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Entanglement from Quantization-Deformation

Mostafa Mansour
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Abstract: In this paper, the unitary solutions of the Quantum Yang-Baxter Equation
derived via the quantization-deformation of a Poisson Lie group associated to an r-matrix
(solution of a classical Yang-Baxter equation) are introduced. The solutions of the
algebraic and braided Quantum Yang-Baxter equations that are explored contain a

deformation parameter /1 , and will be used to perform quantum entanglement when acting

on bipartite quantum states.

Keywords: Quantization-deformation, Quantum Yang-Baxter equation, Entanglement.

1. Introduction

Quantum entanglement is one of the most
interesting properties of quantum mechanics. It
has been discussed in the early years as a special
quantum mechanical non-local correlation [1, 2].
Quantum entanglement plays a key role in
several areas of quantum information, such as:
quantum teleportation [3,4], quantum
cryptography [5, 6], quantum dense coding [7 -
9] and quantum computation [10, 11].

Given the great importance of entanglement,
the quantification and characterization of the
amount of entanglement have attracted much
attention [12]. For quantifying the amount of
entanglement, various measures have been
proposed. Concurrence is the most commonly
used measure of entanglement. For the two-qubit
case, an elegant formula for the concurrence was
derived analytically by Wootters and Hill [13,
14].

L. Kauffman and S. Lomonaco have
constructed a topological quantum gate entangler
for two-qubit state [15]. These topological
operators are called braiding operators that can
entangle quantum states. These operators are
also unitary solutions of quantum Yang-Baxter
equation. The complex relationship among

topological entanglement, quantum
entanglement and quantum computational
universality has been explored in a series of
papers [16 - 24].

One way to study topological entanglement
and quantum entanglement is to try making
direct correspondences between patterns of
topological linking and entangled quantum
states. One approach of this kind was initiated by
Aravind [25], suggesting that observation of a
link would be modelled by deleting one
component of the link.

On the other side, the development of the
quantum inverse scattering method (QISM) [26]
intended for investigation of integrable models
of the quantum field theory and statistical
physics gives rise to some interesting algebraic
constructions. Such investigation allows to select
a special class of Hopf algebras [27] now known
as quantum groups and quantum algebras [28 -
32].

The main reason that quantum groups are of
such great importance is that they are closely
related to the so-called quantum Yang-Baxter
equation [33, 34], which plays a prominent role
in many areas of research, such as: knot theory,

Corresponding Author: Mostafa Mansour
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solvable lattice models, conformal field theory,
quantum integrable systems and quantum
information.

Quantum groups are defined as a non-abelian
Hopf algebras [35]. A way to generate them
consists of deforming the abelian algebra of
smooth functions on the group into a non-abelian
one (*-product), using the so-called deformation
quantization or star-quantization [36 - 40]. A
star-quantization method is used also to develop
a theory of (topological) quantum groups in [41 -
46], to realize deformed Yangian algebras in
[47] and quasi-triangular quasi-Hopf algebras in
[48].

There are many applications of quantum
algebra in physics [49, 50]. A relationship
between quantum groups and quantum
entanglement can be found in references [51,
52]. The quantum algebra using the FRT
(Faddeev,  Reshetikhin =~ and  Takhtajan)
construction of Yang—Baxterization of the Bell
matrix is presented in [53].

The main objective of this work is to show
explicitly that the universal R -matrix (solution
of the algebraic quantum Yang-Baxter equation)
obtained from the quantization-deformation of a
Poisson Lie group can be considered as quantum
gate  which can  perform  topological
entanglement when acting on quantum states.

This paper is organized as follows: the second
section is devoted to a review of some basic
definitions of the quantization-deformation of a
Poisson Lie group associated to an 7 -matrix
(solution of classical Yang-Baxter equation), to
present the Drinfeld-Takhtajan approach to
construct quantum algebras and to derive unitary
solutions of the quantum Yang-Baxter equation.
Section 3 introduces quantum operators,
solutions of the algebraic quantum Yang-Baxter
equation that can perform quantum entanglement
of multi-qubit quantum states. In section 4
quantum gate entanglers from a star product on
the Poisson Lie group SI(2) are cinstructed,
and it is shown that these quantum operators
entangle states on a vector space considered as
the space of representation of the Lie algebra

sI(2).

2. Quantization of a Poisson Lie Group

Let G be a Lie group with Lie algebra
(g,[,]) - Denoted by (X,) is a basis of g and
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U(g) is the universal enveloping algebra of g .

2 12
If ren“g, the elements r PP of

U(g)®U(g)®U(g) are defined by:
rP=r'X,®X,®l1
rP=r'X,®19 X,
P =r1®X,®X,
where 7 = rUXl. ®Xj. It is said that 7 satisfies
the Classical Yang-Baxter Equation (CYBE) if:
[r12’r13]+[r12’r23]+[r13’r23]:O (1)

Such an element is called an 7 -matrix. To
each r, a Poisson structure on G is associated
by putting:
{9.0y=r" (X [ (@)X [(9) X[ (@)X [ (#)) }

P,9eC”(G)
(2)

where X (resp. X ;) are the left-invariant (resp.

fields on G
corresponding to X (resp. X ;).

right-invariant) ~ vector

Definition 1 (Poisson Lie group) [54]

A Poisson-Lie group (G,A\)is a Lie group
endowed with a Poisson structure defined by a
two-contravariant antisymmetric tensor (M) on
Lie Group G such that multiplication in G is
Poisson morphism.

A particular Poisson-Lie group is a Lie group
(G,{,}) endowed with a Poisson structure {,}
associated to an 7 -matrix satisfying the CYBE.

The quantization-deformation of a Poisson-
Lie group (G,{,}) is a deformation of the

commutative algebra C*(G) which turns it into

a new non-commutative algebra C”(G)[A]],

where h is a deformation parameter. It is
assumed that |A|<1. In the limit

h—0,C”(G)[h]] reduces to the commutative
algebra C”(G). The algebra C”(G)[A]] as a

vector space coincides with C”*(G), but has a

new product * called a star product defined as
shown for example in [36 - 40])
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Definition 2 (Star product)

A star product on a Poisson-Lie Group G is
a bilinear map:

. C7(G)® C*(G) = C*(A)[A]]
PxPp=0h+ ZC,» (0. 9)h'

such that, for all @,¢, p € C”(G):
1) when the
CH @)1 , it is formally associative:
(p*d)xp=0*(¢*p)
2) the two-cochain C,(¢@,¢) is a bidifferential

above map is extended to

operator on C*(G) (bilinear map which is

differential operator with respect to each
argument)

Dexl=lxp=9¢
4 Ci(9,9) = 10,95

Since G is a group, there is a natural
comultiplication A on

C*(G) - C*(G)® C*(G):

A(@)(x,y)=o(xy) (9 €C”(G),x,y€C).

