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2.1 Background of Precious Stone Y’

Gemstones have long been cherished for pers dorn thon they

are often used to represent wealth and streng@e gemstones cgmn@ﬁ rate

anniversary milestones. For instance, the ruby (*:! osen £0 co em(@” e the 40th
ate

\ﬁanni@ery, as shown
theéhond. In addition,

{ﬁ\such as amethyst for

anniversary, whereas the sapphire (blue) comme

in Figure 2.1. Similarly, the 60th anni %ymboll

some gemstones are associated with"an 1nd1v1d

February and aquamarine for M r decﬁdes, ton "sllch as emerald, sapphire,
diamond, and ruby have bee n a ow avm@utstandlng value and appeal
and are highly cheris d |r co r, C rliy,@ghtness and durability. Certain

diamonds have a ri d le kgro Q{g}flat will add to their worth, such as
the 170-ct red s@led t rinc uby (Malsy & Klemm, 2010) that is set
on the Imperl%e C rown o nﬁal'E?)? the fancy 45.52-ct dark grayish-blue Hope

Dlamo Sm Instltu@ (Wise, 2021).
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Figure 2.1 Ruby anWhi e\\P'jy v

An allochromatic mineral, nwely\mr% 'S,l\héeph et al., 2000), is a
very durable material that has bee ainstay of t jew® industry for centuries.

“ Q-
Allochromatic minerals does\ iv coIoQ!‘;(P(ce it does not select any
\
wavelength to be absortd anqtransmiiheir lor e, the pure corundum is in clear
or colorless state (Juncomma'e \é . ’é}l

isent(ﬁ%gneous rocks that are undersaturated

compared Wi sii)' a in aluminous e@_morphic rocks, such as the Nepheline syenites
~

and aIuQU) enolit ythe % ary component of emery deposits and is known

as AI mineral in sedime@Cmundum exists in the form of nearly pure Al.Os3

WI? all amounts of chromium (Cr), vanadium (V), iron (Fe), nickel (Ni), gallium

, calcium (Ca), and manganese (Mn). Besides, sodium (Na), magnesium (Mg),

—_—

CorundL\&omm
#

ilicon (Si), cobalt (Co), cadmium (Cd), sulfur (S) and zirconium (Zr) may also exist.



All these elements typically exist up to few hundred ppm; however, Cr can reach 2—-3

wt%, and Fe can exceed 1 wt%. Furthermore, these impurities affect the coruWH’s

o

color, resulting in red rubies, blue and green sapphires, and purple, oran&djw , an

brown shades (Bowles, 2021). A

Among all the gemstone corundum deposited in earth, rWhe most prized

color of corundum (Mcclure et al., 2006). Rubies are mad m%e mineral corundum
203 1 i

or Al;O3. They are formed under the Earth’s surface is subjected to intense
L 2

heat and pressure. Corundum, on the other hand, is created from closelyipacke gen
and aluminum atoms, and this usually results in a rial that is colorlessiHowever,
N

the stone can have different colors as other %z or \es re@]e Al atoms
(Shah & Kankariya, n.d.). Rubies exh@ceable r ngi@tﬁm pink to blood

red. The red color is primarily attained from the \fster 0 ,@N percent of Cr atoms;

“pigeon’s blood” is considered th brilfiant, Iing@ most precious red color
of rubies. There are only few m OVEr. d Wf@f"rﬁbies can be found because

\
their existence solely pendzn the iogr hipaQ} eological origin (Keulen et al.,

'3
2020). The areas trwn Iblis& 0 rlg oduction are Myanmar, Thailand,
Vietnam, and MNque. &
\ o ! (J
ff) 2 9

Be%ﬁe Cr-rich vari undum, other chromophores can be found in
'
rubies; w toﬁ‘nr

Vand S. R\/L}W is also a dichroic crystal, which reveals a distinct

<)
col\(el er purple or orangexed) depending on the direction of light within the
‘%ne (Giuliani et al., 2020). Table 2.1 shows the Mohs Hardness Scale for ten

onerals found on Earth (King, n.d.). Scale 10 represents the hardest mineral, and scale

1 represents the least hard.



Table 2.1 Mohs Hardness Scale for Minerals.

Talc

Gypsum

Calcite

Fluorite

Apatite

Orthoclase

&\ @ % Source: King (n.d.)
N
N, l (_)(J
C—) 7
\
%; of it{ ivi golor@great light transmission, rubies have long been

appﬂtki in the jewelry ind@g/. Furthermore, they have been linked to positive

he\?utcomes. The optical properties of rubies, as well as their extreme hardness (9
e

N,

conductivity, high insulation, low coefficient of friction, and optical transparency, make

Mobhs scale), high strength, thermal and chemical stability, exceptional thermal

10



them valuable materials for modern technological applications such as lasers, masers,

optoelectronics, temperature sensors, and precision machinery devices (Liu?![,

2019). @

2.2 Ruby Stone Y'

Ruby is the red variety of gemstone corun tha iw‘ used in
, and many _other _'k@z:rial
ical, 4n mic%%'roperties
(Ayuzawa et al., 2020). The global ruby trw xplef '\recen@a‘g, especially

since rubies were discovered and mineN) mbique I pre@'ﬁ decade (Merilee
et al., 2015). The gemstone trade h erienc \eue @es and developments,

S
together with difficulties. The %ity 09 rub adir%‘g been widely studied to
e

ef’ : tothe@thatresearchercanconclude
c

assess the ruby grades. The stu

where does the studie%ﬁrap all calne@am (Palke et al., 2019b), optical
phenomenon (refral%ef ect" \ip sion“ cattering of light) (Kiefert & Hanni,
2000) and so ogl\ ve

people bu@ i

from M% , M

luminescence technologies (Novita et al., 2020), je

materials owing to its outstanding mechani

radi gi%fe high in demand, particularly for the

!
iés. Ei?)re 2.2 shows the top-grade rubies extracted
\

By,
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Figure 2.2 Top-Grade Rubies from Montepuez, Mozambique: * \Y'
1.5
4
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[ oﬁgby stones, the

>

In this subsection, a detailed revi

inclusions in rubies, and methods to i

the focus is mainly on the clarity :r&’v
2.2.1 Grading Critem ?oj

u
D
Rubiesaw fth

¢
for jewelry is usu yhiIh. a

order to gendst

Fundamentally,

luab stones on the world, and their demand

jgwwc?are willing to risk a large sum of money in

a r@ many imitations of rubies have been created to

meehmjemand. However, @ﬁlications occur when gemologists have to confirm

t%%he's grading value or quality. Natural rubies of excellent quality have become
m

ely uncommon due to rising demand and limited natural supply (Buaprasert et

d 2020). The ruby industry is tremendously profitable, but it is far more complicated



than many ore industries, such as iron, silver, or gold, because ruby values are not based
just on weight or purity. Furthermore, the significance of the ruby is depende

more complex quality because grading techniques include various aestheti \tive,

and cultural elements. A

Aside from the well-known and very detailed diamond traWstem developed

in the middle of the twentieth century based on the 4Cs orz larity, cut, and carat

pWI role for
¢
market demand value of colored stones such as rub Giuliani et al 2 ZOl:)Bgure
Y
lis

2.3 shows the difference in the appearance of a Eo and gough r

weight of the gemstone) (Moses et al., 2004), additi actor

By

@
S
O
' S
ed@t) and Rough Ruby (Right).

& v
A\ S
N

%\irst, it must be known that the gemstone was directly mined and not produced
& a factory. At the end of the 19'" century, synthetic rubies were produced by either
ux, flame fusion, or other hydrothermal processes.
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If the presence of synthetic rubies caused any initial scandals and panic, the

gemology trade associations responded by setting up gemological laboratories th e

>

the capabilities to distinguish natural rubies from synthetic ones and thu@blis
the trust required to expand the trade. Second, for the final evaluation,-%novements
and treatments are also essential. Some very effective heat treatmenttechniques were

developed in Thailand in the 1990s to meet the high demand f@fean rubies.

These techniques were distinct from the con@ hNg{ed blowpipe
@

used for centuries in Sri Lanka as defined by man%lth century t V?Ieggxing
with Al Burini (Giuliani et al., 2020). While blowpipes werge used sorﬁQTubies to
NV

extract the purple part, the new technique % rth it_could re fractures in

rubies using borax as a flux additive,@
tmen

this and the following innovative t

sto 0 be cut. Due to

I{h\oosits, such as Mong

Hsu in eastern Myanmar, bega omifiate the Juby@e in the early 1990s.

& worldis largest ruby trading center

(Giuliani et al., 2020). Y. '§\
% \O' -‘((_5/

2.2.1.1% ,b): é\

3 one colors are typically classified based on three variables: tone, hue, and
, \,
S 0

n. Tone is the degree of absorption and reflection of light; it is the primary

Qtor of color intensity. A hue is the color gradient of a pigment, such as dark or light.

nally, saturation is identified by observing how much of the main color is contained



in the stone’s color. Notably, the most sought after rubies are bright and predominantly

red (Shah & Kankariya, n.d.). \Y'
The colors of rubies vary from extreme blackish red to orang&kin;lsh red.

