbetickingxplosiietnpatbriclé
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Figure | Oa i raph_of UL ai ni ng ,assorted house I tens and
conceal ed dr%&é@?&?&ﬁ%%@ﬁ%&nﬁ gfeaw&mc‘@ﬁﬁ“fﬁﬂm%fm%geg%ﬁm-ray scan; Figure
ICc is a displayiguepide isn sinikked e MeWgeuiron anh@ussh af oo ghnebntAndrhe
mass att enuag;l 13808 fi€l.an t] Raf ok 14 MeV neutrons. and rays;
Fi gure 13% i slg{tg%e %i spa%a}g r%oﬁ?%tm%ﬁcﬁ’%ﬁ L ﬂieoia%‘fc’@ﬁa”ﬁqs %EW%?%@

pr ocessed Yt CoRMIRUkimage ohthesrganpwaings material ;. 11 Figure 11 is a plot of
a large nunber of benign, narcotic and explosive naterials in terms of two

cr oss-sectio§ ratio nanel 2. 45 MeV neutron/ 14 MeV neutron cross-
sections vers VHEGES 0 UE¥endalmm- ray cross-sections; Figure 12a

is a s: n;n St ed cdiigire rlaﬁmstafem?latgeﬁem [@tgﬁt of 1@ ﬁ&ibkl}‘céﬁiﬁi%?eqﬁi B 1é?bgae5 s
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Best Mode & PC@;am_nyé ng tOptodube alsouRBtd h QR akd id 1048l 2 95 I‘lQﬁt gengr al
llayout of t Qﬁjarc@ﬂ' f%g{h%pxrl]éu%ogqgue'ngra o The n-glrl]t?on generator and ®°Co source 14 are
20 situated within a source shield housing 16. B
A 1600 mm long and 20 mm ‘wide detector array 18 is situated in the vicinity of
the radiation source and is housed in a detector shield housing 20. The detector array
IS, more clearly shown in figure 2, is built up of eighty plastic scintillator rods 19 (of
which only a portion are shown), each with a radiation receiving area of 20 mm x 20
25 mm, and a length of 75 mm. The radiation receiving area of each scintillator rod 19
corresponds to a single pixel in the image-frame. The term image frame is used to
describe the two-dimensional array containing the number of counts measured in each
pixel, accumulated over a fixed time interval. The scintillator rods 19 are made of an
orange plastic scintillator in order to match the spectral response of the silicon
30 photodiodes 21 to the respective plastic scintillators. The photodiodes 21 are optically
coupled to respective scintillators 19 with optical cement, A reflective mask is painted
on each of the orange scintillator rod and photodiode combinations to minimise the loss
of any light that escapes the scintillator rods. :
In the primary embodiment, the scintillation light produced in a rod 19 by an
35 incident neutron or X- or gamma-ray is detected by a photodiode 21 attached to the end
of the rod 19. In a first variation, light from a row or column of scintillator rods is
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equi pnment 10 includes two separate generators of radiation, the first is an
A-325 MF 15 Physics neutron generator having a D-T neutron emtting nodul e
to produce a neutron energy source 12 having an energy of 14 MeV. The
neutron generator is operated at a voltage of 80-110 W The second
generator of radiation is a 0.82 GBg (or 22 nCi) 60Co source 14 to produce
a source of ganma-rays and is located toi2zhe right of and adjacent to the
neutron generator. The neutron generator and 60Co source 14 are 20
situated within a source shield housing 16. A 1600 nm|ong and 20 nm w de
det ect or ar rayecies pisa siavelengtlhy shiftingepticel fibvetapddtanswmittedria dhaphandisder Bg and
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uifictently long enough so that the equipment can be operated without doors on either
end. This permits the number of ULDs passing through the equipment 10 to be
maximised, : ' :
25 Collimating slits (not shown) are cut into the source and defector shield
respectively serve to define a fan shaped radiation beam, directed from the sources 12
and 14 towards the radiation detector 18. The detector collimating slit 38 and detector
18 extend the full height of the tunnel 34. Slots (not shown) in the sides of the shield
34 are provided and mate with collimating slits and for the passage of radiation from
30 the sources 12, 14 to the detector 18.
Each of the radiation shields 16, 20 and 34, attenuate and absorb both gamma
rays and neutrons. Shielding materials used include concrete, iron and polyethylene.
The radiation shields 16, 20 and 34 provide radiological protection for operators of the
equipment or other persons in its immediate vicinity. '
35 In operation, objects that are to be imaged are situated on the platform 30 that is
then motorised through the tunnel 34. In the full-scale prototype scanner described
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.Since respective photodi odes 21 have no internal gain, the signal
conditioning electronics 23 include preanplifiers used in conjunction with
hi gh-gain anplifiers in order to anplify the output signal for both
neutrons and gamma-rays. The equi pnment 10 acconmpdates a ULD 28 with a
width up to 2.5 in and a 15 height of 1.7 in. Each ULD 28 to be imaged is
nmounted on a platform 30 that has runnefs to engage wth a pair of tracks
32. In practice in an airport the ULDs could be scanned while still
nounted on their respective dollies that are used to transport the ULDs
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20 parncular pixel from each image without an object present are I, and Tog respeotwely
Then the attenuation of essentially monoenergetic fast neutrons through an
object of density p and thickness x can be calculated using the equation:

