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IMAGING PROCESS AND SYSTEM

Technical Field

The presant invention relales {o tomograghy imaging process and sysiem. More
5 particularly, the present invention provides a Tomography Imaging proosss and
systermn for providing crystallographic information of a gemstone and in particular a

diamond.

Background of the Invention

10 As is knpwn, diamonds are a key componant wlifized in many howry goods and
fterns, i particular in articles of jewellery, and diamonds can have avery significant

yalue.

As is known, the value of a diamond can depend on several physical properties of
the diamond, and there are four main globally accepted standards ulilised to assess
15  the qualily of a diamond, typically known in the gamsione industry as the 4C's, which

correspond io the gemstone properties of clarity, colour, out and carat weight.

By way of example, the Gemological Instiivle of America {GIA) has a dlarily grade

as shown helow:
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20
For the assessment on the clarity of a diamond, the assessment is based upon the
guaniity, size, and position of defects within the stone are required to be determined.

inside the body of diamond, there may exist impurities, volds and cracks, which are

considered internal defects.

25 Al the diamond surface, there can be under-polished regularities and scratches,

which may be considered external defects.
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These internal and external characteristics of a diamond are also important with
respact to a diamond, as they can be one of the unique identifying marks or
“birthmarks” that can be usad for the identification of a diamond.

Currantly, the most accepted practice {o daterming a diamond's clavity is by tralned

5 gemologist using 8 10x microscope. Gemologists are irained for several manths
using standard diamond samples with different type of defacts, with a view that a
stone when assessed by different gemologists should reproduce the same
assassment result for the clarily grade.

However, as can be noted, even under standardised training and assessment
18 procadures, the repeatability of cdlarity assessment cannot necessatily be
guaranteed, becausse of the ungvnidable lssue subjective human judgemant,

Assessmant on the same diamond by a same person at different Hime, may also

result differant clanly grades being applied fo the same diamond. Because of

human's vision liredness, different judgement on the same diamond may also be
15 made before and after assessments on many different slones,

Therefore, evaen for trained and experienced professional gemologists, such
gemaologists still experience difficultly for providing repeatability and consistency of

clarity assessment.

20 Object of the Invention

i is an object of the present invention to provide a tomography imaging process and
systam, in particudar & syslem and a process for providing crystaliographic
information of a gemstong, in patlicular 8 diamond, which overcomes or at least
partly ameliorates at least some deficiencies as associated with the prior art.

25
Summary of the Invention
in a first aspect, the present invention provides a system for providing a three-
dimansional computer tomography image of a gemstone, said sysiem comprising:
an X-ray source for providing an X-ray towsrds a gemstone;
30 an X-ray detecior systers for detecting X-rays transmitied through or diffracted

by the gemsione;
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whaerein said X-ray detector system surrounds the gemsione and detects a
thres-dimensional multi-angle X-ray diffraction patiern from the gemsione upon
rotation of the gemsione within the X-ray field, and

wherein sald X-ray detector sysiem provides an oulput signat therefrom,

5  wherein said output signal provides for invasive thres-dimension mulliangle X-ray

diffraction recanstructed compuied tomography from the three-dimension multiangle
X-ray diffraction pattern.

The Instrument may built with X-ray convantional computed tomography machine.
The system may include a plurality X-ray deleclors.
10  The system may further include a sample stage.
The sampie stage may be a J-axis linear and rolational stage.
The sample stage may be disposed al a cross point of alf detectors and X-ray sourcs.

The X.ray sourceg may be common laboratory accessible source, a conically

diverged wave, a spherical wave, or a collimaled wave.

15 The X-way deleclor systemn may comprise four orthogonally disposed Xeray
detectors.
A system according to claim 11, wherein the four X-ray detectors are arrangsd io

form a front and bottom-end opened cage surrounding the gemstone.

The multiangle X-ray diffraction pattern may be captured for sach rotation angle of
20 the gemsione .

The system preferably provides for a high spatially resolved sample plane orientation
image which is reconstruciable by the three-dimension multlangle X-ray diffraction

patiern.
The gemsione is prefarably a diamond.