The main color is still red, regardless of the variations of other colors ay be a part
of the ruby. Rubies that are too dark in hue can have the color Nine vinous.This

ruby’s darkness has a rich color that can give less glow. Tr d biesi/vith a luxuriant,

shiny, genuine red color are sometimes referred to as con blpod or Birmese red
L ]

rubies (Mengich et al., 2019). Of all the rubies, @bies are the s’ v_a\h%g-;nd

precious (Shah & Kankariya, n.d.)

v/ ¥
4
ern@e is “royal red.”

gemstones, they are a bit

Another popular phrase used to id@arg'
Due to a higher iron content that exists nattrall w
darker than the “pigeon blood” rtibi s) he h%
“ C{—
fluorescence and blue transmlﬂ, akin one gﬁ‘k/m color. Royal red rubies

can be found in Moza quailanw

ont@reduces the amount of

N
lds‘éhya, and Madagascar (Shah &

a
Kankariya, n.d.). 4 &
N | SN %b
oy A A—

Lightr M\have n‘a 'nkcc')l . These light rubies are brighter than dark
rubies and@ o0 a pink sap
reflect w color’sl’wz,;and

» : : Y : o
var, les. Rubies often hax&@ﬂuorescence, which means that they can radiate light

@aced under natural or artificial light. The consistency of the red color can be
oa uated by human eyes. The ruby may not be of the optimal consistency if the eye

sees traces of gray or brown (Shah & Kankariya, n.d.).

ire’&(hue. Rubies can be pleochroic, that is, they can

@ differing degrees of sparkle when rotated at

15



Hue is where the color appears around the scale of the color wheel. Red, green,

and blue are the most fundamental and known colors seen by the eye. Other S

=

evolve when looking at colors between secondary colors, such as violet. R@nila

to a genuine red on the color wheel scale are the most coveted in tern‘@%eir color.

However, some may think it is attractive to have a flawless red, somé may choose a

color mixed or ruby shade tinted with secondary colors. People M be more drawn
-

to heavily concentrated shades, that is, bright red rubies. | pos'ible to describe

saturation as the richness of the color. Rubies benefit fr natdral cence that
Y

helps them become much more saturated with a glowingered hue. v‘ly_émrated

ruby has a red color that is pure and deep; howe ns% y haejr;dertones

T
of gray, brown, and black. Gemstones with‘perfe satm?tion e scar@ﬂd, therefore,

more costly (Shah & Kankariya, n.d.).\) 6

S UE
2.2.1.2 Cut \ \A
e [

N
The cut of a ruby_is one of eg’(&}r,iables deciding its worth, overall

attractiveness, an@ T@stal’@position is the key factor determining

its cut. It is ?ﬁsto uterubi }rlto mgﬁ\ﬂ/ shapes and sizes. Different aspects are
considerea@)rmi@u@y enﬁ‘(es from a raw ruby deposit. Rubies are most

often wto cusﬁi S ar{j gi\r}&i‘lar shapes. The ruby adopts the same traditional
shw he diamond shapes.\?owever, most of the carat weight is preserved at the
@ of rubies in most cases. Therefore, when viewed face-up, a round-shaped rubies
Q\h the same carat weight as the cushions and oval shape rubies would have a smaller
millimeter. Circular, cushion, and oval shaped rubies are extensively used in pendants,

16



rings, and earrings. Among them, the round shape is common, although more rough
wastage is produced. These shapes are available in different sizes for these ptw.

Cutters also prefer not to cut very small sizes of rubies because they c@very

similar to a circular shape (Shah & Kankariya, n.d.). A

&Q: Hsu & Lucas (2016)
A

Figure 2.4 This Ruby was Recut i 7)4 c&ﬁyq @jhmprove the Appearance.
7]
\é &
Y. ] N

(
} the Qoezrzke of the stone. For example, the

Some rubies ar

ruby in Figure 2.4 ut f@? ally %ﬁ'to 21.17 ct and then recut again to
|

17.14 ct, where%h cut, so 'Jsiar?e removed, resulting in a better color and
¢
clarity of rQ((Q & Llca Vi 6{ \Q/

B

<
/3



2.2.1.3 Clarity

For other natural gemstones, rubies have inclusions that develop NQ the
gemstones during its formation. The amalgamation of different mineral&@tances
forms a ruby, so each piece is special. Clarity refers to the presenc inclusions and

?nfrom rubies.

blemishes, which may affect clarity, emission of light and r%

Inclusions refer to the irregularities that occur inside rubies (“Beginning Jewelry Sales

olor (%ankariya,
and rubies thaf have no
e

7,7 2014). Inclusions influence the ruby’s light outpu

n.d.). A vast majority of natural rubies contains in

inclusions are immensely rare and highly regarded: =
s b 4§

\ N

2 o

the Stirface of rubies,

On the other hand, blemishes reptWregul
S

> 2014).
A

determined by a professional gra %\g a @})x i@ninimum of ten times
f -,
magnification. After evaluati e criteria, th gr‘fadq&ll assign the clarity grade
X
a

that implies the visibility, giber W’h fect of~the appearance or durability
(
(“Beginning Jewelry S 1 014).‘, J 2 0

such as scratches (“Beginning Jewelry

J
/

222 T &"Incl sions in Rubyr
& S
&thin a ruby, varim@f)es of inclusions are formed. Each has a distinct

frax)rk and, equally, a different appearance. Various inclusion types can influence

0& uality of rubies in several ways. Inclusions such as in Figure 2.5 can usually be



observed through the naked eye, whereas some can be seen with a ten times microscope

as shown in Figure 2.6 (Shah & Kankariya, n.d.).

Source: “Beginning Jewelry Sales 77 (2014)

iglre 2.6 Grade Clarity of Gemstones is Graded by Most Professional Lab Graders
ng a Microscope.
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2.2.2.1 Silk

Such inclusions mimic silk fibers as shown in Figure 2.7, typicallwc in

clusters. They are present on a ruby’s inside and look like fine fibers. These iausions
can slightly influence the color and transparency of rubies. They m iten the ruby
extensively and discolor the exquisite red shimmer and hue. Théy may’also influence

the light output (Shah & Kankariya, n.d.). Smaller particles ndWets can be difficult

to see without fiber-optic illumination at a proper angl riest W, 2019).

DS
4 \'Y‘

& Source: Shah & Kankariya (n.d.)

I
F?g 27 Izui@ Inclusions: Silk.

ook like small pinpoints or grains. Because crystals are usually white or black, the

20



effect of inclusions on the color, brightness, and light output of rubies is important.

Although inclusions are present in all rubies, crystal inclusions such as in Fng?B

should be avoided as they affect the rubies appearances more (Shah & K an@‘u d.).

=N

2223 Needles Y' , l .é\

Some inclusi s are lon t , “Sr stals or narrow tubes, as shown in
Figure 2.9. The I lo \:D;Ias d have an influence on the light output
. d}

but less on co ma |f|ca n&i n of scratches appears inside the ruby (Shah

‘a

s,

vsf

& Kank ya, ). The be%;n ed es and particles are frequently formed in bands

following th corundum gromnlt's;wcture (Vertriest & Saeseaw, 2019).
N N
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Souree; & Kankariya (n.d.)

Figure 2.9 Ruby Inclusions: Nee

2.2.2.4 Cracks and Feathers

Fractures and fissures that may be
are also found in rubies. The inclusions

stability of rubies. Because rubies

Figure 2.10 Ruby Inclusions: Feathers.

E\ Source: Shah & Kankariya (n.d.)
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2.2.2.5 Twinning

Twinning also indicates crystal inclusions, but two structural incIu&Zow

out of each other. Twinning makes crystals inclusions more transparentSs thefoverall
crystal’s size increases. Depending on the color of the crystal, twinni y affect the

brightness of the inclusion and decrease the light output, makinw stal lighter or

darker in color (Shah & Kankariya, n.d.). Y'
g
L 4
Y..
< JF
’ ¥

2.2.2.6 Fingerprints
RIS
Fingerprints are widespread in rulpfes. in Iaio e gaéz d, which may

seem like tiny fingerprints of humans. y arg less y tleuence the ruby’s
C

@ns large amounts of it,

consistency because they are mini wev

Y

2.2.2.7 Cavity l&\ Q
\ ¢ :' S

Ca% minusc Ies@extend from the surface into the inside of a

ruby. % arge &Npﬁ? e ur@ealing and make a ruby seem shattered. In certain
Cases, e placing the ruby @velry, its structural integrity can get affected due to

N

(Shah & Kankariya, n.d.)
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2.2.2.8 Scratches and Abrasions

%

Scratches and abrasions are blemishes on the ruby’s surface that appear

scrapings. Scratches can be polished away; still, it depends on the scfatch’sfheight,

%

position, and width. If it is profound, a scratch can result in a | weight loss.

2

Additionally, because they are surface inclusions, scratches aregene

(Shah & Kankariya, n.d.). Y’
Y.

| &

2.2.2.9 Color Zoning b
\ N
2 .
Although all rubies are predomiw ther, seeondary colors.

Uneven shades develop when the hue& rule

doeswnot appear uniform.
Color zoning will also trigger incl S atﬂc a easé‘the ruby to appear pink.