-ra

Io/Ton = exp (-p14 p X) )
25

Similarly the attenuation of essentially monoenergetic gamma ray attenuation
through the object can be writien as:

I/log=exp (-pg p x) | @
30
~ where W4 is the neutron mass attenuation coefficient at 14 MeV and |, is the gamma

mass attenuation coefficient. The mass attenuation coefficient ratio can. then be
calculated directly: | :

35 R=pug/itg = In (1/lon) / InlyLop) - ®



separately for each el enent of the 80-pixel array. These spectra are read
out and reset every tine the platform 30 traverses 10 mm and the spectra
are used to deduce neutron 10 and ganma-ray count rates for each pixel. The
information in each vertical strip is then assenbled to form conplete,

2-di mensi onal neutron and gamma-ray inmages. The resulting inmge has a -
vertical resolution of 20 mm governed b¥4the pixel size, and a horizontal
resolution of 10 mm governed by the frequency with which the 80-pixel

array is read out,, As dr ed bel ow, deconvolution of the final inmage is
15 performed to c erg&m ilatesh do theaeommneyitioniofdhe ebiact aslltovesta witde
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di sti ngui qu'%l% 08?083{: g? composition of eac plxel whlch is mdependent of the

amount of intervening material.
Due to the relatively low counting statistics in the neutron image, there is

20 considerable pixel-to-pixel noise present in the composition image. Consequently, a
5x5-pixel Gaussian smoothing filter is applied to this image. Whilst this reduces the
resolution of the composition information in the final image, it significantly enhances
the visibility of subtle changes in composition for objects with dimensions of more than
about 50 mm.

25 The results from six scans are shown in figures 5 to 10. The gray-scale images
illustrate the results of the gamma-ray scan alone and as such show the results that
would be achievable from a conventional X-ray scanner. Regions with little or no
intervening material show as white and denser materials show as darker shades of grey.
The colour images combine the gamma-ray shape and density mformatlon, together

30 with the composition information from the neutron/ gamma ratio image. The density of
colour shows the material density with white corresponding to no intervening material
and denser regions having a saturated colour. ‘The colour of a plxel corresponds to the
R value for that pixel, with lower R values coloured blue, intermediate values turquoise

_ through green to yellow and higher values orange. The exact mapping between R value

35 and colour is different for each i image, with the colour scale adjusted to show the

maximum information in each case. For the ULD scans, an enhanced organic image is



.Due to the higher count-rates and | ower background scattering of the gamm
10 rays, the ganma-ray inage carries nost of the information about shape
and density. For each pixel in the imge, the quantity In(lg/log) is
cal cul ated, which is proportional to the total mass per unit area of
materi al al ong the line fromthe radiation source to the pixel in
question. A ."Mexican-hat" sharpening filser is applied to this image to

i nprove obj ect definition and reduce the effects of the notion and
pi xel -size blurring 15 that affects the horizontal resolution of the
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t he neut (bnhtag%lrtgpﬁh@mphqmmnsc% wkaiae 80 and TNT 82 show up in a variety of
colours from green to orange, depending on the R value of the material. Two ceramic
statues on the top shelf, one filled with iron shot 84 and the other with sugar 86 can be
clearly distinguished, both by density and by composition,
Figure 7a to 7c illustrate a further selection of materials, including concealed

25 contraband, alcohol and both simulated and real (Detasheet) explosives. Three hollow
concrete blocks are positioned on the top shelf. The lefi-hand block contains concealed
organic material 94 (drug substitute); the centre block is empty and the right hand block
contains alumina powder 96. These three blocks provide simple models of drugs
concealed within a ceramic or pottery object, a hollow, empty object and a hollow,

30 empty object with thickened walls. Whilst the gamma-ray image of figure 7b clearly
distinguishes between the empty 95 and filled blocks 94 and 96, it cannot separate the
drug-surrogate filled block 94 from the alumina filled block 96. In contrast, the
neutron image of figure 6¢ clearly reveals the concealed orgamc filling 94 shown as a
yellow/orange patch. On the left hand side of the middle shelf are positioned two

35 containers, one filled with pure alcohol 98 (Meths) and one with water 100 (H20). The
alcohol 98 shows clearly as being more ‘organic’ (h1gher R value) and is predommantly



not or bi ke. This inmage provides a good indication of the overall imaging
capabilities of the equipnent. In particular, fine details such as the
front brake cables 52 show quite clearly in figure 5b, even though they
are considerably smaller than the 20 mm pixel size. The netal frame 54 and
engi ne 56 of the bike show up blue in figure Sb; 10 whereas the fuel 58 in
the petrol tank, rubber tyres 60, plastiggseat 62 and plastic lights show
up orange. The oil 64 in the sunp (inmedi ately above the kickstand), .when
averaged together with the netal around it shows as a green patch. In
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results of the gamma-ray scan only. Neither of the packets of surrogate drugs 126 are
particularly obvious. The propane gas cylinder 128 can be identified on the basis of its
shape, although the organic nature of its contents is not clear. Figures 8¢ and 8d are
25 coloured according to the neutron/gamma ratio R, as a result the inorganic materials
show up in figure 8¢ as blue (the surrogate drugs 126'and the gas cylinder 128) and the
organic materials as orange (the computer 122 and blocks 124). The proportions in
which the two images are combined are adjusted by the operator to maximise contrast
and sensitivity for organic materials which are coloured yellow and red and to minimise
30 the effects of clutter resulting from overlapping objects, the result is illustrate in figure
8d. Clearly both packets of concealed drugs 126 can be identified.