25 A process for providing 8 three-dimensional computer fomography image of a
gemsione, said process including the steps of:
{1y providing a system according to the first aspect,
{iiy rolaling a gemstone within an X-ray emission field from sald X-ray source;
wherein said X-ray detecior system sumrounds the gemsione and detects a three-
3¢ dimensional multi-angle X-ray diffraction pattern from the gemsione upon rotation of
the gemstone within the X-ray field, and said X-ray detecior system provides an

output signal therefrom, whereinh said output signal provides for invasive three-
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dimension multiangle X-ray diffraction reconsiructed computed tomography from the
thres-dimension multlangle X-ray diffraction patitem.

Brief Description of the Drawings

5 in order that a more precise understanding of the above-recited invention can be
ablained, a mare parlicular description of the invention briefly described above will
be rendered by reference to specific smbodiments thereof thal are lHlustraled in the
appended drawings. The drawings presented herain may not be drawn o soale and
any reference o dimensions in the drawings or the following description is specific

10 o the embodiments disclosed.

Figure 1 shows a schematic diagram of the experimential setup of the Diffraction
Contrast Tomography (BCT} with synchrotron X-ray souwrce, for explanatory

puUrposes;
Figure 2 shows a schematic diagram of the experimenial selup of the DCT in
15 laboratory X-ray source, for explanatory purposes:

Figure 3 shows a schematlic diagram of an embodiment of an imaging system

according to the present invention;

Figure 4 shows an absorption image of diffraction spots from diamonds of a group
of three diamonds contained within a container of charcoal powder, using a system
20  and process according to the presant invention;

Figure S5a shows 1o a DCT image of a rough diarmond using @ system and process
according to the present invention; and
Figure 5b shows the appearance of the rough diamond as used for the generation
of the DCT image as shown in  Figure 5a.

25

Deatailed Description of the Drawings

The present inventors have identified shoricomings in the manner in which
investigation of gemsiones, in particular rough diamonds, and upon identification of
the problems with the prior anl, have provided a syslem and process which
30 overcomes the problems of the prior art, and provides a system and process which

is more consistent and refiable.




WO 2021/209048 PCT/CN2021/087858

Crystallographic information is important information pertaining to the properties of
a material. Crystallographic information can demonstrate how the crysials ars
orientated in a material, and the strain within a material, for example.

Within the arnl, thers exist techniques for retrisving crystaliographic infornvation, such

5  as Xaagy diffraction (XRD) and electron backscatter diffraction (EBSD), Although
these methods are now accessible, the prasent inventors have identifisd certain
limitations.

XRD is commonly used i lzboratories as a technique for measuring crystallographic
information of a material. An advaniage of XRD is the non-dastructive nature of X-
1C ray. in particular to non-biclogical materials.

There have been some advances in measurement slrategies, such as bwo-

dimensional dala collection [1L. XRD can also refrieve iwo-dimensional

crystallographic information by sample mapping.

Howevar, the applicable sample depth is limited by the atlenuation of the X-ray beam
15  in XRD, as such it has been identified by the present inventors that the applicabliity

of XRD is also limited by the sample nalure, geometry, thickness, surface flathess

and the like.

Another fechnique, EBSD, can provide delalled crystaliographic information of a
materail, Impleamented in scanning electron microscope (SEM), EBSD delects
20 electron backscatiering patiern for the crystallographic information {2]. With slectron
scanning through the surface, two-dimensional crystalfographic information may be

refrigved from g matenal.

EBSD can be advanced into three-dimension (3D EBED) by the combination of
focused ion beam {(FIB) [3]. 3D EBSD may be considered a standard of thres-
25 dimensional crystallography. However, as identified by the present inventors, 3D
EBSD requires serial sectioning of a sample by FiB, which is a destructive tasting
method, prohibiting s application on time-evolution studies and precious samples

syuch as gemstones including diamonds.