. : 34 QX .
Color zoning is also influence ruby’s«cutting. C&qu strive to retain the red hue
and tone for maintaining the rmity of thercolor @h & Kankariya, n.d.).
N
4 ¢ &
Inclusions Wergo to \Eatment fmprove the appearance of rubies. For
instance, the rul{&hure :
attractiven |haruby on t t@g undergone some treatment that reduced the
Ny

visibility.ofithe*fissures nereas its clarity simultaneously. A high-grade ruby has

rally very visible

4

~—*

sho@g\ﬁ{ighly visible fissures that can reduce its

(3

e

the slightest presence of inclwio}fs and a clean appearance as the Mozambique ruby



grce: Hsu & Lucas (2016)

Figure 2.11 Before Treatment, Nonuniform Clarity andgighly Visi eLiss s Appear
in the Left Ruby. The Less Visible Fissure and More m Clari ear on the

Right Ruby after Treatment. s ‘
4

( -~
4)3,/

é\‘?

O

L

i

IncléSions<are useful for determining the origin of rubies (Sorokina et al., 2015).

In July. wlght fg::evnr)d;)iesfzo Pokot in the Western Province of Kenya were

su@ro the Gemological 'fncé}t,ute of America in Bangkok laboratory. These rubies
usions similar to those seen in rubies from Myanmar or Luc Yen, Vietnam, as

dwn in Figure 2.13 (Sorokina et al., 2015). This discovery gives a new challenge

(Ahline, 2020) in determining the origin of rubies, as the information in the previous

25



database indicates that such inclusions only appear in rubies from Myanmar or Vietnam
(Saeseaw et al., 2016). This shows that gemologists, as well as geologists, partw
in the jewelry industry, need a new standardized and quantitative techni L&}alyse
rubies. Some of the latest types of inclusions discovered in rubies ar?&amphibole
mineral inclusions (Moses & McClure, 2010), chrysoberyl inclm snowflake

inclusions, and lazurite inclusions (Gabriel Angarita et al., 202%_

Figure 2.13 Inclusions Foun
in Myanmar and Vietnam.

2.2.3 Types of Rubies

Source: Shah & Kankariya (n.d.)
Figure 2.14 Different Ruby Grades.
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Figure 2.14 illustrates different ruby grades. The grades AAA and AA rubies

are considered high grades, with each covering 1% and 10% of natural gem ,

respectively. These rubies are classified as rare and expensive gemstones, @ are

the best grade used for fine jewelry (Shah & Kankariya, n.d.). In compfﬂ&the grade

A rubies are considered medium-grade rubies. .i

This type of ruby constitutes for 50 %-75 % Il atur:il rubies and is

commonly used in fine jewelry (Godha, 2014). Furth e, the Jowest e of ruby

@
is grade B, which are found among all available natur ies (Shah & nrari .d.).
=
\ b4 \,‘Z’
N S -
(?_ &
2.2.4 Physical and Optical Characm of Ruby Stones O
\ /<\
Ruby is in the corundum m ;clapﬁ of hi hardqr\é@ (9 on the Mohs scale).
o
It has low reflectance and higN ess. The'si |fican,ﬁ1$-{rdness can cause problems

during polishing, produeing %ny sur
recognition guide as they rges N@ emgré}hat appear in rubies (Bowles, 2021).
&

N

The st Nfor of rubi }(lx-ﬁ.g)é) is generated by replacing a small amount
of A" iong§ With Crs* ions. Thes Cr3+(iehs, along with traces of other impurities (such
X

L.
/4

ces atph@erefore, scratches can act as a

3+ 18I ),’give!;‘rhe red color of the natural ruby (Palakawong et al.,

W
S

QE Ruby has a degree of transparency from completely transparent to opaque and a
e

fractive index from 1.762 to 1.770 according to the Gemological Institute of America

N B
@D
w
_.+
<
«
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(GIA) database. The gemstone’s base appearance or luster is vitreous. Once polished,
the surfaces of the gemstone vary from vitreous (glass-like appearances)wgﬂb
adamantine (almost incapable of being broken, dissolved, or penetrated %\al &
Optical Properties of Corundum, Rubies, Sapphires, n.d.). The spﬁ&]ravity or

density of ruby is in the range of 3.9 to 4.1 (Friedman, 2021).¥y'has a light

\N

In fact, all pink, purple, red, and orangey-pink ones ainor due to

the existence of a 550-nm absorption band. Sligr%@s in the band c rz; tics
combined with other deficiencies (such as trinitrogemtien (N3) and tor&b{hh\ydrogen
ion (H®") where both are unstable molec esmm# \iﬁer@g‘g‘in hue and
saturation (Eaton-Magafia et al., 2017, I%us of f S ncecgbies show intense
o

red fluorescence in long-wave ultraco et (UV)i e>?ep \%\m quenched with iron

(Fetherston et al., 2013). ‘% “ Q&
s
N
% o'b}-' &
2.3 Gemology&\ @ é‘}
D &
Gemo@s o]es‘in}t'pgti(f)of the optical and physical properties of

98mstor®hak(}t beyp
d

properties differentiate between different types of gems. Many gemological

ey

i ﬂiqents are used to diﬁerﬁiate or quantify these criteria (Clark, n.d.). Haly and

reflectance value of 14 (Gooch, 2011).

mQéemstone detection requires the study of these

eers started the development of gemology as modern science in 1817 (Fritsch &
S

ndeau, 2009). The invention of gemological tools such as polarizing filters (made of

28



gemstone tourmaline) and refractometers occurred in the 19" century. Both types of

equipment are still essential to gemological identification (Fritsch & Rondeau, ?"

Nowadays, high-quality gemstones are often imitated in the tra%a;ket due

to the existence of synthetic and treated gemstones, causing frauds reat loss to
consumers. Furthermore, identification instruments are lyplcal ge, heavy, and
costly. To avoid false results when using detection tools, e w%e and operating skills

are required (Liao et al., 2016). Usually, gemologists e the ge smg tools

that visually magnify them as shown in Figure 2.1 ' L)
=\
<

Source: Hughes et al. (n.d.)

dgi n@uallty of a Gemstone.

Fig ﬁ@e
>

% atio n G n$eciety stated that the must-have tools in the

gemolﬁi oratory are a loupe and microscope to magnify the gemstone,

ometer to measure the h’ractlve index, birefringence, and optical properties of
s ones, dichroscope, polariscope, and spectroscope. These tools are usually used
gether with other miscellaneous tools, such as the jeweler’s eyes, diamond detectors,

and hardness sets (Clark, n.d.). However, these tools are prone to errors as they depend

29



primarily on human vision. Figure 2.16 shows some of the rubies displayed at the

Geology Museum in Perak.

»?s' a S
Figure 2.16 Some of th&' Displayed i the@gy Museum, Perak.
S
S
4 ¢ &

The GIA C ts rese@ provi ducation on gemstones and jewelry.

This institute es |ISh th 'the Int natlonal Diamond Grading System in the

1940s as t |de}ta r a ond quality evaluation, which prevails until

today ( Diffe 4N d. )V'h e GIA also provides services to evaluate the

The GIA Identlflca@n Report (Figure 2.17) suggests if a stone is natural or

‘% de, as well as specifies its type and any visible treatments. This report also
d

es a photograph of the gemstone as well as a complete description of its cut,

hape, weight, measurement, and color (Sample Colored Stone Reports, n.d.).
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Moreover, the GIA Identification & Origin Report (Figure 2.18) indicates
whether a stone is natural or synthetic, specifies the type of gemstones well as s S
the stone’s geographic origin and any observable treatments. This report @udes
a photograph of the gemstones as well as a full description of its cut, , Weight,
measurement, and color. Unfortunately, this report is limited to ruby, sapphire, emerald,

Paraiba tourmaline, red spinel, and alexandrite only (Sample N Stone Reports,

n.d.). '
A , -V‘ Y'
'ﬂ"-!':'::!":'.;i::. '\.‘
. EIA BENOLOBICAL LEFOAT A
G IA SAPPHIRE REPORT
GI& REPORT 2161438179 T
Februay |, 15 14
DETAILS RESULTS
Shape. Speciss. Hatursl Carundum
Cutting Seyle: Crown .......... Varisty. Sapphire
Cutting Style: Pavilion ...... Geagraphic ORgin ... coeeeeoeoreoesesreoeeneon. Mot Aequested

Transparency Tranzparent TREATMENT |5can OF coda for mors informaionl
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Figure 2.17 Gemological Institute of America Identification Report.
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Transparency Transparent TREATMENT

Coler. Blue
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wveee BUrma [My anmar)
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Figure 2.18 G ical Ir's merisa/ldentification and Origin Report.
iv
¢ C,)o
'% Io ool P fe al software (Figure 2.19) comprises the most
e

comprﬁ

t f gemstones in the formwa database. Data constituting weight, inclusions, carat,

gemology referen& This software holds large information on various

almost all details on gemstones are stored in this software. This software helps
searchers and appraisers determine the gemstones’ grades by comparing the data
(Gemology Tools Professional, 2016).
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Figure 2.19 Gemology Tools Professionalésoftware. o
g
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<

The Gemology Tools Professional w preYi\Seful @ such as the
gemstone database, diamond weight e@colore ei@%stimator, aguide

to pearl grading, and cabochon we%timat ﬁﬁigure 2.20. This tool
N

helps gemologists estimate the@ chemical ouQ/ nd grades of gemstones

based on the database (Ge OIMOI onal, @6).