Figures 9a to 9d illustrates a ULD with drugs 124 concealed inside two
computers 122 and a fridge 120. Whilst it can be seen in the gamma-ray image of
figure 8b that the top two. computers 122 appear somewhat different from the bottom

35 two, it is not clear whether this is a genmine difference in the structure of the machines.

However, in the figures of 9¢ and 94 it is immediately apparent that the difference is



.that the sinulant is a good substitute for real explosive. On the bottom
shelf is a case containing twelve glass bottles of which only four are
visible, two filled with sinulated 5 spirits 106 (40% et hanol, 60% wat er)
and two filled with water 108. Again, the alcohol filled bottles 106 show
up as having a higher R value (nore green/orange) than the water 108
(predomnantly blue). This is in contrasii7to the bottles shown in figure 7b
whi ch are al nost indistinguishable. Figures 8a to 8d, 9a to 9d and 10a to
10d illustrate the results of imaging ULDs 10 f|IIed with a variety of

obj ects. | n Hetorhiaee volymecal ongpreic fondtetialgas shavime bylthe brightberemge colour of

- del i ber at el ythéspegibmd witl dﬁugmlzﬂ Th@t t‘i%' (i?}r#)u‘t'éﬁ?% §61ﬁ£{19»f1 tktgv\%g &F ﬁ&?tffhl ly

obt ai ned. | articular erla
be present rl’ &%ﬁﬁ%‘ﬁﬂmﬂ)é’ﬂg&geq (%'Pﬂs tl%/lﬁér'?@n@t&t)t()h@)s ltredmnmamﬂ)t dles o
“that the obj J (amrgmmoﬂ toey RISRLRRB0l66r otcﬂh@@ést ¥f ﬁﬁ%mﬁutertsgu%%o@l@ S Mlg 't
utter res 8a to

realit i consi der abl u

8d ill ﬁst Fat es ﬁ&s&%;ﬂfqmgﬁe Waaaio&m%t ?r}m@g“fﬁcﬁ]i’s‘éﬁt@le(fﬂéﬁeé@q @%ﬁﬁl@r thea

[)lef r |kger at orang@@lyaird tise ventad ot dip i 8Fes 151§2ﬁ omtﬁaél,t?@afré f the!fiape fq)gr}gftet e
ocks 124 gsphsthi M.S i pes qor hol | ow statyes of figurines

and tools. Tlg\o a%:lgétﬁséu?%f écofl ?éﬁ ey that s wqmay %'?%FIG QE%IIJHCare :

conceal ed V\natnﬁllﬁ CopfEasp o @ﬁ@f@@mmsnﬁgmandnuﬂmedﬁsmm@ﬁe ﬁeﬁleof(tﬁ@ﬁli@gee

bl ocks. A pr@pgde Olnﬁﬁi n the ULD., Fi.qure

8a illust rgt(e clg%tsz)ﬂ;yé gs][sm%ﬁﬁ z{ﬁ]b g%%ﬁﬁggpﬁ'@ 4 ?rge% ‘YR8 %E“?lﬁéﬁ th

results of ttf@ Q%E‘H‘B ’tna‘i?e§ C%P$WE@pfmw fecloateledf dagy 124 atee

drugs 126 arcéearlpemmbteu Mditibn@byldthléi- orfitfic %&é}?ﬂ% WS UEY d%@a% Iy gn% S&pmbe

0 a

i dentified t he or a
contents i s%ﬁow%l ear . e’%ﬁl‘i) %‘dgﬁqgﬁ&n@g{i%faﬁn@’@%ef W@d%é@é‘ﬁ&ﬂﬁgof et he
neut r on/ gamfﬂdgﬁliiob alRo shewsup esodahgd. he i norganic materials show up in

figure 8c as blu q d t.he C der 128) and
the orggai ¢ o e 022*50?22’%%&@46%%&%3&?@ ik e ool e e derhe
proport i exqjh podh metamnkst stherkeraionti3ione tidden msﬂjws h@l@bvb)toﬁdirete

oper at or tOHfK&“X(IIBQSGI‘]@@ﬂIem t y: .£:QL ,Of rials I ch
are col oureq_rl g phéﬁﬁ%ef{]ﬁrfi%ﬂégdeglom %lﬁéasfr?a g?”?’l &h
resul ting fr B]ﬁmé dﬂf é’t@@%@l&e’@tﬁqrgmc Flﬂtlutﬁsftftth@ eoncnaléd gmgs 8d.
Clearly botHs p\adm@mtheo@rmaigdd tiils etgpol RRonGAR éi%eof'ﬁ’@ﬂés' foceslq 10h9WRs 92