Daveloped from synchrotron, Diffraction Contrast Tomography (DCT) [4] [5] now
30  can provide an altermnative way to exisling techniques to retrieve three-dimensional

crystallographic information non-destructively,

DCT is a technique combining X-ray computed tomography {CT) and XRD {8] {7].
C7T is a well-developed lechnology in both medical and material sciences.



WO 2021/209048 PCT/CN2021/087858

By using penstrating X-ray irradiation, the structural information of a material can be
retrisved from absorption conirast [8]. This is of particular importance In non-
destructive testing of materials,

DT can relrisve crystaliographic information such XRD and determine a
5  microstruciure non-destructively like CT cap provide [4] 18],
The fundamental equation of DCT is the same as XRD, which is the Bragg’s law {1]
{9l
2d sin =nd
Where:
10 A s the wavelength,
d is the distance between sach adjacent crysial planes,
8 is the Bragg angie at which one observes a diffraction peak, and

11 is the order of reflection.

The experimental setup of BCT is similar to CT, and referring 1o Figure 1 there is
15  shown a schematic diagram of the experimental setup of the DCT with sychrontron
X-ray source.

Synchromron X-ray beam 110 is emitted by an X-ray source, and s irradiated on
asample 120 which is rotaling betwean the X-ray sotrce and X-ray detector 130,

When the sample 120 is Iradiated by X-ray beam 110, pholons interact with the
20 material within the sample 120. Materials with higher density will give a lower
fransmission of X-ray 140 and vice versa. Therefore, whan the fransmitted X-ray

beam 140 reach the detector 130, absorption contrast images can be formed.

At the same time, pholons satisfying Bragy's law at the orystal grains will be

diffracted away front the central main beany.

25  inorder to caplure these diffracted pholons, an aperture 150 is provided to allow

ceniral X-ray heam Hluminating the sample 120 only.

There will be no X-ray Hluminating the outer part of the detector so the diffracted
photons can be capiured by the detector 130. These diffracted photons appear as
diffraction spots 180. By consarvation of energy. the orystalline grains satisfying

30 Bragy's law witl bave less photons reaching the detector 130, thus leaving
gxtinction spots with additional diffraction contrast,
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The diffraction contrast of the extinction spots can give the structural information of
the crystal grains satisfying the Bragg law. The position of the diffraction spots 160
¢an give the 2 8 information.

Hence, the orfentations of the crysial grain can also be obtained. By correlating the
5  diffraction spots and extinction spots, the three-dimensional structural and
arystaliographic information can be obtained non-destructively,

Development of the BCT Technology

DCT was first developed in synchrotron facilities, in which monochromatic X-ray

heam is used.

i0 More recently, the technolegy has been brought fo laboralory for example
{LabRCT) [10]. As in a synchrotron, the experimental setup is similar to C7 with

addition of aperture. The main difference is the nature of X-ray source.

Figure 2 shows a schematic diagrarg of the axperimental set up DOT in laboratory

X-ray source.

i5 in a laboratory, there is no well-collimated and monochromatized parallel X-ray
beam. Insiead, the fradilional method, using accelerated elsctrons {o hit metal
target, is used to produce polychromatic X-ray cone beam as the laboralory X-ray

source 210,

Bacause of the continuous energy spectrum of polychromatic Xeray of the
20 laboratory X-ray source 210, LabDCT has diffraction spots 220 moving In a wide
range of angles instead of particular angle during rotation of the sample 230

As such, the dispersion of A gives a wide range of 8 in Bragg's law. ] is noled,
because of the energy dependence of intensity as a result of Bremsstrahlung and

characteristic radiations, the intensities of diffraction spots also change with the
25  Bragg angle 8.

LabDCT has now been implemented in commargial X-ray instriment [11] [12]. The
instrument uses polychromatic X-ray cone beam with energy up to 160 ke and is
able to oblain three-dimensional crystallographic information over sample with

volumes up to 8 mm3 {12}

30 Moreover, because of the non-destructive nature of LabDCT, the instrument is able
to conduct time-avolving 40" experiments, such as material change under heat or

siress over time.

Frasent lnvention - Application fo Diamond Imaging
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The prasent inventors have found that such DCT imaging techniques can be applied
in diamond imaging, 1o retrieve the crystallographic information within a sample
digmond.