File Tools CutGrading Utilities Data Charts Info Magnetic Response Help

Gemstone Database
Diamond Weight Estimator
Colored Stone Weight Estimator
Pearl Grading (The Guide)
Cabochon Weight Estimator
Custom Calculator

Source: Gemology Tools Professional (2016)

igure 2.20 Features Options in the “Tools” Tab in the Gemology Tools Professional
Software.
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The gemstone database contains data of approximately 590 types of gemstones.
The data covers all details on the species, group, refractive index, optical charactw
specific gravity, hardness, crystal system, strength, clarity type, bir fr| , and
dispersion of gemstones as shown in Figure 2.21. The detailed info& on ruby

stones in Gemology Tools Professional software is shown in Flgure 2.22. Furthermore,

*‘l

the data of inclusions in rubies is also available in this software |n Figure 2.23.
The most important information on rubies used in this res the fefractive index,

which vary from 1.762 to 1.770, as stated in the Gemolo ols rwl'software

(Gemology Tools Professional, 2016). ' _\q

File Tools CutGrading Utilities DataCharts Info Magnetic Response Help

||« =|*6[ 6| 2= Blels| @]#] BB B webrep| | Novemoers 2021 roosrn @8 @

I Gemology Tools Gembase
Gemstone Species. |Gmnp |Re|ra¢:live Index |0ptic Char | Specific Gravity [Hardness |Crystal System Pleochroism
Quartz - Synthetic Man-made 1.553-1.544 DR U+ 266+.03-02 |7 Trigonal 2Colors
Quartzite |Quartz 1.553-1.544 DR U+ 2,651 +.04 .01 i Trigonal Usually none.
Realgar Realgar 27042538 DR B- 356 15t02  Monoclinic 2 Colors
Red Beryl Beryl Beryl Group 1.577 - 1.561 DR U- 272+18-05 (15108  Hexagonal 2Colors
Red Jasper Chalcedony Cryptocrystalline Quartz | 1.54-1.53 AGG 260+30-05 65t07  Trigonal None
Red Spinel Spinel Spinel Group 1718 «017 008 SR 360+10.03 |8 Cubic None
Retgersite Retgersite 1.511 - 1.486 DR U- 207 25 Tetragonal None
Rhodizite Rhodizite 1.694 SR 3.56.3.50 8.5 Cubic None

i i Calcite Group 1.817-1.597 +.003 003 DR U., AGG 360+10.15 351045 Trigonal 2 Colors
Rhodolite Gamet Almandine/Pyrope Garnet Group 1760 +.010-020 SR, ADR 384+10.10  |Ttol5  Cubic None
Rhodonite Rhodonite 1.747-1.733 +.010 013 DR B+, AGG 350+.26-20 551065  Triclinic 2013 colors
Richterite Richterite Amphibole Group 1636 - 1615 DR B., AGG 3.08 6 Monoclinic 2 Colors
Rock Crystal Quartz 1.5531.544 DR U+ 2651+04-01 7 Trigonal None
Rose Quartz Quartz 1.53-1.544 DR U+, AGG 2651+.04-01 7 Trigonal 2 colors
Rossmanite Rossmanite Tourmaline Group 1645 1624 DR U- 3.00 7 Trigonal 2 Colors
Rubellite Elbaite Tourmaline Group 1.644.1.624 +.011-003 DR U- 3.06+20.06 |Ttol5  Trigonal 2Colors
Ruby orund 1.770-1.762 +.009 -.005 DR U- 400+10-05 |9 Trigonal 2Colors
Ruby - Flame Fusion Manmade 1.7701.762+.005 .003 DR U- 400+03.03 |9 Trigonal 2 Colors
Ruby-in-Zoisite Zoisite Epidote Group 1.700 - 1.691 DR B+, AGG 335+10.25 65109  Orthorhombic nA
DR ~ e - va— e — - N

B Data | & Photos | @, Inclus | IM I - ‘ {3t Separator | @, Inclusion Gallery | i Find aGsmsmnsl % Close 2 Help
[ WallPape M m ide Dendites.

L v
% " Y‘ Source: Gemology Tools Professional (2016)

g%l Gemology Tool\‘a’emstone Base in the Gemology Tools Professional
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& Ruby | RI1.770-1762 +.008 -005 | OptDR U- | SG4.00-+.10-05

Crystal System: Trigonal Formula: 41203
Species: Corundum Birefringence: 0050 010
Group: Dispersion: 018
Pleochroism: 2 Colors UV Long: Inertto Strong

Strength: Weakto Strong
Pleochroism Colors
Strong: Purplish red/ orangy red

UV Short: Inertto Strong

Hardness: 9
Toughness: Excellent

Ultrasonic: Usually Safe
Steam: Usually Safe

Preochoiom colos|

Varieties, Trade Names
and Misnomers:

UV Colors

(M) = Misnomers
(S) = Separate Listing

African Ruby ~
Heat: Stable Polish Luster: Vitreous to subadamantine Clarity Type: 1l Beef Blood Ruby
Acids : Slightly attacked by acids Fracture: Conchoidal to uneven Tones: 58 Burma Ruby ’
Light: Stable Fracture Luster: Vilrsous Saturations: 4-6 Burmese Ruby
Cleavage d .
Cause of Color: Chromium, possibly modified by iron and fitanium \one Frequent part gﬁ“"’“ i“?
Enhancements: Heating with slow cooling, diffusion, oil, dye, glass filling G erry Ruby
French-Color Ruby
Color Range i
Orangy red, red, through strongly Oriental Ruby
Pigeon's Blood Ruby
purplish red
Ruby
Siam Ruihe v
Additional
Transparency Phenomena
Transparent to Opaque chatoyancy, (very rare}
Asterism

Separations : Ruby from
Synthetic ruby: magnification, fluorescence (possibly)
Reddish gamets: Rl (possibly), optic character,

All spinel: RI, bi ) 3 )
Doublets: magnification, red ring, Immersion, spectrum (possibly)
Chiysoberyl: RI, optic character, SG, spectrum

Identifying Characteristics and Information

Silk (fine needle-like rutile crystals), 3 sets of rutile needles intersecting at 60 degree angles,
fingerprint inclusions, hexagonal growth lines, and color zoning. Never clean oiled stones with

, spectrum,

Magnetic Response

@ Gem o |
, Inclusions
M Photos

X Close

ultrasonic or steamer. Chalky biue an indication of high
Magnetic Response-

Weak (rarely Moderate)

Figure 2.22 Detail Database of Rubies in the Gem Toolj Profe

Alexandiite - Inclusions

Alexandrite - Twinning

Almandine - Crystallites - Tanzania
Almandine - Tanzania

Almandine Gamet - Apatite, Rutile
Almandine Gamet - Reflected Light
Almandine Gamet Inclusions in Transmitted Light
Almandine Garnet with Inclusions and Silk
Amber - Ant Inclusion

Amber - Sun Spangles

Amber - with Insects

Amber from the Baltic

Amber with Fly

Amber with Termite

Amethyst - Close-Up

Amethyst - Enhydio

Amethyst - Fingerprint

Amethyst - Full Shot

Amethyst - Inclusions

Amethyst - Negative Crystals
Amethyst - Two Phase Inclusions
Amethyst - with Lepidocrosite
Amethyst - Zebra Stiipe

Amethyst, Enhydro - Veraciuz
Andalusite - Inclusions

Andalusite - Long Needles
Andalusite - Needles

Andesine Inclusions

Andesine Strings

Aguamarine - Almandine Xt

heat treatment.

Spectra

Bl |

Current Selection: 700 on the Right
Sourcei Gemology Tools

|Apatite and Fluorite i

frot

Brazil.

Photo © 2014 John Koivula
'www.microworldofgems.com
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The latest popular methods for analyzing gemstones involve determination of
their origin. The methods involved in the analytical origin determination mche

identification of physical properties, inclusions, spectroscopic characte \,trac

D

element chemistry, and isotopic chemistry. Inclusions can also be ﬂ*led using

microscopy and spectroscopy techniques. q

Q)

The traditional technique involves visual identifi€ation®of the inclusions and

comparison with the references to known inclusio prov ts he visual

O
identification of the inclusions have been ma@bservm an ar'aE’\Zl’gg- the

inclusions using microscopy and spectroscopy techn (Ggoa et 20193~

Optical microscopy technlque is \“ana Qét ptlcaj<c§aracterlstics of

the gemstones, such as refractive |nd|ces d b fri : & dition, the growth
features, solid inclusions (partl ul rpI}P y and colo nd fluid inclusions that
show the shape and ratios oft I|qU| c;n Q;fy the gemstone’s origin.
The finest quality has few inglusions 1( l ocular microscope such as in

Figure 2.24 is a commonly ed tQo oﬁ aboratories together with darkfield
\

illumination. \
&S

Id umi c ses,ig,hts to invade gemstones from a wide range of

frcfn vronl is helps the gemologists visually by providing a

angles
. 4 . . o

hi st of a stone’s 1nclumcé?ls. This technique is often applied for highlighting the

11k inclusions in sapphires and rubies using an intense fiber-optic light (Groat et

019). Other tools involved in the analysis of gemstones are polarized microscopes

and gravity meters as depicted in Figure 2.25 and Figure 2.26 respectively.
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Figure 2.24 Binocular Microscope Displayed in Geolog uxm,ferak, which is
Used for Observing Gemstones.