to 9d ill de t t 122
and %r{zéséﬁtzﬁtﬁe%“m%% SR <Oa®? TOF Behuniioveals thoyisourd ormgur o
t hat

e 188 gnd 424, ﬁ‘éb%allyethg hepin Hfhedoursd ydmtnsﬂiefmecmteté blooks 152,
bottom 35 t i thé ineﬂﬁnﬂf%taﬁ‘h@@ﬁm%xﬂt%ﬁleﬁ Wl% ﬁte%ogel@g;o?glgﬁlé &létgl%ﬁet }2 the

ures O

structure o hin ver, Inth
i nedi at el yfbglﬁjﬁg,%%fr lﬁfg)fk T Qle\(l)i?%fcéer Hﬂjecqxgposmon discrimination is less revealing
in this case. However, the package of drugs 134 can be identified as a potential

anomaly on the basis of its shape and higher density.

25 The radiographic equipment as described can be used in at least three ways for
detecting and identifying contraband materials. Firstly, the gamma-ray images provide
considerable information about the shapes, sizes and densities of objects inside an
object such as a ULD. Some suspicious materials can be identified on this basis.
Particular examples would be packets of drugs concealed inside spaces or cavities of

30 hollow objects. Secondly, the colouring of the gamma-ray image on the basis of
composition information derived from the neutron measurements provides powerful
exfra clues in the interpretation of scan images and identification of suspicious
materials: In particular, the detection of organic materials inside prcdommanﬂy

. inorganic objects is greatly facilitated. Thirdly, under certain circumstances, the

35 equipment can be used to measure the: neutron/gamma ratio (R values) of suspicions

materials to furher assist in their 1dent1ﬁcat10n T.hJS approach works best whien there is




17 due to a large volune of organic material, as shown by the bright
orange colour of these regions with drugs 124. The top two conputers 122
contain -1 kg bags of plastic beads sinmulati.ng packaged drugs. This is in
contrast to the predom nantly blue (inorganic or |low R value) col our of
the rest of the conputer structure 126. Simlarly, 5 it is not clear from
the ganma-ray i mage of figure 9b of the i dge 120 whether the anonmaly in
the centre of the inage is part of the structure of the fridge or not.

However, in {filgures 9c agnd 9d it can be seen that the anomaly 124 is
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especi al | y thsetrpe trangmitson, eol ous-ecbsy-eddtiowritivsicde bt baceoear et e bl ocks 132.
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drugs 134 caetdben dentsofic@da@d & js al e is. of its
shape anghi cghﬁ.}r . %ﬁ{nsit . 25 T et?ﬁ%l?é%dr@%h?‘?ggﬁi n‘ent“‘lgsnggica?tﬁeg%a&m@an be
used in ap IBEScig o yaateral fog cds MeVh gevtiens; Mo\ mguteamst analb Xn cbr
materials. Mamstd-yaysiwettgeanyha,aYs indhgassRevild by BORSIRHAEAbl e information
about the shapes, sizes and densities of objects’inside an object such as
a ULD. Some suspicious nmaterials can be identified on this basis.

Particul ar éwxanpFes wodlieexpempagket s of drugs conceal ed i@pi de spaces or
cavities of 130 hell ow %Jeﬁﬁ(tlﬁp )Secondl y, the colouring of( he gamma-ray

i mage on hhe basis of _conposition information derived fr t he neutron
measur ené t £248r ovi des POWERPGMH24sktra clues in the interfgfetation of. scan
i mges and identification of suspicious materials. In particular, the

det ectl on of or 936l ﬁﬁE %_;I;saéln%i ;? asul‘edr%S erct?\ge )r(n tl?eacr:](;[uln%l rates for 14 MeV neutrons,

2.45 MeV neutrons and X- or gamma-rays when no intervening object is present..

25 The cross-section ratios can be calculated directly:
Ma/px = log(t14/Rya)log(rx/Rx) (7)
Mz.45/li14 = log(rs.45/Ra.45)/l0g(114/R14) ®)
30 Note that both of these ratios are independent of the mass of material present in

the beam between the source and detector.
The cross-section ratios given by equations (7) and (8) allow a wide variety of
organic and inorganic materials to be distinguished.
| Figure 11 illustrates the ratio of 2.45 MeV neuiron cross-section to 14 MeV
35 neutron cross-section versus the ratio of 14 MeV neutron cross-section to X-or
. gamma-ray cross-section, for a selection of materials. The availability of two cross-