The problem of the quantization is to get a
star-product on the group G such that the
compatibility relation:

A(¢ * p) = (A(9) * A(p)) 3)
is satisfied, where the star-product on the right
side is canonically defined on C*(G)® C*(G)
by:

B®p)x(¢ ®p)=(*¢)®(p*p). (4

The corresponding star product was built by
V. Drinfeld and L. Takhtajan in a purely
algebraic way. They first look for a formal

element F eU(g)®U(2)[A]
F=1+Y Fh', (FeU(g)®U(g)) such
that the product:

pxd=u(F ) (F) (p®9)) )

is a star product, (where u

given by

is the wusual

multiplication on C”(G) the algebra of smooth

functions over the group G ). The associativity
axiom of the star product looks:

(A, ®id)F(F®1)=(id ® A, )F.(1® F) (6)

where A, U(g)®U(g)—>U(g)
coproduct of the enveloping algebra U (g), id:
U(g)—> U(g)is the identity map of the
algebra U (g)and 1 be the identity of the
enveloping algebra U (g) .

is the

Now, if the following element given by
Drinfeld in [55] is introduced:

R.=F'F , (7

where F, = P.F,.P, (In this paper, P will

always denote the flip operator (swap operator)
which acts linearly on the second tensor power
of a module by P(a®b)=b®a),

then it can easily be shown that R, defines a
quasitriangular structure on the quantized
enveloping algebra U(g)[ [#]], given by:

(Ap ®id)R; = (R )13-(Rp) 3
(d ®Ap)R: = (Rp)5-(Rp ),

where(R,.),, =R, ®1, (R;),; =1QR,,
(R;);; =(1®P)R,. ®I)(1®P) and A, is
the coproduct of the quantized enveloping
algebra U( g)[[h]] given by:
A (X)=F A (X).F.

For more details, the reader is asked to refer
to paper [45] and references therein.

It is possible to show that the universal R-

matrix R, gratifies the algebraic quantum

Yang-Baxter equation:
(Rp)i-(Rp )3 (R )y = }
(RF)23'(RF)13'(RF)12'
From the fact that ¢*1=1*¢=¢ for all
pe C”(G), it can be deduced that:

(id ®&)F = (¢ ®id)F = 1; )

®)

where & is the counit map: U(g) — C given
by ewv)=¢(u)e(v) and €(1)=1 with C
being the field of complex numbers.
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Consequently,

(¢ ®id)(R,) = (id ®&)(R,)=1. (10)

From the definition in (7), it can be deduced
that R, gratifies the unitary condition:

(R.),.R, =1. (11)

The releveance of the previous peocedure is
that one can get many concrete solutions of the
QYBE by taking different representations of the

universal R-Matrix R,..
Thus, if one now considers a finite

dimensional vector space H and lets
p:g—>End.(H) be a finite dimensional
representation of the Lie algebra g on H , then
the R -matrix R=(p® p)(R,) taking values
in End.(H®H)
quantum Yang-Baxter equation with no spectra
parameter (QYBE)

R,.Ri3.Ry; = Ry, .R;.R,,.

satisfies the algebraic

(12)
And the unitary condition is:

(R),,.R =1.

It is assumed that {e,,e,,...,e, ,} is a basis of
H over the Field C and the basis of the
tensorial product H®H is denoted as
le,®e,/i,je{0,1,...,n=1}}.
basis, one may describe the operator R by its
action on the generators of (H ® H)

Using  this

R(e,®e;)= R,.f.l(ek ®e).

The algebraic Yang-Baxter equation (12) can
be rewritten as:

ab ic mn __ bc ak Im
R™®.RS.RI = RY R R"

m

and if the matrix B = PR is introduced, where
P is now considered as the permutation operator
on the tensor vector space H®H
(P7=65/8), then it can be shown that the

matrix B satisfies the Braided quantum Yang-
Baxter Equation:

be aj mn _ pab pjc Im
BY.BY B! = B B B

dm mf*

(13)

which can be rewritten in a compact form as:
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(B ®id).(id ®B).(B ®id)= } (14

(id ®B).(B ®id).(id ®B)
It is remarked that the braided Yang-Baxter

equation bears a close resemblance to the
relation:

00,410, =0,;,,0,0,,4

i+ i

of the Artin braid group defined explicitly by
Emil Artin in [56] by:

Definition 3 The Artin braid group on n-strands
is denoted by B

{o,|1<i<n-1}. The group B, consists of

and is generated by

n

44l
all words of the form 0;.1 0;2...0; modulo
n

the following relationships.
0,0,,0,=0,,,0,0,,foralll<i<n-1
0,0, =0,0,suchthat|[i—j[>1.

A unitary solution B of the braided Yang-
Baxter equation yields a unitary representation

p of the braided group B, on the space H on
for every n defined by:

p(c)=1"@B®I®" .

Moreover, this representation of braid group
is unitary, since B is also unitary operator,
solution of braided Yang-Baxter equation which
indicates that this operator can perform
topological entanglement when acting on
quantum states and can be considered as
quantum gate.

3. The R -Matrices and Quantum
Entanglement

An essential step in the study of the
entanglement of quantum states is the
establishment of appropriate separability criteria.
That is, to determine criteria that enable us to tell
if a given quantum state is separable or
entangled. Mathematically, a pure state |y > of

a composite quantum system lives in a linear
space, it is constructed by a tensor product of
vector spaces referring to its subsystems. Such
tensor vector spaces contain states that cannot be
factorized into pure states of their individual
components. These states are called entangled
states.
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The criteria of quantum entanglement for a
quantum state is given by the following
definition (see for example [57] and references
therein).

Definition 4 A pure state in the tensor product
Hilbert space |y > &(H,® H,®...H,) of a

quantum system (A4, ® A, ®...A,) is called

fully separable with respect to this system if it
can be written in the form:

v >=¢>0[¢,>8..[4,>,

where | @, > is a pure state from Hilbert space
H.; and |y > is called entangled with respect
to the system (A4, ® 4, ®...A,) otherwise.

Particularly, a bipartite pure state | > in the
space (H®H) is
separable if it can be written as a single tensor
product of states:

(v >=g>®|¢,>.

And every non-separable state vector is called
entangled and has the form:

v >=Ya,ld>0¢, >

with at least two non-zero complex coefficients

a;.

tensor product Hilbert

Hereafter, let H be a complex vector space of
dimension two that can hold a single qubit of
information. It is spanned with two orthonormal

1 0
basis vectors | 0 >= [OJ and |1>= [J(Dirac

notation).

In the computational

{]00>,]01>,]10>,|]11>}, of the
product Hilbert space (H® H), the normalized
pure state | > is expressed as:

|y >=ay, |00 >+, |
01>+, 10> +a,, [11>,

basis
tensor

(15)

where aU,OSi,jsl are complex numbers

satisfying the normalization condition
lag I* +lag | +lay, |* +lay, P=1.

Since entanglement is a crucial resource for
many applications in quantum information, it is

important to quantify the amount of
entanglement in a given system. However, there
is a diversity of possible correlations.
Concurrence is the most commonly used
measure. It was introduced by Wootters and Hill
in [13, 14] as a measure of the entanglement of a
bipartite state of two qubits. The concurrence for
a two-qubit state |w) given in Eq. (15), which

goes from 0 to 1, may be written as:

Cly) = W) F 2| oy, =gty |- (16)
where |y)=(c,®0c)|y") represents the
spin-flip plus phase flip operation. |y") and o y

are the complex conjugate of |yw) in the
standard basis such as {|00),]01),[10),|11)}

and pauli operator in local basis {|0),| 1)},
respectively.

Now, basic definitions about quantum gates
are briefly reviewed. For more details, the reader
is advised to refer to the text of Nielsen and

Chuang [10] and the text of Kauffman
Lomonaco [58].

Definition 5 A two-qubit quantum gate R is a
unitary linear mapping R:
(H®H > H®H), where H is a two-
dimensional complex vector space spanned
with two orthonormal basis vectors | 0> and
|1>.

In the work [59], the Brylinskis give a general
criterion of the quantum gate R to be universal.
They prove that a two-qubit gate R is universal if
and only if it is entangling. The entanglement of
quantum gate R is defined by:

Definition 6 Let R be a unitary operator on
(H®H) being a quantum gate for the
composite system; R is called entangling if
there exists a product state |u,,u, > such

that the state R(|u,,u, >) is entangled.