Figure 2.25 Pol%z'crosco e Di Ia‘/edﬁeology Museum, Perak.
b 4 's
Q7
N &
¢

/ =

-

’

(o
&
=~
S

Figure 2.26 Gravity Meter Displayed in Geology Museum, Perak.
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Studies on color, luster, and morphology help identify solid and liquid
inclusions in gemstones. These features are then compared to the geological origi a
to determine their origin. After conducting the microscopic anal@man
spectroscopy is used to confirm the analysis of the inclusions. Micros chniques
are always the first step in determining the heat-treated and syntheticWones (Palke
et al., 2019a). When a laser is beamed through ruby or other \shfes, the reflected

X-

lights show two phenomena which are the Rayleigh scatte Rar]]an scattering.

N,
The first is called Rayleigh scattering. a laser (in th tg&; is
s -

transmitted into the ruby, the photon from the laser integacts with the nQUIecuIe in
N

the ruby and excites the electron in them. The excited

which is not stable, so the electrons ir\&)l th@éﬁund level and no
ittin

energy changes occur, thus re-et g lig \oi\t$ %Wavelength (Raman

thefother hand, a@ectron is being excited,
&

the electron falls to a level callhqs vibrati el, in\ﬁead of the ground level. This
e an@mo

u@nergy, thus emitting longer or

causes that molecule tgfabsorh,or rele
. KA $
shorter wavelength of light;res \PNKI These(%e’ also called as ‘Raman Stokes’ and

<

‘Raman Anti-Stoégespe 1 amanég.ectroscop% n.d.). Figure 2.27 illustrates
ﬁ : ? O
ns i

re i&i.rtual level’,

<
—r
=

Spectroscopy, n.d.). Raman scatteri

the energy Ie\&j
of differ t%eculaj.vbb% 'n@solid and fluid compositions of the stone. This

b4
informaon s then compared @; reliable reference spectra, such as the RRUFF

S
déwg (Groat et al., 2019).
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From the comparison of the spectra with the RRUFF database, the researchers
can identify which chemical composition appears in the ruby and thus, trw
conclude where the origin of the ruby base on its geographical structur(@ever,
Raman spectroscopy is applicable for stones with a certain amountAorescence
because a high amount of fluorescence obscures the Raman spectrum @data, resulting in
errors (Wang et al., 2019). Figure 2.28 demonstrates the confo%?. an spectroscopy

technique used in gemology laboratories.

Virtual level - - = = mis i dessssss=s
: Raman scattered light
Incident light  Rayleigh scattered light
: Raman scattered light
Vibration -
level o §
Ground:level

: :U):

% I \Q/ Source: Raman Spectroscopy (n.d.)
’ S
atterin

Figurey2. ayleigh (5@ Raman Stokes Scattering (B) and Raman Anti-
Sto ttering (C) Energy @f Diagram.

39



Source: Groat'et al. (2019)

Figure 2.28 Confocal Raman SpectroscopyaUsed,to Analyze-Inclusionsin Gemstones.

Furthermore, spectroscopy includes the examination_of spectroscopic signatures
of gemstones under ultraviolet, Visible, aneh.infrared "Iight. From the information
obtained, the geological formation and treatmentshiStory of the gemstones can be
retrieved. Several types of spectroscopy;teols arg used to study the chemical properties
of gemstones andg@entify the.agents that determine their color. The ultraviolet—visible—
near-infrared (UV—wis—NIR) spedtrescopystechnique analyzes the white light passing
through gémstenes. The absorptionyof the white light passing through the stone is
measufed n ultraviolet.fvisible—near-infrared regions. In Figure 2.29 (A), the graph of
absexption spectrum shows that the iron chromophores (Fe*") in sapphire from Tanzania
show a higher absorption spectrum compared to the sapphire from Kashmir. Meanwhile
in Figure 2.29 (B), the dark red ruby from Winza shows a higher absorption spectrum

of chromium (Cr3+) chromophores compared to the orangey-pink sapphire from
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Madagascar. The absorption features (Figure 2.29) determine the origin of the
gemstones as the chromophores can be identified (Groat et al., 2019; Palke et al.

¥

2019a; Saeseaw et al., 2019). In addition, Fourier-transform infr
spectroscopy is a type of vibrational spectroscopy that is based on a m&s infrared

reflectance, transmittance, and absorbance. Gemstones absorb the&l incident light

according to the vibrational frequencies of the bonds preser@m (Groat et al.,
2019). '
V‘ Y~
T - , \Y‘
UV-VIS ABSORPTION SPECTRA
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© o Madagascar
A e —
N ey
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Spectra for Sapphire (A) and Ruby (B).

Source: Groat et al. (2019)

‘e Energy-dispersive X-ray fluorescence spectroscopy (EDXRF) is based on a fact

t every gemstone has a different atomic structure. The X-rays interact with a
gemstone to capture its atomic structure. Unique sets of peaks are observed in the
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emission spectrum, which are compared with the reference data to match the
information. This technique, however, needs to be performed together wWe
quantitative corrections. The result may not be sufficiently accurate due G,}(-ray
absorption and overlapping X-ray emission peaks (Groat et al., 2019). r related
technique is the electron probe microanalyzer. This technique needsY'esample to be

placed in a high vacuum condition, and then, electrons are beav?i& the sample. The

result from this technique will show the X-ray characteri the Fample. The X-
absorption energy of the sample will be compared to a sa wit kwr‘nposition

T
ot a stan be@ogical

ple{& must be
s
e"to purchase,

other corundum (Groat et al., 2019)(0 \T ,<\
N,
6 e,
o 40
Laser ablation-inducti%gcm:]lMm@spectrometry (LA-ICP-MS)

>

detects elements from/Be toz at ppm to b]le@ simultaneously. The sample is

'3
\QBQ generated from the sample’s surface. The

ablated using UV I%a ale
AN 1S

elemental and i one Lﬁ\;tug a mass analyzer. The mass spectra

obtained fro@hn' ué wi hiow tﬁ@spectrum of each element in the corundum,

as show in%ure 2,? Howe er@e elevated levels can occur as the species with
z({ s
m

massess ifar to the element o‘f:)iﬁgrest can be detected. This technique also needs to
N

Nwith magnification tools to observe ablation pits that usually have diameter in
icrons. LA-ICP-MS is also unable to separate some close-in-mass interferences
roat et al., 2019). Due to the limitations of LA-ICP-MS, secondary ion mass
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spectrometry (SIMS) has been developed. SIMS can have massive sensitivity and high
mass resolution. SIMS generates, collects, and analyses secondary ions by bw
sputtering primary ions onto a sample’s surface. Unfortunately, SIMS i@vely
expensive and requires highly trained technicians and facilities to operate. hermore,
this technique is slow and has strict sample requirements. Due to thmitaﬁons, all

materials cannot be analyzed using this technique (Groat et al.,,2019)"

N

ICP-MS data acquisition time No data acquisition

LA-ICP-MS MASS SPECTRA

Yw
N

Pre-ablation Laser ablation time Sample delay time
time

with Be diffusion (8.4 ppm)

27p)
Background signal (without Be diffusion) 56Fg

477
53y

53Ga
9Be
T

$ Source: Abduriyim & Kitawaki (2006)

Figure 2.30 wctr Obtained usin Cgser Ablation-Inductively Coupled Plasma-
Mass Spectro es of Ig@nents in Corundum.

\%revious studies, several methods have been used to evaluate the grading of
‘%ones. One of them used microscopic tools, which are operated by experienced
expert gemologists for examining rubies (Mukherjee, 2012). Because the previous

method is prone to human error, more advanced techniques such as Raman and
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photoluminescence (PL) spectroscopy were developed to identify the color change of
gemstones, yielding more accurate and reliable results (Laurs, 2016). A w
technique involving the X-ray microcomputed tomography (CT) sca \also

proposed by Tariwong et al. (2020), where the inner part of rubies is am.