I norgani c objects is greatly facilitated. Thirdly, under certain
“circunstances, the 35 equi pment can be used to neasure the neutron/gamma
ratio (R val ues) of suspicious materials to further assist in their
identification. This approach works best when there is 18 Ilittle over- or
under-lying material around the substance bei ng neasured, or when the '
over- and under-lying material is reasongbly uniformin the -i nmedi ate
vicinity of the neasurenent region. Under these circunstances, it is
possi bl e to make an approximate correction for the absorption of neutrons
and gamma r &f9nratiee fguiher- enbauces ritierablilityngf Thenhivential td distibE@ikh HehGedd
- val ue of | usliffébg n ] r . ond enbodi nment. appl i.gs
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- dual ener gy itfikagdn ssion at different energies to 2.45 and 14 MeV. However

unl i ke sipgle ener utron transm ssi on discussed previously, 10 three
count rat gs are ﬁ@g’g“u Hgdh@tﬁr@%& ehpadifionadt besefit & using dival néveropaseergits,
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neo ane. 235 Ry 1 SR il e Bt it oo
and x r(e;Beéf"Ft’xPé‘F {espeRfivelye rel ations: rl14 = Rldexp(-mild) (4) rx = .
ore Tespoct oy thedsin 0o ARpusln TGl Blele' S huktiar:
and X- or ganWADF afHOth RS ahsusPIFEns pyiests eBotthesl SBrasstains. waisr Finkbottle
f:r ossl- Z ;a%tl i4d|54 catthins spigits, bﬁlﬂgfze@lbﬂc?iggdisiﬁlié SB%é’ZIoXVJe%%ﬁtZBg‘ ﬂfef %uit ase 4]/5|gla_£? (8)
30 Not o 1 par Bepe i 6l 168 herR 188 and Rpl sl (6% Kot L s toribloan | o
present :ﬁ, tl@qq@p@@gghtbﬁﬁlmﬁczshﬁ@.our ce and detector. The cr ?ss- section g
2:59%3%“ gﬁ%ﬁ%ﬁfﬁ% PoEyiibheft ot 8 e b imdin so SREER o or
_ ne tedt ol B tWe boitlend§2, BEL, we the treeqrackages 466, 18, Y60 sus
t he r at i 0 ofnlle NgM nadistideriedsse #RE hh@sihRiaXdeRities. The neutron images 12a,
12b provide more contrast between the different materials, but the best results are
20 obtained from the cross-section ratio images 12d and 12¢. In particular, the book 156 as
shown in figures 12a and 12b virtually disappears in figures 12d and 12e as paper has a
similar composition to the surrounding clothing, whereas the drugs 158 in figure 12
and explosive materials 160 in figures 12d and 12e can be clearly distinguishéd. A
o clear difference is also seen in both figures 12d and 12e between the bottles containing
25 water 152 and spirits 154,
In a first variation of the dual neutron transmission method, the operator would
form a new image that is a linear combination of the two cross-section ratio images,
The proportions in which the two images are combined are adjusted by the operator to
maximise contrast and sensitivity for contraband materials and to minimise the effects
30  of clutter resulting from overlapping objects. : |
Figures 13a to 13b illustrate simulated 14 MeV neutron and X-ray images
respectively of a container 170, taken from the side. Due to their high density, the steel
pipes 176 dominate the images, making it hard to see the outlines of the computer
equipment. However, by forming a single image, figure 13¢, from the two cross-section
35 ratio images given by equations (7) and (8), it is possible to remove the “clutter”
associated with the steel pipes 176, to reveal the computer boxes 174. | o



gama-ray cross-section, for a selection of materials. The availability of
two cross 19 section ratios further enhances the ability of the invention
to distinguish between different nmaterials. Consequently, analysis of the
three mass-attenuation coefficient images allows information about the
contents of the object being examined to be inferred. 5 Figure 12
Illustrates the additional benefit of using dual neutron energies,
consider the sinulated i mages of a suitcase 150 shown in Figures 12a to
12e. Images 12a to 12c correspond to equations (4) (5) and (6) and show
the transni ssi onThis aparoagiesanheutnderstooddyitbrafshaedo Figns 1 AnChdesing a linear
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154, or t hel3tshexwsphe keasgsofthiz, prdce8s. 160 on the right hand side of the
case that have simlar densities. The neutron inages 12a, 12b provide nore

contrast_ between the different materials,_ but_ the best results are 20
obt ai ned 4 r om t haltbpeghsongetichramaty of thedgeentib® chaabeen discussed, piashiuddibar |

the book 15@pmScia®leM shéh i GHEGRMERGS %ﬁﬁ b \he i hﬁn&&f@»ﬁgﬁ@%ﬁﬂ& 15

figures 12d.and 12e a er has a simlar conposition t f urroundi ng
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20  source to allow views of multiple objects to be acquired simultaneously.

Of course, in operation, objects that are to be scanned may be passed through
the tunnel on a conveyor belt or winched or pushed through using a suitable
mechanism. ‘

Whilst in the above embodiment, the two radiation sources are operated

25 sequentially as the object is scanned through the analyser, In a first variation, the object
is scanned through the analyser twice, with one source being operated for each scan, In
a second variation, each source has a separate associated detector and the object is
scanned only once. In a third variation, the two radiation sources are operated at the
same time, a single detector is used and energy discrimination is used to separate the
30 signals due to neutron and X~ or gamma-rays. '

In the variation (dual neutron energy embodiment), the radiation source
comprises three separate generators of radiation, one producing 14 MeV neutrons, one
producing 2.45 MeV neutrons and the last producing high-energy X- or gamma-ray
radiations. The neutron sources are sealed tube neutron generators or -other compact

35 sources of a similar nature, producing neutrons via D-T and D-D fusion reactions.