Referring riow {o Figure 3, theve is shown a schematic diagram of an embodiment
5  of an imaging systern 300 gcomding to the present invention.

The diamond imaging system 300 comprises of 3 sample stage 310 for a sample
diamond 320 to be placed on. The sample stage 310 i3 3-axis linear movable and
is rotatable about #ts central axis such that the sample diamond 320 can move and

rotate upon irradiating by the X-ray beam emitled by the X-ray source 330.

10 This movahle and rotatable sample stage 310 allows the entire surface of the
diamond sample 320 placed thereon o be irradiated by the X-ray beam, and
therafore providing a thorough examination to the crystaliographic properties of the

sample diamond 320,

in an smbodiment of the present invantion, the Xeray beam emitted by the X-ray
15 source 330 is a conically diverged wave, Allematively, the X-ray beam can also be

a spherical wave or a collimated wave.

When the emitted X-ray pholons reach the diamond sample 320, photons of the X-
ray interact with the material within the diamond sample 320, Materials with higher
dansily give a lower transmission of X-ray and vice versa. Thaerefore, whan the

20 transmitted X-ray beam reach the detector 350, fransmission contrast images 3680

can be formed.

At the same time, Xray pholons satisfying Bragg's Law al the crystal grains are

diffracted away from the central main heam.

n order fo caplure these diffracted pholons, an aperture 340 is provided to allow

25 central X—ray beam #luminating the sample 320 only.

X-ray detectors 350 are arranged to detect the photons which are diffracted away
from the central beam according to Bragg Law.

Diffraction of X-ray photons does not only occlyr along the direction of the incident
X-ray but at all direction from the sample diamond 320. In order to collect more

30 information signal regarding the diffracted photons from the sample diamond 320,
multiple detectors are arranged, preferably surrounding the sample diamond 320
like a cage, such that more information can be captured.

There will be no X-ray luminating the outer part of the detactor s0 the diffracted
photons can be capiured by the detectors 350. These diffracled photons appear as
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diffraction spots. By conservation of energy, the crystalline grains satisfying the
Bragg law will have less photons reaching the detector 350, thus leaving extinction
spots with additional diffraction contrast.

Tha diffraction contrast of the axtinction spots can give the structural information of
5  the crystal grains satisfying Bragy's law, The position of the diffraction spots can
give the 2 8 information.

Hence, the orlentations of the crysial grain can also be phiatned. By corelating the
diffraction spots and extinclion spots, the three-dimensional structural and

crystallographic information can be obtained non-destructively,

10 information received at each of the detectors 350 are then be added up to provide
a more effective caloulation and analysis 1o the crystaliographic properiies within

the sample diamond 320.

Diamond is the single crystal of carbon with face-ceniered cubic {fec) structure.
The lattice constant is around 3.567 A at 300 K [13]. Therefore, it is found that

15 diamond can give sharp diffraction spois when illuminated with X-ray.

Figure 4 shows the diffraction spots of 3 diamonds condained in a boitle of
charcoal, an amorphous form of carbon using a system and process according to

the present invention.

The three circles 401, 402 and 403 drawn indicate the position of the diamonds on
20 the absorption contrast image inside the aperture. One of the diamonds, as
indicated by dircle 402, was stained with silver paint for ease of recognition. Only

diamond single crysials give distinct diffraction spots.

The different diffraction behaviors of diamond crystals and amorphous carbon has
been found o provide a useful jool In inspecling rough diamonds. Rough diamond

25 is the uncut and unpolished raw diamond mined directly from the ore.

Rough diamonds 500b are not fransparent on the surface and ook dull as shown in
Figure 5b. Therefore, whether a rough diamond contains single crystal diamond
inside Is a guestion which cannot be readily answered.

Traditional X-ray CT can give a distribution of impurity of the rough diamond,

30 howsver with no information regarding crystallinity. DCT can detect the presence of
single crystals by sharp diffraction spots. This can assist the diamond industry to
salact high quality rough diamonds.