Yv

Furthermore, numerous researchers developed moreMced tools for
determining the grading valuation of gemstones. As ‘@ne R the, most valuable

:

gemstones, rubies need to be evaluated accordingly b n their, carat, cutj color, and
L ]

clarity. Except the carat, gemologists find it diffic@rmine e other 'hr_e\e%&;ria

for verifying the quality and value of rubies. The fellowing studies empzlasize the

N Y,

importance of grading rubies based on their,clarit Q\ \X\T

»C )
The clarity of different can be de inw gr&@g them in a fixed

environment. As a result, the clal‘&‘ Was ass n th@:)éptured image. In other
9 Q—
works, researchers investigate& lour aneyco posﬂéﬁ'of various rubies (Aung &

N
Zin, 2017). The cut quality Rge'msto
an i

s was investigated by Ekwongmunkong et al.
[ 5 y g g
(2016), who proposed ge-p% i arﬁ ithm for analyzing the cut quality of

gomsones. AN

' S
n@' oo etal. exa
miw and £nVZy H@CT scan. From the analysis, the elemental

—a_

inetkﬁgvural and treated rubies using an electron probe
o o~
co n of rubies, i.e., or&'&nd minerals, was detected and thereby natural and

rubies could be identified based on the data produced. Furthermore, Tariwong

. (2020) proposed that the X-ray-induced luminescence technique can be used to
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distinguish between natural and fake rubies. To confirm the distinction between natural

and imitation stones, optical, compositional, and structural features were invest‘l?t

Other than detecting the elemental composition of rubies, thm%laue also

analyzes the absorption spectra of natural rubies, as displayed igure 2.31.

Meanwhile, absorption spectra of the imitation rubies cannot be o d, allowing the

quick separation of natural and imitation rubies (Tariw‘($ %OZO].
.\d,
N4
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O Source: Tariwong et al. (2020)
I
€

ngmce Spectra of Natural and Synthetic Rubies.

S

raty
\’revious reports show various grading techniques that can identify gemstones’
es and value. In this research, the grades and value of rubies are identified using
mography method. The CCD system selected is highly sensitive to light, which can
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help in studying the light distribution in rubies. This is a better method than the methods
proposed in the previous studies as the CCD linear sensor system provides quan e
analysis technique which results in the low probability of an error occur@d the
method does not disturb the internal environment of the rubies, so &/sical and
chemical structure of the rubies are preserved. The CCD system hasS¢been proven to
precisely detect light distribution, which makes the result mor@e (Jamaludin, et

al., 2016).

2.4  Charge-coupled Device

achieved using complementar
modern silicon proces% iques,
the detector market&%icu ab
Sy
’
@eaure of €ECD
N
S

2.4,
NCD sensors are a high-demand dynamic electronic component in today’s

6 tries. This type of sensor is known for its architectural design because it comprises

ousands of tiny sensors that are extremely sensitive to light sources (Jamaludin et al.,
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2020). Its broad spectral response, huge dynamic range, high sensitivity, low power
consumption, shock tolerance, and anti-electromagnetic interference r@!s
facilitated its widespread use in optical imaging, target tracking, and o@ices.
Because of their distinct properties, CCDs are used as basic image nents in
resource, ocean, and meteorological satellites (Yang et al., 2016; MoRRZhaIim etal.,

2022).

ImaAonstructions utilizin,@'-ray tomography equipment have extremely high

re?\&m, as illustrated in Figure 2.32, which is critical in the medical sector since clear

q precise images are required (Kumari & Khare, 2013). CCD tomography systems
r

e currently widely utilized in the processing industry for plant control because they
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provide a nonintrusive and noninvasive inspection tool (Haff & Toyofuku, 2008). CCD

sensors are also resistant to electrical noise and interference, as well as having?'@w

resolution and working speed (Lesser, 2019). %\

Extensive publications on the analysis and monitoring of muWe flow have
been published (Jamaludin et al., 2016; Jamaludin et al., 2018M contamination
technology (Jamaludin et al., 2020), sewerage blockage &me‘ al., 2021), and
object measurement using CCD tomography system%. SWS a CCD
system for detecting sewerage blockage in a pipeli stem fr[m pr iru; (%S;rch

conducted by Jamaludin et al (2021). P 4

S

' g

!//J—‘{

Square beam

projection

‘é A CCD is atype of image detector that consists of an array of pixels that generate

Oential wells in response to clock signals, allowing for the storage and transmission

of charge packets. The majority of charge packets in a CCD are composed of electrons
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created by incoming photons or the internal dark signal. Gate structures on the silicon

surface define these pixels. A precise time-varying voltage sequence is applied We

gates, physically moving the charge to a charge-to-voltage converter o;@iﬁer.
)

The voltage output sequence is converted into a two-dimensional (2D image by

external electronics (usually a computer) (Lesser, 2019). .i

Although the CCD's initial promise as a memory e enEas gine, its ability to
detect light has secured its place as the industry's stan mage nWology. Its

L ]
exceptional light sensitivity was examined for @applic tions, re’sult}ﬂ? in a
Ramii et

massive revolution, most notably in astronomy al. #2011)4CCD Sensors are
Y

classified into two types: linear CCD sensars, whieh a[ﬁ e pensggd read very

quickly, and array CCD sensors, whi a%nmonl n sc@‘jfic and high-end

imaging (Dominec, 2010; Lesser, 2%9). :\
? @ “ QL
The basic idea of CCN S is ba he rﬁ(@ment of electrical charges.
: . N .
A metal oxide—semico UCWCS) paci rlseS‘%s the sensor in CCDs. Photons
strike electrons as light reaches th cép iﬁzéjpushing them to leave their covalent

band (Jamaludin, ﬁ{\ Q %%
N

‘\; ¢ ‘,' (,)(J

Th@' of ew:ys reat ﬂ_us proportional to the number of photons going

throug lass of tﬁa ctor. T@ctrons produced are then transmitted to the next

-9

A
S

=

N
se\ il they reach the Iasl*s(@sor.

: E The last sensor sends data to a computer, which analyses it and reconstructs an

age (Jamaludin et al., 2015). As the number of incident photons increases, the number
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of electrons generated also increases (Jamaludin et al., 2015). The illustration of data
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Figure 2.34 Illustration of the Data T Process i ono@omatic (Left) and

Color CCDs (Right). c) \ A
&L

The CCD sensot,is lw inte i tguration of its architecture, with
more than one thousanE vea thin, 1i§ sflc\t}pixels. The pixel sizes of the CCD

sensor are meas@wicro etersd This ﬁor type provides lower noise, higher
A
sensitivity lig Mtio apd hi }rl-remgﬂ'lon interference compared to CMOS. The
dark

receiver i sensitive t fronments. This sensor is uniquely designed to
b g

offer 3&% resolution Jsir@'%ingle line or array of CCDs. The CMOS with a

S pixel size originates ﬂm% the same family as CCD sensors. The primary

%\ion between a CMOS and CCD is the addition of an analog-to-digital converter

Ohe former (Jamaludin, 2016).



Several varieties of CCD sensors have been developed, each with its unique
function that can be used in a certain application. It is often less expensive for S
industry applications and comes in two varieties: color and monochr@}CCD
sensors. Color CCD sensors are found in video and digital cameras, whﬂ*vochrome
sensors are found in fax machines and scanners. In 1991, researchers diS€overed a defect
in the color scheme of a CCD linear sensor. This is caused Msle of scanning

X

three times for three different hues (Jamaludin et al., 20 color CCD linear

sensor output signals require a significant amount of me . .\d'

nod@matic CCD sensors, each with a particular

&
AN

N

re monochromati D sensors. Figure 2.35 depicts the CCD sensors

Di@' arieties o
purpo we used i ribus ications. CCD ILX551 and CCD ILX551A, for
exé

1A and ILX511. CCD ILX551 has the most similar characteristic to CCD

0(551A. Above all, the CCD ILX511 is intended for use in bar code point-of-sale

(POS) hand scanners and optical measuring equipment when great accuracy is not
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required (Sony Corporation, 2004). Meanwhile, the CCD ILX551A is designed for use

in facsimile, image scanners, and optical character recognition (OCR) applicati t

require greater precision and efficiency (Sony Corporation, n.d.). %\

Figure 2.36 shows the spectral sensitivity characteristic of C sors. In the
figure, it can be concluded that the relative sensitivity of the CCN.S and the light
wavelength range is 430-650 nm, which falls within the,relative s|ensitivity value
(Jamaludin, 2016; Sony Corporation, n.d.). Rubies @ tiw nm, i.e.,
visible light. It has a relative sensitivity of >0.9, repre d by red dotte Ii’es‘@)'gg;ure

Y
2.36. As a result, CCDs can be used to detect the features of fight distribution in ruby

\\: N
stones. Table 2.2 shows the comparison be%n’ 0 CDs:'€CD ILX551A
and 1LX511. \(ﬁ Cs<
e X%

Spectral sensitivity characteristics
(Standard characteristics)
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Figure 2.36 Spectral Sensitivity Characteristics of CCD Sensors.
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Table 2.2 Comparison between CCD ILX551A and ILX511 Sensors.

ILX551A - 2048-pixel CCD Linear
Sensor (B/W)

ILX511 - 2048-pixel CCD
Image Sensor (B

X

Description

The ILX551A is a reduction-type CCD
linear sensor intended for use in
facsimile, image scanner, and OCR
applications.  This  sensor  reads
documents in B4 format at a density of
200DPI (Dot Per Inch). For ease of use, a
built-in timing generator and clock
drivers ensure direct drive at 5V logic.