_pipes 176 domi nate the inmages, nmaking it hard to see the outlines of the
conputer equipnent. However, by formng a single imge, figure 13c, from
the two cross-section 35 ratio inages given by equations (7) and (8), it is
possible to renove the "clutter” associated with the steel pipes 176, to
reveal the conmputer boxes 174. 20 This approach can be understood with
reference to Figure 11. Choosing a |lineag; conbination of inmages (7) and (8)
is equivalent to colouring i mage pi xels according to their distance from
an arbitrarily orientated |line drawn on Figure 11. By choosing this line
to be parallel t®heWueseidatondsomedes rarabperad sequumbinlivtal gie objebthieS@anned

.materials i S I n the . examle. di scussed, line is
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packagi ng offrepémesnyith ene sourae being opaptedtthe exherbn, Ipipesombnariionpetht 0
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has been di YEUEUY IWptordpeygiod the radigionesoieoes dra pparated eh tensaerdotintie rveitit 2i
onl y_one of sipte deeitod el il diffinRhitel BhRed 8 cishRENMENGEAR U b3l I
t he above ei’?ﬁle t he radltlatlon sources are situated on one” side of the
object to b A GYSPULATS: {975 CRREER BEWoRs apd Kher SHPHSITRE. side, in a first
variation, the sources are situated above or bel ow the object to be

exam ned, with the_] e tor osition on .t oppesi te side (helow or
above respective yBNﬁFIb% aégxge&age dgy VAPPSR ?@H?gﬁgs%aﬁr@%%n%ama%tv 418 can
be rotat &8 apdlandmpdidicetignecmay obbengdeans rhel inventinl @y sholii i ahyi Pesifito be
obt ai ned. | j hat : ' £ f SO es. and. detectars are
ised o al | oavotithirs WALHA' AR AhRh o3k b baRCHE B PO SLHENEY
object. In é‘e?c&ﬁ’gg-h T@‘Sﬁ%@iﬂcﬁﬁl}bmﬁmbﬂ@, thereforsf todket enmsidersddn elldegpos ad
around a cefliusadativ fhEikétidieal | ow vi ews of multiple objects to be
acquired simultaneously. O course, in operation, objects that are to be
scanned may be passed through the tunnel on a conveyor belt or w nched or
pushed t hrough using a suitable mnmechanism Wilst in the above enbodi nent,
the two radiation sources are operated 25 sequentially as the object is
scanned through the analyser. In a first variation, the object is scanned
t hrough the anal yser twi ce, with one source being operated for each scan.
In- a second variation, each source has a separate associ ated detector and
the object is scanned only once. In a third variation, the two radiation
sources are operated at the sane tine, a single detector is used and
energy discrimnation is used to separate the 30 signals due to neutron
and X- or gamma-rays.



In the variation (dual neutron energy enbodi nent), the radiation source
conprises three separate.generators of radiation, one producing 14 MV
neutrons, one producing 2.45 MeV neutrons and the | ast producing

hi gh-energy X- or gamma-ray radiations. The neutron sources are seal ed
tube neutron generators or other conpact 35 sources of a simlar nature,
produci ng neutrons via DT and D-D fusioP reactions. 21 The three

radi ati on sources are operated sequentia %y as the object is scanned

t hrough the analyser. In a first variation, the object is scanned through

t he anal yserREFERENCESes, with one source being operated for each scan. In
a second variation, each source has a separate associated detector and the
object is scanned only once. In athird 5 variation, two or nore of the
radi ati on sources are operated at the sane tinme with a single detector,
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10 Decenber 2002. 24 CLAIMS: 1. Radi ographic equi pnent conprising: a
source ofCkabdfanti ally nono-energetic fast neutrons produced via the 5
deuteriumtritiumor deuteriumdeuteriumfusion reactions, conprising a
seal ed-tube or sim|ar generator for producing the neutrons; a separate
sour ce ofl. X- r Rpdiograptragiipmeps conpreid:i ci ent energy to substantially

penetrate an gbigele P Q%sthxﬁ?a@l?dmoﬂo%ﬁbﬂﬁkﬁ@tfhﬁgnﬂt&ﬁl‘ p?bko@él' neth n&et he

neutron source and the X-ra source, . art romt he
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radi ati orbrlgeﬂlmir,geﬁerdt@t ﬁﬁfp@cﬁduafnrgah{e gamphns;sing a multiplicity of individual
scintillator plxes neut ron r adi amma- r ay

i on om e sReh B S A e D SR T S R0 Toei o
radi at i orpenettabe hn ghyectgoubs ésagetthe det ector 15 array aligned with the
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collinated to substa reven I'on other t hat
t randfi t tréx sourperﬁpeecfrpr@fthq n@vm gleand pomore sleHi 19y emfenaﬁphgtant@aﬁver si on