Figure 5a is the DCT image of a rough diamond 500a, using a system and process
according to the present invention. Only very fine and random distribution of
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diffraction spots 510a can be seen. This indicates that the rough diamond 500a
contains only polyerysialiine diamond.

The brighter rod shape spot 520a at the lower left comer indicales that there is &
small region with balter crystallinity but stilt not a sharp diffraction spot indicating
the presence of a single crystal.

G the other hand, afthough polished diamond Is the single crystal of carbon, most
of the diamond is not perfect. These imperfections, if can be visible under 10X

microscope, are called inclusions within the art.

Some of the inclusions are relaled o imperfection of crysiallinity. For example, tiny
crystals can be present inside the diamond, resulling in pin points, nesdles or
clouds.

There can also be twinning, distortion or irregularities of crystal growth, which can
resull in grain center, internal graining or twinning wisp. [14] All these kinds of

inclusions are crystal related so they can also be detected by DOT in principle.
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CLAIMS

1. A syslem for providing a three-dimensional computer fomography image of a

gemstone, said system comprising:
an X-ray source for providing an X-ray towards a gamsione;

5 an X-ray detector systeny for detecting X-rays transmitted through or diffracted
by the gemslone;

wherein said X-ray deteclor system surrounds the gemstone and detects a
three-dimensional multi-angle X-ray diffraction pattern from the gemsione upon

rotation of the gemsione within the X-ray field, and

10 wharein sald X-ray defector system provides an oulput signal therefrom,
whereln said ocutput signal provides for invasive three-dimension muitiangle X-ray
diffraction reconstrucied comptided tomography from the three-dimension multiangle
X-ray diffraction patlern.

15 2. A system according to claim 1, wherein the system includes an Xeray

conventional computed tomography machine.

3. A sysiem according to claim 1 or 2, wherein the system includes a plurality of
X-ray detectors.

20

4. A system according to any one of the preceding claims, further comprising a

sample stage.

5. A system acconding toclaim 4, wherein the sample stage is a 3-axis linear and
25  rotational slage.
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8. Asystem according to claim 4 or claim 5, wherein the sample stages is disposad
at a cross point of all detectors and X-ray source.

7. A system asccording fo any ong of the preceding clalms, wherein the X-ray
5  source Is a standard labotatory accessible source.

8. A system according o any onhe of claims 1 1o 8, wherein the X-ray saurce is a

conically diverged wave,

10 8. Asysiem according 1o any one of claims 1 o 8, whereain the X-ray source is a

spherical wave.

18, A system according 1o any oneof claims 1 o 6, wherein the Xway source is 2

collimated wave.
15

1. A system according to any one of the precading claims, wharein the X-ray

detector system comprises four orthogonally disposed X-ray detectors.

12, A systam according to claim 11, wherein the four X-ray detectors are arranged
20 toform a front and bottom-end openad cage surrounding the gemstiene,

13. A syslem according {o any ong of the preceding claims, wherein the three-
dimension multtiangle X-ray diffraction patiern is caplured for each rotation angle of

the gemstone.

25
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14. A system according io any one of the preceding clalms, wherein sald system
provides a high spatially resolved sample plane orentation image which is re-
consiructable by a three-dimension muliangle X-ray diffraction pattern.

5 15, Asystem according to any one of the praceding claims, whatein the gemsions

is a diamond.

18. A process for providing a three-dimensional compuder fomography image of a

gamstone, said process including the steps of;
10 {fy providing a system according {o any one of claims 1 fo 15,
{ii rotating a gemstone within an X-ray emission field from said X-ray source;

wherein said X-ray delector system surrounds the gemslone and delecls a
three-dimensional multi-angle X-ray diffraction patlern from the gemstone upon
rotation of the gemstone within the X.ray field, and

15 provides an output signal therefrom, wharein sald oulput signal provides for
invasive three-dimension multiangle Xoay diffraction reconstructed compuled

tomography from the three-dimension mulliangle X-ray diffraction patlem.

17. A process according 1o claim 16, wherein the gemstone is a diamond.
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