The ILX511 is a rectanglar reduction
type CCD linear inﬁﬁsf sor designed
for bar code P oint-of-sale) hand
scanner and o ia%asuring equipment
use. A built iming lgenerator and

sure single 54/ power
NI

Description

Features
* Number of effective pixels: 2048 pixels

* Pixel size: 14pm x 14pm (14pum pitch)

]

e Maximum clock frequen%:

 Built-in timing generator and
drivers

« Ultra-low lag

|
’ b
\cn\ve pig{a))% pixels

0\ 147 um x4200 pm (14 pm

z I _ i %
.‘JB '?sample-and-hold circuit
&

ge temperature —30 to +80 °C

<aglﬂe\ximum clock frequency: 2MHz
“Absolute Maximum Ratings

* Supply voltage VDD: 6 V

* Operating temperature: —10 to +60 °C

» Storage temperature: —30 to +80 °C
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Table 2.2 continued

ILX551A - 2048-pixel CCD Linear
Sensor (B/W)

ILX511 - 2048-pixel CCD N;

Image Sensor (B/

Recommended Voltage
VDD1: 8.5V < 9.0V < 9.5V

VDD2: 4.75V < 5.0V < 5.25V

Recommended Voltag

VDD: 4.5V <5.0V £5.5

Input Capacity of Pins
CLK pin: 10pF

ROG pin: 10pF

Saturation Output Voltage

Vsat: 1.5V ~ 1.8V

*Photo Response
Uniformity (PRNU)

PRNU:(Wmm—WMMﬂ

Vave

N
The maximum output,is sétfto Mﬁlx, mum output is set to VMAX,
the minimum output anf' he r;g' iimum output to VMIN and the
average output to VAVE. ave output to VAVE.
g p \ l\\‘ v{"‘? p
& \P 5 Source: Sony Corporation (n.d.)
N N O
(—) ’ C’)
X ,‘_) >
ata in

th

ou

‘%D ILX551A sensor has a 14-m 14-

e tatgl'e above, it is clear that the CCD ILX551A sensor

N
K sthe CCD ILX5115&2ide from having the same number of effective pixels,

m pixel area, which is smaller than the CCD

0(511 sensor. This demonstrates that the CCD ILX551A sensor is more accurate than

the other CCD sensor. Furthermore, bot

h CCD sensors are efficient, but the CCD
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ILX551A sensor has a higher maximum frequency of 5 MHz than the CCD ILX511

sensor to send and receive more data in a shorter period. q
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Figure 2.37 Clock Timing Diagram of the CCD ILX551A Sensor.

Source: Sony Corporation (n.d.)
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As shown in Figure 2.37, the Sony ILX551A linear CCD sensor requires two
input signals: the readout gate (ROG) and clock signals. The ROG mgnal?’n
activating the end of each frame. The Sony CCD ILX551A sensor has 2% itive
pixels. According to the datasheet, dummy signals would be present meglnnmg
and end of each image clock in each frame. A dummy signal is used¥as a backup for
other pixels in this CCD sensor. There are a total of 2087 Xfor this sensor
including the dummy signals. The CCD ILX551A sens ?(; ll‘ne ROG signal,
whereas the CCD ILX511 sensor does not require this s (S yWyon, n.d.,
2004). Without the ROG signal, it is hard for the user'to eapture the y zls m@%is no
end activated for each frame. Thus, the data wi co% mtot@gystem.

X
NV {\
To improve the CCD’s perf@ researj veﬁmed a variety of

Ecestigating the CCD’s

criteria. In general, seven criteria uId be %
performance. The requwement‘@quaﬁtum ienc ?&E) signal to noise ratio,

spectrum sensitivity, transfer e ncy olutlei%loomlng and dark current.
CCD sensors have a factlo’v ranging 40% to 90% (Buil, 1991), in
comparison to other, htr n rs. CQ_B;&ensors typically can detect a light
wavelength ran 1 hlchéncompasses visible and infrared regions
(NASA, 2016 sensors ar , vzsmble in a number of sizes, each with a distinct
amount reipl tlo Ué‘ CD sensor is exposed to high-intensity light

source e essive lighting, b@. can develop. Dark current is another factor that
i es CCD performance. Even if the sensor is positioned in a dark region, when
ignal is gathered, some dark current will flow (Buil, 1991). The criteria for a CCD

Qsor are as follows:
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- Quantum efficiency (QE)

e The quantum efficiency is defined as the ratio of the numbe%x;s

emitted by the phosphor to the number of photons absorh%rl astava,
2003). A CCD sensor has a high QE of 40%-90% ed to other

optoelectronic sensors. Thus, it can be considerNe best detector

(Jamaludin, 2016). z '
- Spectral sensitivity
é | &
{ Y

e A CCD sensor can detect a ranth WNH{ S froQ\_M)O to 1000
nm. This range of Wavele6Walled %‘)ec sensﬂ@ty (Jamaludin,

2016). \

- Transfer efficiency % o “« Q-
N RN
N
e When a(elec n is being t ns{fe@rom one pixel to another, the
I process i

4 4 .
d. Thé/ansfer process is known as transfer

efﬂ&v ( udim; Zo§emperature, charge trapping, a tiny
|
@)J\t olch%lr MorE(/ﬁD(el, and switching can all affect the transfer

&ﬁ)ce? (baﬁfu n;;g%).

N
\ tial resolution \C?

Q e The smaller the size of the pixel is, the higher the image resolution is

(Jamaludin, 2016).

trans
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- Blooming

e Blooming is the process in which a large number of ecm: are

produced in a single pixel, and excess electrons remain a%e transfer
process. This can happen if CCD sensors are expos excessively

bright light sources or strong illumination (saturawurs when CCD

sensors are subjected to high-intensity lig r zong 'oeriod of time.)

(Jamaludin, 2016). ‘\d
|5
<

o
g postioned in a dark

- Dark current

e When a signal is detected

location, this is referred

caused by the eﬁe:hs

2.4.2 Applicationw @Q
Smith N\%Ie the™i iors CD sensors, used CCDs in solid-state

¢ ? C,)

cameras atQ eaaj point in=their devﬂgpment from 1970 to 1975 (Jamaludin et al.,
al

N
" ﬁ) es Ds were also used in television broadcasting
(Ja etal., 2015). In 198.{:mese sensors were used for the first time in astronomy.

S %Psigniﬁcant companies then began to manufacture this type of sensor to fulfil the
6& s of astronomy technology (Yang et al., 2016).
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CCD cameras used in astronomy are generally pricey. To obtain astronomical
photographs, astronomical engineers often employ arrays of CCD sensors. ?‘B
inches wafer is mounted the largest CCD sensor ever recorded (Jamaludin @})15)

This application explains the basic concept of detecting an item using féﬂsensor.

Source: Suszynski (2009)

Figure 2@ e of St!(s C tufe@le CCD Sensors.
9

«\o\’\

Arrays/of I'g'ar d in astronomy to detect stars, planets, and
meteors f |ons ay.uSing light reflection. As a result, the goal is to
|de |ant Ilght dER background in an unrevealed region. This is how

th%ence of stars are de\Cted using CCD sensors, as shown in Figure 2.38

@udm et al., 2015). CCD sensors became popular in the photographic industry in

1. Numerous models of digital cameras have used the CCD technology to produce

high-resolution images.
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The cost of a CCD sensor in a digital camera is cheaper than that of a CCD
sensor in a telescope. Additionally, because pixel characteristics and sizes dew
customer preferences, they change accordingly (Jamaludin et al., ﬂ;}CCD

technology enables a compact, high-quality image, and perhaps eveﬁ'& efficient

camera (Zhou et al., 2011). i
In terms of low noise, low power, and large siz odern >i-ray astronomy
detection systems have progressive advancement. Th y CC ers aWwide range
L ]
of applications in the field of X-ray astronomy sin@perfor typi alrig.\- ergy
particle detectors in terms of energy and spatial resolution (Ilehta et al., ZQIS). CCD
Y

is.one of @Bst effective
an @ct since it offers
morphological and physical information on e& ructurerof the studied sample.
Furthermore, CCD cameras are_combined With o co@ents to generate digital

2]

technology is also employed in X-ray CT S%Zray

nondestructive testing technologies far, t ghl

<
2

radiography for X-rays, such as ed V\H&é} taper for micro-CT,a CCD
ltica ibr

N
camera linked with a fan of %erent e@ns (multislice linear detector),
E z 3
and a scintillating swi eI CE€D camera’(cone-beam CT) (Lu et al., 2018).

A &
ReceneMes n €CD }sled Qéiéal CT scanners have enabled speedy and

cost-eﬁec@me-dim nsiohal (3 | dosimetry in current radiation applications.
’
cCD- w i

%

tical CT ceive the entire plane of data at each step, allowing for

&Y

quiek 3D dosage distribution (bfbrigi etal., 2010). The CCD laser range scanner (CCD-

‘%echnique is also developed, and it is capable of storing geometric and colour data,

Oich increases scanning and tracking accuracy (Chang, 2015). CCD scanners, like

MRI scanners, are widely employed in the medical field (Pheiffer et al., 2012).
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The most common applications of CCD sensors are optical displacement sensors
(Jamaludin et al., 2015; Ni et al., 2009; Zhou et al., 2011), surface detection S
(Jamaludin et al., 2015). Thickness detection sensors (Li et al., 2004) \bject
detection systems (Jamaludin et al., 2020). Because CCD cameras hav%precision
for measuring 2D pictures and lasers have fantastic precision in the | direction, Fei

et al. (2010) discovered that the optimal combination is laser a@ cameras.