means forfa@g%ea}dmgl(;nhﬁaﬁqgght pul ses produced in the scintillators into
el ectri cal 20 conve ng nmeans for con t.he. obj ect between
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det enni niragife asuttdie reliavhr hthlX-sdygaad Latinea-milyt edissibh ogmiokd ﬁrdnﬁ theut r ons
and the )I(Etsr %X%\% sog%”ggné @/0091%?%16 I‘G?EBIE/?O‘| ?1oﬁt11?tocf h %\518 Fe@ Oll‘ng the

mass di stri 1 on and “¢o ject T nterposed ween each of
the 135 my@bgn@n\dltbléteef@n@hamd n‘ailatlcanlahamssqmnlaw fremrtheﬁ@rrcejp@brrayqlng i mages
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scanned. 2. phi nt according to claiml, Wwhere the X-ray or
gamma- r afm“?)@a%‘ O@m%frlo’g\e@a@%tﬁe@mﬁom or simlar radi oi sotope source
havi ng an enee@wegfion miéhist @Akchbtertingl thiyBMht pulses produced in the scintillators

into electrical signals;
20 conveying means for conveying the object between each of the sources and the
detector array,
computing means for determining from the electrical signals the attenuation of
the neutrons and the X-ray or gamma-ray beams and to generate output representing
the mass distribution and composition of the object interposed between each of the
25  sources and detector array; and
display means for displaying images based on the mass distribution and the

composition of the object being scanned.

2, Radiographic equipment according to claim I, where the X-ray or gamma-ray
30  source comprises a >'Cs, ¥Co or similar radioisotope source having an energy of
substantially I MeV.,

3. Radiographic equipment according to claim 1, where the X-ray or gamma-ray
source comprises an X-ray tube or electron accelerator producing X-rays through

35  Bremsstrahlung on a target.

4, Radiographic equipment according to any one of the preceding claims, where

the neutron source produces neutrons having substantially higher energies than the X-



3. Radi ographi ¢ equi pment according to claim1l, where the X-ray or
gamma-ray source conprises an X-ray tube or eI ectron accel erator producing
X-rays through 35 Bremsstrahl ung on?Z2a target. 4. Radiographic equi pnent
according to any one of the preceding clains, where the neutron source
produces neutrons having substantially hi gher energies than the X 25 ray
or gamu-mpys ghmowmbyeidn tha)-oty gagamamaayy saucs evhenhtheenentren nedi®-on and X-
ray or r r t in the
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of plastic or %wd or |c sglntlllator for the detector of the neutrons

and one qur%qs &?R%ﬁt ¥xels of plastic, liquid or inorganic
scintillator for detection of the X-rays or garma rays. 20 7. Radi ographic

equi prent, acc Citogtgapﬁl%l % i a%fcor%m%‘#)s Ay QH %gf WPa%ag 1e%c§ %/lhglte %hgf the

source and de ors are e to ensure
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cIa|n11 er conprising a second or simlar eutron source
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reaction to hht %}lrstt sou(#cE graphl c equi pment according to
clai m 8, SHHEHO SN ‘?%(orﬁﬁ ‘ﬁrega“gﬂ?; Rd- neutron source are detected in
a separate collimted detector array conprising individual pixels of
plastic or I ﬁ%iggl%fagi%r}hﬁipﬁf\ehpﬁdc&(ﬁﬂé){d any one of claims 4 to 6 where each slot

of the source and detector collimators are sufficiently wide to ensure full illumination

of the detectors by the source, whilst minimising the detection of scattered radiation.

25 8. Radiographic equipment according to claim 1, further comprising a second
sealed tube or similar neutron source producing neutrons via either the deuterium-
tritium or deuterium-deuterium fusion reactions, where the second source uses the

complementary fusion reaction to the first source.

36 9. Radiographic equipment according to claim 8, where the neutrons from the
second neutron source are detected in a separate collimated detector array comprising

individual pixels of plastic or liquid organic scintillator.

10.  Radiographic equipment according to claim 9, where one of the first or second
35  source of neutrons has an energy of substantially 14 MeV and the other source of

neutrons has an energy of substantially 2.45 MeV.



10. Radi ogr aphi c equi pnment according to claim9, where one of the first or
second 35 source of neutrons has an energy of substantially 14 MeV and the
other source of neutrons has an enerddy of substantially 2.45 MeV. 26 11.
Radi ogr aphi ¢ equi pnent according to any one of the preceding clainms, where
t he conversion neans conprises a plurality of photodi odes, wherein the
scintill altlor Rrard‘togreiphic dosippaint atabdieg tto almavee ainthe prasdmg oams) ehet h
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to a nmulibiBhicdie Motsdif@se or nulti-anode photonultiplier tubes. 10 13.
Radi ographl c equi pnent according to claim 1l or claim 12, when dependent

on any one of clainms 8 to 10, where the electrical S|gnals fromthe
conver si an. rreata&mg@pﬁlcuﬁ}aﬁnﬁsm la&fo@ding @ atiy oS of S8 ippetedingtdemeeuherens from

t he neutr n source and t . ys. thr h the.object being
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sour ce, tomdtiplicigyd songlegamuetirampde phhaombkiphentitbesns 15 from t he second
neutron source through the object being scanned. 14. Radi ographic equi prent

accor di ngl to claim13, where the transm ssions are used to conpute nass
attenlatildn cBefibEwpbistequinmans apendiagdn chimell roelain $31 wherndenenderits f er ent
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accordi ng T AT 0 hass-attenuation
coef fifci érm thmg@mdfn@u’tr@asﬁurcpﬂ thetughdlne ehijeg bapgeranaed.conput er screen with
di fferent pixel values napped to different colours. 30 17. Radiographic
equi prrent according to claim 16, where the nmass-attenuation  coefficient
i mges arlé- obRafingBplicradynsd RecHaingdo it avhere e HaNMEHRNN 48| ons  f or