Consider now again the two-qubit pure state
|w) given in (15) expressed in the standard

basis {]00),]01),|10),|11)} of (H ® H) and

written in a compact form as:

vy =D a; lij),

=0

15 =1D)®| ) (17)
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and let R be an arbitrary Unitary (4x4) R-
Matrix satisfying the following relations:

R, R=1,
RLR:R; =R,uRR,,.
The R -matrix having the form:
Ry Ry Ry RY
01 01 01 01
Ry Ry, Ry, Ry
10 10 10 10
Ry R, R, R,
1 1 1 1
Ry R, R, R,

R=

acts on the tensor product |7)® | j) as follows:

11
R =Y YRY k). ()

k=01=0

The Brylinskis’ theorem [59] says that it is a
universal quantum gate when it is a quantum
entangling operator which transforms a separable

state denoted |y ) into an entangling state

denoted | y,,) with
FQ |;Kxx> ::|;Kav>'
More explicitly:

(Do liiN="2, D Ra,|kl)y=

i,j=0 i,j=0k,1=0

1
D dy [kl)=dy,[00>+d, [01> ¢ (19)

k,[=0

+d,,|10>+d,, [11>

where  the coefficients a; satisfy

00y, = 0,0y, and the coefficients d,, are
defined by:

1
d, =Y Ria,, (20)

7,j=0
satisfying d,d,, #d,d,, -
The criteria of quantum entanglement are

determined by the concurrence of the
corresponding quantum states C(Jy >) and

| ® >= C(R|w >), (see [13, 14]). For the pure
2-qubit states:

192

Mostafa Mansour

ly >= 0y, [ 00>+, |
01> +a,, [10> +a,, [11>

| ®>=R(y>)=
dyy | 00> +d,, | 01> +d,, [10> +d,, |11>

the concurrences are given, respectively, by:
Cly) =y W) [F 2| ago, —og 0, |, 21
C(| D)) (D D) |= 2|dyyd,, ~ddyq | (22)

In this work, in order to judge whether the
unitary R -matrix is a universal quantum gate
according to the Brylinskis’ theorem [59], the
concurrence of the initial state is chosen equal to
zero C(|ly >)=0(so that the initial state is
unentangled) and it is proven that
(C(R|w >)>0) (the final state is entangled).

4. Quantum Entangler Based on a Star
Product on SL(2) Lie Group

In a work on finite-dimensional complex Lie
algebras, it often makes sense to first study the
Lie algebra s/(2), because the properties of s/(2)

algebras are crucial in deriving important
properties of any semisimple Lie algebra g and
its representations. The representation theory of
sl(2) has attracted much interest in both physics
and mathematics [60] and gives a way to higher
dimensional cases [61]. To investigate this
algebraic object could be a foundation for further
investigation of higher dimensional objects.

The classical Lie algebra s/(2) is rank one
and has generators and relations:

[H,X,]=42X.; [X,,X_]=H

The associated Lie group SI(2) is endowed

with a Poisson-Lie structure by defining an r -
matrix 7 which verifies the classical YBE:

F=X.@H-H®X, er’(sl(2), (23)
where (X,,H), the generators of the Lie
sl(2),

dimensionnal fundamental representation
p:sl(2) >M(2,C)=End .(H) by:

[0 1} [1 oj
X, = cH= ) (24)
00 0 -1

algebra are expressed in a two-
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So, the corresponding Poisson bracket on
SL(2) has the following form:

0.0} =X [(9)H ' (§)~H " (9)X () } 5
—X(@H"(9)+H (p)X [(9)

The matrix 7 =(¢;),,,, of coordinate
functions on SL(2) is considered; i.e., the
functions #,(g) = g,;, where, for g€ G, by g,
its matrix elements are denoted.

Let:
I hy ty)_(a b'
t, t, c d

Left and right actions of G on matrix
coordinates on G are given by:

(X'1,)(2) = (gX), = D1u(2) X,

(X'1,)(g) = (Xg), = D Xty (2). (26)

With these notations, the Poisson bracket
looks like:

{a,by=1-a’, {a,ct=c’,{b,c} =c(a+d)
th,dy=d*-1,{c,d}
=—?, {a,d}=c(-a+d) '

These define completely the
Poisson-Lie group SL(2) with 7-matrix 7,

(27)
relations

since any @ € C*(G) can be approximated by
polynomial functionsin a, b, ¢, d.
To construct unitary solutions of the quantum

Yang-Baxter equation associated to the
quantization deformation of the Poisson-Lie

group SL(2) endowed with the Poisson-Lie
structure defined by the r-matrix given in
equation (23), the star product on SL(2) given
by Ohn in [62] is first introduced:

F =exp[%A0(H)

—l(H sinh(hX ,) ®e ¥+
2 hX

+

sinh(X ), hAX,)
hX | sinh(hA,(X,))
(28)

v @H

where A, is the usual comultiplication of the
enveloping algebra U (s/(2)).
Following the construction investigated by

Drinfeld in [55], the element R, = F,,'.F is a

solution of algebraic triangular quantum Yang-
Baxter equation:

(Re) - (Rp) 13- (Rp) g3 = (R ) g3 (R ) 13- (Rp ) -

In the two-dimensional representation of the
Lie algebra s/(2) defined above, R, is
presented by the R-matrix (denoted R ) given by:

1 -h h W

R 0 1 0 —nh (29)
0 0 1 A
0 0 0 1

which satisfies the algebraic quantum Yang-
Baxter equation:

(R)12-(R)13-(R) 33 = (R) 3-(R),5-(R) . (30)
(R),,.R=1.

R,=R®Id R,
=(ld ® P)(R ®1Id )(Id ® P),R,,

=1d ®R
and P denotes the swap operator. With respect
to the standard basis {|00),|01),]10),|11)} of
(H ® H), the swap permutation matrix P is

represented by the matrix (see for example the
text of Lomonaco [63]):

where

1000

0010
P= . G1)
0100

000 1

On the other side, the relations of the matrix
element bialgebra A(R) are obtained from the
well-known FRT matrix relation [64]

RTT, =T,TiR
as:

ca=ac—hc,cd =dc—hc?,
db=bd +h(1-d*), ab=ba+h(1-a"),
cb=bc—hac—-hdc, da = ad + hac— hdc.
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It’s not hard to see that R 1is a unitary
solution of the algebraic quantum Yang-Baxter
equation:

1 h -h K
1
R, = PRP = 00 h =R
0 1 —h
00 0 1

Note also that R is a unitary solution to the
algebraic Yang-Baxter equation if and only if B
matrix B = RP given by:

1 h —h I

5|00 1 —h )
01 0 &
00 0 1

is a solution to the quantum Yang-Baxter
equation (braided Yang-Baxter equation):

(BRI ®B)YB®I)= }

(33)
(I®B)B®I)I ®B)

Then, the B matrix can be seen either as a
braiding matrix or as a quantum gate in a
quantum information as will be shown later.

Being triangular; i.e., R, R=1, this R-
matrix is trivially Hecke, with:

(B-1)B +1)=0. (34)
The matrix B=RP has a spectral

decomposition,

B=P +P, (35)

where P* = l(B +1) is a rank 3 projector and
2
P = %(B — 1) is arank 1 projector.