The combination of CCD and laser, according t al. ( OWntributed

L ]
in the development of thickness-detecting sensors with*high sensitivity, xic'@;\cy,

and constant reading distance. As a result, CCD lasergdiOde granscéivers have
Y

shown to be the perfect transceivers fomc 0 'e\asure@. techniques.
Transparent items may allow morelig@throug a soIiB&jects.
S

Since CCD sensors can c'daerw e h?in@l}ties with very small
“« Q-
differences, the detection of t nt obj ht bﬁfwblematic. Jamaludin et al.
N
developed the optical tﬁow (OP" ) de Cl' @'f analyses the movement of air

bubbles in ionic crystal-clear v% 6')' AWith minimal opacities, this CCD
@

tomography devi@co tluct a oss-s@n image of a moving object in crystal-

N
clear water (JﬁsaNn e al%;j&m in et al., 2017).

1)
L7

.\Application of CCD Sensors in Gemstones

7

Ay
{4

Q Gemology is the scientific study of gemstones. Archaeologists, art historians,

conservators, mineralogists, gemstone merchants, amateur and professional
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gemologists all face a difficult task. They must understand not only the fundamentals

of many sciences (mineralogy, crystallography, geology, chemistry, physics,w

some circumstances, biology), but also economic considerations (Karan@}t al.
2020). The study of gemstones begins with determining their chemi position,
then determining if they are natural or manufactured (i.e., imitation or%h'etic), testing
for enhancing treatments, grading, and, in some cases, determining*their geographic

origin. '

Furthermore, all data should be obtained nondestructively an ()’ﬂn\@;xvely
=\
0 t

When such stones are placed in jewels or artw heirganaly becG{nes more
N

difficult. Because of the high value of gemstones and je em frequently impossible

e te procedure. As a

<
o

to extract them without causing dam g@iall
result, such jewels will require gon-site id \I'ﬂcqt? ﬁojques. As a result,
gemologists in charge of the stg@ beﬁ;hauy \ned in the various ways
of identification while paying Matte,m’%zf tr@({rementioned situations and

requirements (Karampglas et Z 2020) t 0
4 ¢ &
& @)
This reseM fo ! on Iyzir@m ruby’s clarity without disturbing the
N
Mn SO
chri

internal or exe dition t}é rumg-’f he analysis will use the characteristic of
light distri@n rubies, nvghzes light reflectance and absorption. Because the
4
CCDI msor isas sor{hat mainly focuses on detecting these two characteristics,

)
<)
th%y s of the clarity of rth using the CCD sensor is possible.

Q It is believed that this specific approach will produce a quantitative and

standardized grading technique based on the voltage produced by the CCD sensor.
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2.5 Laser

Lasers cause atoms or molecules to emit light at specified wavelen %ich

is then amplified to produce a very narrow beam of radiation. The erm ically
spans a very narrow spectrum of visible, infrared, and ultraviolet w ths. A laser
is a light-emitting device that uses optical amplification to stirv\gzromagnetic
emission. The term "laser" refers to light amplification by s 'mu?ﬂmission radiation.

l

(Hecht Jeff, 2020). .\d

@ \Y-
A laser diode is known as a semiconductor e that generat or"sisteiﬂ high-
o : AR A : § :
intensity light. The operating power of a Iaserwavls less compared to~other light-

T
emitting devices. Aside from that, a Iatw is t%ic smalti=allowing better

&
handling. Furthermore, laser diodes prN gh-efficie

Iight@laser light emitted
by a laser diode has coherent, Cﬂ)rom \J&

@\dlrectlonal properties.
6 &

Coherence is an essential lase erty due_to sti ui‘ated%issions. The phase of the

X

emitted light waves is the Yén compari in t_@sase of an ordinary LED light
[

source, the property 0%& ce d%a bnj;sks;gause of the spontaneous photon

o

&

’ | ‘.P(J

Laser%is noch m‘tlc(J particular, it has one wavelength and is

- \ - - - -
monoch%knatuw. i aves@'th a single wavelength indicate a single color of
the ﬂ&j radiation. Fundamea@! , the light brightness is determined by the power

N

\P‘surface per unit solid angle. Laser diodes produce high-intensity and more

d r light due to continuous reflections. This enables bright light to be generated by
e

device. Further, laser light is highly directional, as there is no divergence of the light

emission process (@ir 'Glob'a,z ;
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from a laser diode. The directionality in a laser diode is achieved using multiple mirror
reflections of the emitted photons. The light will be skipped every time it dewatw

its axis, resulting in only a highly concentrated light beam being achle@}rcun

Globe, 2011). *

In many trades, such as construction, installation, surveyi d listing, lasers
are used. Vertical line, horizontal line, and sometimes bot | ancihorlzontal lines
are projected for fast and easy accurate long-range m ment s are used

to be the common laser that are applied in the indust However, the aprea@?ave
fallen to the bottom ever since green lasers came alongyand te;hn lo devélp‘ped Red

lasers still offer exact accuracy; thus, the Ias rtob elegﬁe nds (@hg.appllcatlon

Red lasers are not as diverse as gre Ia WS & tor can be utilized
de

to improve and expand the red (ﬁ r onIy red light, which

indicates that they do not h greenslasers ( K 2021) Red lasers have a

wavelength of 620-700,0m |g ,20 0). l
f' ’ -‘
b

When C@utes |AI orund{m the Cr atoms absorb some light
wavelengths. ENr fl ct‘e qh t&()}pearance of red light. This mirrored red
th

light provi yes e col rcharacteristics (K. Nassau, 1997). Rubies also

show 0 t|on a{ rf(Eaé*\Magana etal., 2017).
R

n the research conducted by Eaton-Magana & Breeding (2016), a laser is used

& e energy source for photoluminescence (PL) measurements. The laser observation

vealed several general characteristics, such as prominent diagnostic peaks in spectra,
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and occasionally, underlying broad bands (Eaton-Magaiia & Breeding, 2016). In
gemology, laser characteristics are used to determine if a diamond has been trea

are of natural or synthetic origin. Furthermore, the laser can be used to d@e the
origin of color of coral and the separation of natural, manufacturedAeat-treated
spinel. The laser’s advantages of very sensitive measurements fof faults at low

concentrations aid the gemologist in gemstone analysis. Yy

.o

\
2.6 Summary é J,-{O
s \,Y"

This chapter involves discussion on Nw;n S tio\‘he fj,é&::tion on the

precious stones specifically on the rubystone._This inclu e g@ﬂg criteria of ruby

stones, types of inclusions in rut@%pes of %n ptical and physical

S
characteristic of rubies. The fo%sectﬁn ar re\/@ca?s on the gemology tools
N &
i sea

and also the techniques utilized by‘the pre tc% to analyze rubies. The Table
2.3 below show the %; of the';::ﬁqde@d by the gemmologist and the
0s

previous researchersihEinally, tlil \{\L e&p discusses briefly on the CCD linear

—

ENETy

L5
&

N
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Table 2.3 Summary of Gemology Tools and Techniques.

Not po eed
in the la ry)
o n.aj)

Tool / o CCD Linear sg
Techniques Limitation of the Study Syste EK
- Depends highly on human
vision q

Loupe . . N

- Require skills to operate Y-

Source: Clark (n.d.) .'\d

L 4
N4
- Expensive b ' _{')
- ordable
_ 4 N
- Depends highly on h "\'Q N
vision uanti ‘R/'e
Microscope, V w\
refractometer, o % N\ %
dichroscope - Require sklw rate P@ le
polariscope, AN
spectroscope - \3 -éé\ccurate
"5

i+ Simple & Easy to use
| (does not require
skills)

i?:rrl$ia? eirl. @ )' ,é\
LD SRS
< \w"}é’

NS
{-l%itedt&
amount @ffluorescence
et

ones with certain

Source: Qe et al. (2019a0; Wang et
al. (2019)

Source: Sony Corporation
(n.d.) & Jamaludin (2016)
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Table 2.3 continued

TOO.I / Limitation of the Study CCD Lineg N
Techniques Syss

- Expensive ?

- Require skills to operate and \/
U_It.raviolet— set up %ord ble
visible—near-
infrared (UV- - Very sensitive to electronic - Q arw
vis-NIR) noise and light (may reduce it ' X
spectroscopy accuracy) , C}

- Port RN
Source: Groat et al. (2019) " \Y'
(2019b & 2019a); Saeseaw et 2019) ».. = curatexz-
%V ! Simple & Easy to use
- Expensive \ (do does not require
T .Skills)
Fouri - Requir %0 p &
trc;l:]rs;eor;m rce Sony Corporation
infrared (FTIR) stones ertal L .d.) & Jamaludin (2016)
a?g fi T ed a or
(
% roat et %J 2 4?
l\ \(J

" chf/”

|th the laser in Q@ﬁd OFF conditions in the presence and absence of

will béites

S used in the experiment. The proposed system

a NT analysis of each (hdltlon is completed when the CCD captures the light

0 ty from the laser and ruby.
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