;ach of tWhel destnghitd fakd hﬁinﬁam@eu?dfﬂaanﬂhagt@yf@ rewn%a&@ur&rdzwmneuhr ons and
- rays or mtLritl um.neutrons
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20  distribution and composition inferred from these computations.

15.  Radiographic equipment according to any one of the preceding claims, where
the computing means comprises a computer to perform image processing and display
the images on a computer screen.

25
16.  Radiographic equipment according to claim 15, where the output is
convertable to mass-attenuation coefficient images for each pixel for display on a

computer screen with different pixel values mapped to different colours.

30 17. Radiographic equipment according to claim 16, where the mass-attenuation
coefficient images are obtainable from count rates measured from the transmissions
for each of the deuterium-tritium neutrons or deuterium-deuterium neutrons and X-
rays or gamma-rays, or the deuterium-tritium neutrons, deuterium-deuterium neutrons
and X- rays or gamma-rays.

35
18.  Radiographic equipment according to claim 17, where the computer is
operable to obtain cross section ratio images between pairs of mass attenuation

coefficient images.



35 18. Radi ographi c equi pnent according to claim 17, where the conputer is
operable to obtain cross section rati o i nages between pairs of nass
attenuation coefficient imges. 27 279. Radi ographi ¢ equi pnent accordi ng
to claim 18, where the proportions in which the cross section ratio inages
are conbi ned are adjustable to maxinmse contrast and sensitivity to a
parti cul af. objRediogtaghisge@iamenteaccordingdo i dieige 1 8,5where Raedpogrriohs cnequi pnent
accor di nlioh Hothds 1830 rfil Pinfel are WBRHck i aFUUL &7 bl Bnbsyper f orm
automatic material identjf]cation bas on the nmeasured cross sections.

21. Radi &@ﬁéﬁ?ﬁ@”&d@liﬂ[ﬁﬁﬁﬁt‘hﬁ@@@?@w rgmgnediinfhegmagper e the proportions in
10 which the cross section ratio images are conbi ned are operator

adj us ab 22. Radi ographi ¢ equi nt accordi an ne of the

precedi n& cl ai l,OgWﬁggee "Pﬂné‘e%toﬁ?‘@n@“%ntﬂ Pl d]ggtgé’ﬁtﬂ?mér&ang‘?r‘é @?ati onary
and t he compeier Mgalie &ngerf@nasutangddmasyiahidehidficatibe bakydesti the snabliredt o be
noved |nc§§sgggctghsthe source of neutrons. 15 23. Radi ographi c equi pnent
according to any one of claims 1 to 21, where the object is stationary and
the conveying neans arranged such that the source and the detector array

move in wnchkaabg&abmceéc}mﬁerﬁ' &%ofafmg ke cmne?@ W%Qrerhe ngb%hérm' C

equi pnent acc? to any. one of clains 1; where [tiple sets of
det e¢tor gv}a%t@C{%ﬁ%oaf%wawgﬁfear@@amé@@dmQﬂqraéqr@dﬂﬁmb}em ly located to
all ow scans of a plurality of separate objects to be acquired

si mul t anegusl 25. di ographic e ment acc one, of the
pr ecedi nggcl af AECERREF éﬂqu%glegﬂgcqo Eq iRy oF° %ﬁptijﬁgf&f;’ft’fé‘gc? é’r‘f"}iﬁ? deut eri um
and/ or delut gnireemand ilte detache utagare getivneesaridsthe coteyingrmems 104@anged

neut 1 ons/agealehy s AR 8e H9a 1Rl b BRSSIRL e pdfionfad 00 aphi c

equi nent accor |n e scinti ors are surrounded by
a mask to cover at least a portion of each of the scintillators, each mask

30 havi ng3a fRé@leﬂa?ﬁll:ee%{bipYI?en? WedAgiag e h9fdnedr @arAPeS hi g%e@%g es back
into the  scintil
object 15 stationary and the conveying means arranged such that the source and the

detector array move in synchronicity either side of the object.

20 24, Radiographic equipment according to any one of claims 1 to 21, where
multiple sets of detectors are situated around the sources which are centrally located

to allow scans of a plurality of separate objects to be acquired simultaneously.

25.  Radiographic equipment according to any one of the preceding claims, where
25  the intensity of either the deuterium-deuterium and/or deuterium-tritium neutron

sources is of the order 10'° neutrons/second or as high as practically possible.

26.  Radiographic equipment according to claim 11 where the scintillators are
surrounded by a mask to cover at least a portion of each of the scintillators, each mask

30  having a first reflective surface to reflect escaped light pulses back into the
scintillator.