The point of this case study is that the

universal R -matrix (solution of the algebraic
quantum Yang-Baxter equation) obtained from
the quantization-deformation of a Poisson-Lie
group, being unitary, can be considered as a
quantum gate, and since B = RP is a solution to
the quantum Yang-Baxter equation (braided
Yang-Baxter equation) and can give a unitary
representation of the braid group, it can be
considered as an operator that performs
topological entanglement. It shall be seen that
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the R -matrix given by Eq. (29) and the matrix
B=RP given by Eq. (31) can perform
quantum entanglement in their action on
quantum states.

For this purpose, one should regard each
matrix R or B = RP as acting on the standard
basis {|00>, |01>, [10>, |[11>} of H ® H , where
H is the two-dimensional complex vector space
spanned with orthonormal basis vectors |0 >

and |1> (Dirac notation).

The action of the R -Matrix R defined in
(29) on the basis state
{{00>,01>,]10>,|]11>} of the tensor

product H ® H gives the following:
R |00 >=| 00 >,
R|11>=h*|00>~h |01>+h |10>+|11>}
R|01>=—-h|00>+|01>,
R|10>=h|00>+|10> }

In the same way, the action of the R-matrix
B = PR (solution of the braided Yang-Baxter
equation) is given by:
B 100>=00>,
B |11>=h>|00>—h |01 >+h |10>+|11>}
B|01>=h|00>+|10>,
B|10>=-h |00>+|01>}

Here is an elementary proof that both

operators R and B can entangle quantum
states. In the general case, the unentangled state

|y) denoted by:

ly)y= > e, i)

i,j=0
=, | 00>+, |01> (36)
+a,, 10>+, [11>

is chosen with o, = a,,¢,,, and it is shown
that  the |¢>=R(w>) and
| @ >= B(]y >) are entangled.

states

In fact, by direct computation, it is obtained
that::



Entanglement from Quantization-Deformation

|¥>=R(ly >)
=R(a,, | 00>+, | 01>
+oy, 10> +a, [11>)
=d,, |00>+d, |01>
+d, 10> +d,, 11>

And the action of the matrix B is given by:
|©>=B(ly >)
=B(a, |00>+a,, | 01>
+oy, 10> +a,, [11>)
=d,,|00>+d; |01>
+d), [10>+d), [11>

where:

— 2.
dyy =g —hay +ho,,+a,h”;
do =0y —hoy; dyy =0y +hay,
and d,, = o,

r 2.,
dy =y —ha, +ha,+a,h”;

r . r
dy =0 —hay ;s djy=a, +ha,
and d|, =,

The concurrences of the final states
[W>=R(y>) and |®>=B(y >) given,
respectively, by:

C(¥Y>)=2|dyd, —dd,| 37
=4hay, (a4, —0t)) +4h°at)
C(®>)=2|dyd), —dd), | (38)
= 4hay (ay — ) +4h’a,

are not zero for the case of o, # 0. Hence, the

unitary R-matrix B and R are considered as
quantum states entangler except for the

unentangled states with o, = 0. Thus, it can be
concluded (in view of definition (6)) that the
states | ¥ >=R(|y >) and | ® >= B(|y >) are

entangled as quantum states.

At the end, it is important to note that the four
orthonormal Bell states which have the forms:

)=
V. \/E

L
|¢i>_\/§

are transformed under the action of the quantum
gates R and B as follows:

Rly.)=lyl)th|4)
Bly)=ly)th|4)

RIp)] ¢_>+%|00>

(| 00)£|11)),
(39)
(110)|01).

2h 0
B19)==1¢)-22100)

R{¢.)=9.)
B4 =19.)

where |y =%((1ih2)|00>i|ll>). This

implies that the entanglement is preserved under
the action of the universal gates R and B.
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Introduction

Since their discoveries, investigation of heavy
quarkonium systems provides us with great tools
for quantitative tests of quantum
chromodynamics (QCD). For a detailed review
of recent progress in heavy quarkonium physics,
see e.g. [1, 2]. Because of the heavy masses of
the constituent quarks, a good description of
many features of these systems can be obtained
using non-relativistic models, where one
assumes that the motion of constituent quarks is
non-relativistic, so that the quark-antiquark
strong interaction is described by a
phenomenological potential [1, 2]. There are
many potential models that are commonly used
to study heavy quarkonium spectra; for instance,
Martin, logarithmic and Cornell potentials [1, 3,
4, 5]. Any of these potentials should take into
account the two distinctive features of the strong
interaction; namely, asymptotic freedom and
confinement. It is known that exact analytical
solutions of Schrodinger equation are only
possible for certain spherical potentials,

particularly when the centrifugal potential is
included. Therefore, approximation methods
were developed such as supersymmetry and 1/N
expansion, and some numerical methods and
packages were developed, such as the QQ-onia
package that we will use for the purpose of this
work [6 - 9].

There are lots of experimental and theoretical
previous results in the context of potential
model. Most recent experimental findings, such
as the discovery of new states of (c¢)and (bb)
systems and the determination of wvarious
leptonic and E; decay widths, motivate
researchers to revisit the potential models for
these systems. In this work, we will investigate
various properties of the (c¢) and (bb) systems,
using the QQ-onia package described in [6]. To
be specific, the following important physical
properties of these systems will be extracted: the
mass spectrum M, which is considered the first
indication for testing the goodness of the
potential model under consideration; the mean
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square radius of the state +/(r2), which is
important in the determination of hadronic
transition widths [10]; the wavefunction at the
origin |R(0)|2, which is an important quantity in
the evaluation of the production and decay
amplitudes within the framework of effective
field theory; the average heavy-quark velocity
(v?), which is important for the estimation of
relativistic corrections, and is beneficial for the
non-relativisitc qunatum chromdynamics
(NRQCD) formalism, as well as in the
estimation of the quarkonium production rate
[10], the mass level splitting n(®P;) and n(*P;)
due to spin-orbital and spin-spin interactions;
and the E; transition rate 2(35;) - 1(3P) +v,
which is important in determining the strength of
the electric dipole transitions and the energy
level schemes. The detailed definitions of such
terms can be found in [6] and the references
therein. Comparison with the available
experimental findings and other theoretical
calculations will be presented.

The Model

Heavy quarkonium systems can be analyzed
phenomenologically within the framework of a
potential model using the non-relativistic
Schrodinger equation. For the purpose of our
work, we will use a potential composed of
Coulomb plus quardatic or oscillator potential of
the form:

V() = —§+br2, (1)

where the potential parameters a and b are
usually fixed by fitting the experimentally
measured mass spectra of these systems. It has
been used by many authors; see for instance [11,
12]. It is considered an applicable candidate to
other phenomenological potentials if it can be
used to extract the various physical properties of
these systems, such as mass spectra, the square
of the wavefunction at the origin |R(0)|? and the

mean square radius +/(r?) ... etc., which are of
great importance for a better understanding of
QCD physics. The important part of choosing
the form of the potential is that it takes into
account the two distinctive features of the strong
interaction; namely, asymptotic freedom and
confinement. The Coulomb part of Eq. (1)
represents the short distances (r < 0.1fm)
interaction, which is dominated by the one-gluon
exchange, while the second quadratic part
represents the confinement.
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The potential parameters are determined
using the 1S available experimental data for the
c¢ and bb simultaneously and the Virial
theorem. Using the same fit parameters for cC
and bb indicates the flavor-independence of the
strong interaction and is evidence for QCD and
the standard model, and thus the potential model
becomes universal. The expectation value of the
energy is:

(E) =(T) +(V), 2
and from Virial theorem [13] we have:
1{ av

(ry=1(r2), ®)
then, we obtain:

_la 2
(1) =2L 4 b(r2). )
Hence, Eq. (2) becomes:

—_ -2 2
(E)—z(r)+2b(r ). 5)

Here, we adopted the method used in [14] for

the expectation value of linear momentum

1

(p)~m-

Bohr's quantization condition pr = nh =1

This can also be understood from

(for 1S state n = 1 and using natural units A =
1). Thus, we may, as an approximation, take
(pXr)~1. This recipe gives the correct level
spacing for Coulomb and harmonic oscillator
potentials as also illustrated in pp (163-164) of
[15]. By substituting the above equation in the
mass equation [3]:

Myq = 2my +(E), (6)
we obtain:
Myg = 2my — % + 2b{r?). (7)

Applying the above eq_uation to the 1S
ground states of (c¢) and (bb), we obtain:

MZZP(18) = 2m, ——— 4 2b(r2)ss ®)

2(rcdas

and,

MZP(1S) = 2my, — 2b(r3), - )

The experimental values of various quantities
appearing in the above two equations are
tabulated in Table 1. The numerical values for a
and b obtained by solving simultaneously the
above two equations are, respectively,
approximately 0.279 and 1.722 GeV’. These

parameters are now used for both ¢¢ and bb

2rp)is
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states, and thus the potential model with these
parameters is flavor-independent, as expected
from QCD [16].

TABLE 1. Values of the parameters used in our
calculations [17].

Parameter Value (cC) Value (bb)
my 1.50 GeV 5.18 GeV

Me*P(1S)  3.096 GeV 9.460 GeV
(r)es 0.232 fm 0.131 fm

(r*)s 0.2025 fm 0.0484 fm

Results and Discussion

In this work, a global Coulomb plus quadratic
potential is used to calculate the spin-averaged
mass spectra, the square of the wave function at

Rl(0)|2 (in GeV®™?), the mean

square radius, /(r?), the heavy-quark velocity,
n(®P;) and n(*P;), mass, and E;[2(3S;) -
1(3Pj) using QQ-onia package. The potential

the origins,

parameters were determined using the available
1S state experimental data for both c¢ and bb.
We list our results in Tables 2 to 7, and
comparisons with the results from Cornell
potential and from the available experimental
data are shown in these tables.

According to the results, we can conclude
that the used model can produce the various
properties of ¢ and bb with good agreement.
Some of the extracted properties from Cornell
potential are in better agreement with the
corresponding experimental data, while some
other properties or values are obtained with
better value from the used model. We believe
that for better model of these systems, one
should develop a model which is composed from
a Coulomb plus a polynomial potential V(1) =
—§+Zi=o b,r"™, which will be of our future

investigation.

TABLE 2. The spin-averaged mass spectrum for c¢ and bb (in GeV). Experimental data are taken

from [17].
State Mass cc Mass bb
nlL Cornell This Work Exp. Cornell This Work Exp.
1S 3.095 3.096 3.096 9.460 9.640 9.460
1P 4.216 4.116 - 9.958 9.980 9.900
28 3.662 3.662 3.686 10.027 10.027 10.023
1D 3.843 3.843 3.770 10.208 10.208 10.162
2P 3.948 3.948 3.927 10.262 10.310 10.262
3S 4.032 4.032 4.040 10.399 10.399 10.355
4S 4.309 4.309 4.263 10.679 11.40 10.579
TABLE 3. |RY(0)]” (in GeV®*™™)) for ¢z and bb.
State cc bb
nkL Cornell This Work From [18] Cornell This Work  From [18]
1S 1.649 1.240 1.454 14.090 14.310 14.05
1P - - - 2.06 - -
2S 1.423 1.135 0.927 5.940 6.260 5.668
1D - - - 0.837 - -
2P - - 0.131 2.440 0 2.067
3S 1.197 0.865 0.791 4.276 0 4.271
4S - - - 3.67 - 3.663
TABLE 4. The mean square radius +/(r2) (in fm).
State \J(r?) for cc \/(r?) for bb
nlL Cornell This Work ~ From [19] Cornell This Work ~ From [19]
1S 0.21 0.26 0.47 0.20 0.22 0.20
1P 0.36 0.51 0.74 0.38 0.36 0.39
2S 0.27 0.37 0.96 0.46 0.38 0.48
1D 0.37 0.41 1.00 0.52 0.46 0.53
2P 0.33 0.45 - 0.63 - 0.64
3S 0.32 0.50 1.30 0.71 - 0.72
4S - - 1.70 0.91 - 0.92
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TABLE 5. The heavy-quark velocity (v?).

Al-Oun, Al-Jamel and Widyan

State (v?) for c¢ (v?) for bb
nlL Cornell This Work From [19] Cornell This Work ~ From [19]
1S 0.261 0.263 0.20 0.096 0.073 0.096
1P 0.285 0.335 0.20 0.065 0.081 0.065
2S 0.271 0.104 0.24 0.078 0.091 0.076
1D 0.289 0.296 0.23 0.067 0.092 0.067
2P 0.273 0.146 - 0.075 - 0.076
3S 0.238 0.336 0.30 0.085 - 0.085
4S - - 0.35 0.097 - 0.097
TABLE 6. n(*P;) and n(*P;) Mass (in GeV). Experimental data are taken from [17].
State cc bb
nlL Cornell This Work Exp. Cornell This Work Exp.
13pP, 3.614 3.540 3.484 9.867 9.871 9.860
13p, 3.491 3.537 3.508 9.893 9.895 9.893
1tp, 3.250 3.485 3.533 9.900 9.900 9.948
13p, 3.533 3.533 3.557 9.911 9.908 9.913
23p, 4.007 3.938 3.880 10.236 10.262 10.232
23p; 3.872 3.916 3.900 10.256 10.262 10.255
21p, 3.614 3.828 3.919 10.262 10.262 10.338
23p, 3.919 3.919 3.939 10.271 10.262 10.269
TABLE 7. E;[2(3S;) = 1(3P})] (in keV). Experimental data are taken from [17].
Final ~ Width for c¢ Width for bb
J E, Cornell This Work  Exp. E,  Cornell This Work Exp.
0 162.48 0.32 1.08 - - 1.47 1.05 1.22
1 129.63 0.49 1.64 - - 2.25 1.61 2.21
2 110.44 0.51 1.69 - - 2.23 1.66 2.29
Conclusion

In this work, various properties of heavy
quarkonia (c¢ and bb) were calculated using a
proposed flavor-independent Coulomb plus
quadratic potential; i.e., with the same potential
parameters. The potential parameters were
approximated by simultaneous fit of the masses
of the 18 state of c¢ and bb using the available
experimental data of M, (r) and (r?). The
numerical solution of Schrddinger equation to
calculate the various properties with the obtained
potential model was carried out using the QQ-
onia package described in [6]. The results were
compared with the corresponding values for the
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case of Cornell potential and with the available
experimental data. From the obtained results, we
may infer that this model can predict the mass
spectra, and the results are close to the results
from Cornell potential. However, the other
properties vary and agree with some and
disagree with some others. We think that we
must extend our phenomological model as a
combined model from Cornell and quadratic
potential for better generation of the data. In this
case, more potential parameters will be included
and thus more experimental data will be used.
This will be of our future investigation.
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Abstract: High-purity Jordanian silica sand (J-SiO,) thin films have been grown by RF-
reactive magnetron sputtering on crystalline Si (100) and quartz substrates at temperature T
< 52° C. From the X-ray diffraction observations, it was found that all films have an
amorphous nature. The chemical states of oxygen and silicon in the SiO, thin films were
also investigated by energy-dispersive X-ray (EDX) spectroscopy. The EDX analysis
revealed that the films have a nearly stoichiometric composition (Si/O, 73.42%/25.83%).
The surface morphology of the as-deposited films was studied using field emission
scanning electron microscopy. The films are observed to be dense in nature and uniformly
distributed over the surface. Using the Bruggeman effective medium theory, the surface
roughness layers were found to be 0.0 — 9.74 nm. By modeling the measured ellipsometric
spectra with the Cauchy-Urbach dispersion model, the thicknesses and optical constants of
the films were obtained in the ultra violet — infrared range. Refractive indices of the films
were determined to be in the range 1.46 — 1.59, while the extinction coefficients were
found to be in the range 9.6 x 10° — 0.076. Also, the films reveal a high transmittance
(90%) and very low reflectance (< 7%) at normal incidence. Hence, the obtained accuracy
of the optical constants with the transmittance and reflectance values of the J-SiO, films for
the spectral range 200 - 2200 nm is of great significance for the design of antireflection
optical coatings and silicon-based electronic devices.

Keywords: Silica sand; Sputtering; Ellipsometery; Optical constants; Cauchy-Urbach.
PACS: 78.20.-¢, 78.66.Jg.

Introduction

White silica is another name for silicon
dioxide, SiO,, and it is applied to quartz sand
that conforms to the specifications of which the
main composition is SiO, > 98%, with very little
contaminant contents and heavy minerals of <
0.1% [1, 2]. Impurities are found to be very
minor and commonly are clay minerals (e.g.
kaolinite and illite), titaniferous minerals, iron
oxides and refractory minerals, such as
chromites [2].

Silica (SiO,) thin films, in their various
crystalline (c-Si02; a-quartz) and amorphous (a-
Si0,; ultrahigh-purity fused silica) phases, are
attractive because of their excellent physical,
chemical and optical characteristics [3 — 5].
Owing to their inherent thermal stability and
conductivity in the optical transmission window,
many of them have been widely studied and
fabricated for their potential applications in
various industrial fields, such as beam splitters,
waveguides, photonic crystal fibers,
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photolithographic photo-masks, optical fiber
telecommunications and  fibrous thermal
insulation [6]. Also, SiO; thin films have been
one of the most popular gate insulators for low-
temperature (< 400°C) poly-silicon (LTPS) thin-
film transistors (TFT) [7]. Moreover, silica thin
films are one of the most used oxide materials
for the manufacture of interference multilayer
coatings. It is also known as a very high laser
damage  threshold material with  good
environmental stability [8 - 10]. In addition,
modern nanoscale technology requires the
production of nanometer-sized SiO, thin films,
which are of frequent use in silicon-based
electronic devices for passivation and electrical
insulation [11 and 12].

Several techniques have been applied for thin
film depositions of silica, such as plasma-
enhanced chemical vapor deposition (PECVD),
dual ion beam sputtering (DIBSP), atomic layer
deposition (ALD), ion beam assisted deposition
(IBAD), electron beam evaporation (EBE),
vacuum arc plasma evaporation (VAPE), sol-gel
process (S-GP) and radio frequency-magnetron
sputtering (RF-MSP) [7 — 10, 13 — 16]. Among
these deposition methods, the RF-MSP has
become one of the most common, because it
allows fabrication of silica thin films having
good coating uniformity across the substrate and
controlled microstructure at a low deposition rate
as well as at low substrate temperature.

The optical properties of silica films have
been the subject of numerous studies [6, 7, 17 —
25]. Due to their technological importance, the
spectral measurements have been carried out
from VUV to far infrared (IR) wavelengths [6,
17, 18] by various experimental techniques, such
as prism method [19], interferometric method
[18], Kramers-Kronig (KK) analysis of
reflectance data with moderate accuracy [6, 21],
successive interference fringes method [22] and
spectroscopic ellipsometry [6, 7, 23 - 25].

For Jordanian silica sand (J-SiO,) thin films,
however, there is as yet no report on the optical
properties, within any range of the
electromagnetic (EM) spectrum. On the other
hand, there are several reports regarding mineral
exploration and on the chemical, mechanical and
physical properties of the raw, wet sieved and
scrubbed fractions of the Jordanian silica sand
[1, 2, 26 - 30]. A study which was conducted by
the Jordanian Royal Scientific Society (JRSS) on
local materials reported that 40% of Jordan's
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total area is covered by silica sand [1]. Recently,
Jalham et al. [1] have investigated the behavior
of bakelite matrix material reinforced with
Jordanian silica sand. Their study was carried
out on relatively fine natural sand of different
size distributions. The chemical composition of
the Jordanian silica sand was found as follows:
Si0; (97.65%), Na,O (0.01 %), K,O (0.02%),
CaO (0.01%), MgO (0.02%), Fe,O3 (0.66%) and
Al,O5 (0.85%) [1]. However, these studies have
revealed that Jordanian-silica sand deposits are
very promising and could be utilized for a
variety of industrial purposes after upgrading
beneficiation processes which require high
technologies. Thus, there is a need to do original
scientific analysis not only on the chemical
components of those materials, but also to
measure their structural and optical properties.
To the best of our knowledge, there is no
systematic experimental or theoretical
investigation of the structural and optical
properties of the J-SiO, materials. This type of
characterization along with other previously
studied properties [1, 26 - 30] could create a
good opportunity to produce high quality Jordan-
silica sand for different industry applications,
such as solar cells, windows (hot and cold),
antireflection optical coatings, sensors, glass
making and automobile industry

In this work, the fabrication and the optical
characteristics of white Jordanian silica sand thin
films deposited on crystalline Si (100) and quartz
substrates by RF magnetron sputtering at a
temperature T < 325 K (52 °C) have been
investigated over a wide wavelength range (200
— 2200 nm). The grown films were characterized
by X-ray diffraction (XRD), energy-dispersive

X-ray spectroscopy (EDX), spectroscopic
ellipsometry (VASE) and UV-VIS-NIR
spectrophotometers.

Experimental Details

Jordanian silica sand (J-SiO,) deposits are
found exposed on the surface of Early
Ordovician life and Lower Cretaceous sandstone
in the southern parts of Jordan [2, 26].
Geological map at a scale of 1:50,000 covering
most of the J-SiO,, outcrops in the following
areas: Ras En Nagb, Qa'Ed Disa, Petra-Ein El
Biada, Wadi Es Sig-Wadi Rakiya and Wadi
Gharandal, which was published by the
Jordanian-Natural Resources Authority (J-NRA)
(see Fig. 1) [2]. Representative samples, as white
fine silica sand, were collected from the huge



Growth and Optical Characteristics of Jordanian Silica Sand Thin Films

silica sand resources of the Ras En Nagb
escarpment (70 km north of Aqgaba, Jordan, as
shown in Fig. 1) by the Jordanian Natural
Resources Authority (J-NRS) [2]. Further, more
detailed  descriptions and  mineralogical
information have been presented elsewhere [2,
26 - 30]. The deposition of the samples as thin
films was performed by means of an RF-
magnetron sputtering technique of pure white
fine silica sand (SiO,) target of 98% purity in
reactive argon plasma with an ultra high purity
0f 99.999%. Before any deposition, the chamber
was evacuated down to 1.0 x 10”7 Torr. The RF-

sputtering power during the growth was
maintained at 120 W with a reflected power of 4
- 8 W at a working pressure of 12 x 10~ Torr.
The films were deposited on crystalline silicon
(100), c-Si (100) and quartz substrates. The
substrates were clamped to a thick copper block
that limited the temperature during deposition to
T < 325 K (52 °C). The substrates were placed
parallel to the target, at a distance of 150 mm.
The white SiO, sand thin films were deposited at
a rate of 1 A /s. The deposition rate and the
nominal film thickness were monitored with a
quartz crystal thickness monitor.

FIG. 1. Principal silica sand resources in Jordan and location of study area: Ras En Nagb [2].

The structural properties of the white J-SiO,
sand films were studied using X-ray diffraction
(XRD) measurement with Cu Ka (1.54 A) as the
incident radiation (Rigaku Geigerflex, 2000
Watts, x-ray diffractometer) operated at a
voltage of 40 kV and a current of 30 mA.

Energy dispersive x-ray spectroscopy (EDX,
JEOL JED-2300) attached to the field emission
scanning electron microscope (FE-SEM)) was
used to identify the elemental composition of as-
deposited white J-SiO; sand thin films.
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For the determination and analysis of the
optical constants (the index of refraction, » and
the extinction coefficient, x), spectroscopic
ellipsometry measurements of the white J-SiO,
sand thin films on c-Si (100) substrates were
made using a Variable Angle Spectroscopic
Ellipsometr (VASE™, J.A. Woollam Co.) of the
rotating analyzer type over a wide wavelength
range of 190 — 2200 nm in the air at room
temperature [31]. Further details concerning the
VASE measurements and analysis with the use
of appropriate optical dispersion models for the
amorphous semiconductor materials can be
found in previous publications [31].

Spectral normal transmittance T(A) and near
normal reflectance R(A) of the films on quartz
substrates were measured in the wavelength
range 200 — 2200 nm in air at room temperature,
on a computerized double beam solid-spec
3700DUV Shimadzu spectrophotometer
equipped with 198851 Barium Sulphate (BaSO,)
integrating sphere. The SolidSpec-3700DUV is
the first UV-VIS-NIR spectrophotometer with
three detectors: a photomultiplier tube (PMT)
detector for the ultraviolet and visible region;
InGaAs and PbS detectors for the near-infrared
region [32].

Results and Discussion

Fig. 1 illustrates the XRD pattern of the as-
deposited Jordanian white silica sand (J-SiO,)
thin films on c-Si (100) substrates. It can be
clearly seen from the pattern that the J-SiO, thin
films showed no diffraction peak at any 20
diffraction angle (10° - 100°), suggesting that the
films have an amorphous nature. In addition, no
diffraction peaks from impurities, such as Al,
Au, Fe and Ca, which are usually found in the
silica sand, are detected in the patterns,
indicating that the product is of high purity. On
the other hand, the XRD patterns of the J-SiO,
thin films sputtered onto c-Si (100) substrates
show two diffraction peaks at 20 = 32.85° and
69.57° with an orientation of (200) and (400),
respectively which were due to the crystalline Si
(100) substrate. However, amorphous SiO, is a
key component of metal-oxide semiconductor
field—effect transistors, solar cells and optical
fibers, all of which are basic elements of modern
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technology. Practical applications are often
limited by various defects that can change the
mechanical, electrical and optical properties of
the oxide.

The chemical composition of as-deposited
white J-SiO, thin films was investigated by an
energy dispersive X-ray (EDX) analysis. Fig. 3
(a) shows the typical EDX spectrum taken from
the white silica sand (SiO,) thin films sputtered
onto ¢-Si (100) substrate. The chemical analysis
of the sputtered films measured by the EDX
analysis shows that only features of Si (weight of
73.22 % and atomic of 61.21%) and O (weight
of 25.83 % and atomic of 37.93%) signals have
been detected, which indicated that the films are
indeed made up of Si and O atoms, and
quantitative analysis indicates that the atomic
ratio of Si to O is about their stoichiometric
ratio. The measured atomic % of elements is
found nearly in a ratio of 1:3 for O and Si,
respectively. Detecting Si and O atoms confirms
a high purity of the prepared films, although we
cannot exclude the possible presence of some
minor Al (0.65 %) and Au (0.2%) impurities
which were not detectable in the XRD spectra
(see Fig. 2). The EDX result is found to be in
good agreement with the result found for the
deposition of SiO, films on silicon substrates by
flame hydrolysis deposition (FHD) system for
photonic device application [33] as well as for
SiO, nanowires grown by annealing SiO
particles on Si substrate [34]. Furthermore, the
EDX of the J-SiO, thin films gave results in
agreement with those from the X-ray
photoelectron spectroscopy (XPS) for SiO, thin
films deposited by atomic layer deposition
(ALD) technique onto Boron-doped Si (100)
wafers [7]. The surface morphology of the
deposited films was also studied using field
emission scanning electron microscope at 20 kV
with magnification of 150 K. Fig. 3 (b) shows
the FE-SEM image of the white J-SiO, thin
films. This image shows the formation of
amorphous J-SiO; thin film onto the c-Si (100)
substrate. Closely packed small regular
structures are clearly visible in this image. Thus,
the film is observed to be dense in nature and
uniformly distributed throughout the surface.
This result was expected, since the samples were
deposited at a very low deposition rate (1 A/s).
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FIG. 2. XRD patterns of amorphous white J-SiO, thin films sputtered onto c-Si (100) substrates.

The optical constants (n» and x) of the
amorphous white J-SiO, thin films are derived
from numerical fitting to the experimental data
(¥ and A) of the model structure: air / surface
roughness / amorphous SiO, / ¢-Si (100). The
optical constants of the crystalline silicon
substrate were taken from the literature [36] and
were not allowed to vary during the fitting
process. The surface roughness, SR, layer was
chosen as an over layer to obtain accurate thin
film optical constants and a good fit to the
experimental data. The SR was modeled using
Bruggeman effective medium theory [31] and it
was found to be in the range 0.0 — 9.74 nm with
different thicknesses as shown in Table I. These
values are in good agreement with the FE-SEM
image (see Fig. 3 (b)). Since amorphous J-SiO,
thin films were optically transparent in the
spectral region of interest (200 — 2200 nm), the
Cauchy — Urbach (CU) dispersion model was
then applied to model this region and hence
calculate their optical constants. The details
about using this model for amorphous
transparent semiconductor materials have been
reported elsewhere [31].

The measured and simulated VASE data, ¥
and A, of 240 nm amorphous white J-SiO, thin
films sputtered onto c-Si (100) over the spectral
range 200 — 1350 nm are shown in Fig. 4 (a) and
(b). The dashed, dotted and dashed dotted lines
represent the experimental data of ¥ and A for

angles of incidence 65°, 70° and 75°
respectively. The fitted ¥ and A spectra
simulated with the best-fit CU model parameters
are shown by solid lines in the figure. The fitting
was thus done by minimizing the mean square
error (MSE) automatically through a Levenberg
— Marquardt algorithm by the ellipsometer
WVASE32™ software [31]. Therefore, the CU
dispersion  model  represents  adequately
amorphous white J-SiO, thin films and provides
a very flexible approach to calculating their
optical constants over a wide spectral range 200
— 1350 nm. The wavelength dependence of the
refractive index and extinction coefficient for the
five films is given in the form of the CU
parameters in Table 1. The table shows that the
values for each fitting parameter in the CU
model for all samples are close and the values of
the 90% confidence limits are minima,
confirming the validity of the model used for the
amorphous white J-SiO, thin films over the
entire measured spectral range (200 — 1350 nm).
On the other hand, there are very sharp peaks in
the dispersion curves of ¥ (1) within the desired
wavelength range (see Fig. 4 (a)) at any angle of
incidence, indicating that the imaginary part of
the complex refractive index, n + ik, is very
small. This result is consistent with the fact that
a silica (Si0,) thin film is a typical wide band-
gap insulator of approximately 9 eV (137 nm)
[36, 37].
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TABLE 1. Values of different parameters for amorphous J-Si0, thin films determined by the VASE in
the wavelength range 200 -1350 nm. The 90 % confidence limits are given by (£).

Sample no. / | 5 3 4 5
Parameter

Film thickness

(o) 69.15 +0.079 110.66+0.479  130.33+0.341  179.99+0.309  240.22+0.371
f’nljnt)hwkness 0.00 5.16 + 0.846 9600654 97410624  6.13+0497
A 1.47 +0.001 1.46 + 0.001 1.47 +0.000 1.49 + 0.000 1.49 +0.001
B (nm)’ 0.006 £ 8.9 x 10 0.004 = 13.5 x 10° 0.004+9.1 x 10° 0.005+6.8 x 10 0.005 £ 6.2 x 107
C (nm)* 0.00 0.00 0.00 0.00 0.00

a 0.093 + 0.022 0.061 £ 0.008 0.081 +0.021 0.133+£0.021  0.107+0.012
B (nm) 1.801 +0.215 1.053 £ 0.089 1.577 +0.429 1.429 +0.098 1.140 £ 0.054
y (nm) 200 200 200 200 200

MSE 0.87 1.53 0.96 1.79 1.35

amorphous J -SiO2 thin film/c-Si (100)

Intensity (arb. units)

AuM

(b)

SEM HV: 20.0 kV WD: 11.24 mm LYRA3 TESCAN|

View field: 1.93 um Det: SE
SEM MAG: 150 kx

FIG. 3. (a) EDX spectrum of amorphous white J-SiO, thin films sputtered onto c-Si (100). (b) Top surface view
of the FE-SEM image of the 240 nm amorphous J-SiO, thin film sputtered onto c-Si (100) substrate.
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FIG. 4. Experimental and fitted ellipsometric parameters (a) y and (b) A for amorphous white J-SiO thin film of
240 nm thick sputtered onto c-Si (100). The dashed, dashed dotted and dashed dotted dotted lines represent
the experimental data of the y and A, while the solid line is the model fit for angles of incidence, 65°, 70° and

75°.

Fig. 5 shows the dispersion curves of the
optical constants, the refractive index, » (A) and
the extinction coefficient k (A), obtained from the
fitted Cauchy-Urbach model (see Fig.4 (a) and
(b)), for the amorphous white silica sand (SiO,)
thin films with different thicknesses deposited

onto c¢-Si (100) substrates in the wavelength
range of 200 —1350 nm. The obtained accuracy
of the optical constants of the films in the
wavelength region from 0.20 um to 1.4 um is of
great importance for the design of high quality
coatings, such as ultra-low loss coating, because
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they are closely related to the electronic
polarizability of ions and the local field inside
materials [36]. As can be seen, the refractive
index and the extinction coefficient decrease
monotonically with increasing the wavelength of
the incident light over the desired spectral range.
In addition, the extinction coefficient is
negligible in the VIS and near-IR regions,
indicating that the films are transparent within
those regions. Also, the spectral dependence of
the extinction coefficient shows a little
absorption when the wavelength is smaller than
300 nm (4.13 eV, UV region). Thus, the films
could show significant absorption in the VUV
region, where the bandgap energy is about 9 eV
[36, 37]. The refractive indices and the
extinction coefficients of the amorphous white J-
Si0, thin films were determined to be in the
range 1.46 — 1.59 and 9.6 x 10° - 0.076,
respectively. Moreover, it is clearly seen from
the figure that the optical constants show little
dependence on the film thickness, and the
difference between the values of the refractive
indices and the extinction coefficients of the

Khoshman et al.

it becomes very obvious with the VIS and near-
IR regions (see Fig. 5). However, the variations
of the optical constants of the studied films are
found to be less than 0.04 for the refractive
indices and less than 3.8 x 107 for the extinction
coefficients. These variations become more
significant with decreasing thickness at longer
wavelengths. In general, the optical constants of
films are assumed to be constant regardless of
film thickness in any conventional optical
design. However, this assumption is not valid
when the film thickness in the optical design
becomes very small (ultra-thin film) and it is still
applicable for bulk materials [38, 39]. Hence, the
variations could be explained by the Bruggman
effective medium theory’s [38, 39] correlation
with the film growth and the structure variation
[40]. In addition, the grain’s sizes, shape of the
islands, long-range order in thicker films, the
substrate, the deposition conditions and different
void fractions significantly alter the effective
optical constants [41]. Also, that variation (<
0.04) in the values of the optical constants could
be attributed to the different values of the surface

studied samples with different thicknesses  roughness layers, which are in the range of 0.00
becomes smaller at shorter wavelengths; whereas ~ — 9.74 nm as shown in Table 1.
1.64 ——— ————— 0.10
amorphous J-SiO, thin films |
§
160 - {0.08 %
< \ n (sample # 1) k (sample # 1) 5
o * — — n(sample#2) — — «x (sample # 2) :::
S 1.56 - \ — - — n (sample # 3) —-—K(sarrlple#3)—0.06°§
:c:f ‘= - - =pn(sample # 5) = - - = x (sample # 5) @)
J2 k-
— 1.52 40.04 5
S [~ =
= =
= 148 Jo0.02
1.44 e e T 0.00
200 400 600 800 1000 1200 1400
Wavelength (nm)

FIG. 5. The fitted spectroscopic dispersion of the optical constants (index of refraction and extinction
coefficient) obtained from the CU model for amorphous white J-SiO, thin films with different thicknesses

sputtered onto c-Si (100) substrates.

212



Growth and Optical Characteristics of Jordanian Silica Sand Thin Films

20

150

y T v T v T
amorphous J-SiO2 film/c-Si (100)

18
16

14

¥ (degrees)

12

| (a)

~

10

— Model Fit
135

120

105

A (degrees)

90

75

1200 1400 1600

1800

60
2000 2200 2400

Wavelength (nm)

1.486 r T y T

1.484

1.482

1.480

1.478

1.476

1.474

Index of Refraction, n

1.472

1470 (b)

amorphous J-SiO, thin film

1200 1400 1600

1800

2000 2200

Wavelength (nm)

FIG. 6. (a) Experimental and fitted ellipsometric spectra: y and A of amorphous white J-SiO, thin film sputtered
onto ¢-Si(100) for angles of incidence of 65°, 70° and 75° obtained from the Cauchy model. The fitted model
parameters: A = 1.464 = 0.002, B = 0.0347 + 0.003 and C = 0. The thickness of the film as an extra fitting
parameter is 68.31 = 0.094 nm. The 90 % confidence limits are given by (%). (b) The fitted spectroscopic

dispersion of the refractive index of the SiO; thin film.

Due to no absorption or little absorption, « is
almost zero, when A > 900 nm (see Fig. 5), it is
appropriate to apply the Cauchy layer for the
calculation of the refractive index of the films
over the spectral range 1300 — 2200 nm. The
measured and simulated SE data with the best-fit
Cauchy model parameters of a 69 nm amorphous
white J-SiO, thin film sputtered onto c¢-Si(100)
over the spectral range 1300 — 2200 nm for

angles of incidence of 65°, 70° and 75° are
shown in Fig. 6 (a). Fig. 6 (b) shows the
calculated refractive index and the values of the
fitting parameters with the 90% confidence
limits of a 70 nm amorphous white J-SiO, thin
film deposited onto c¢-Si (100). Refractive
indices of the films with different thicknesses in
this study were found to be in the range 1.470 —
1.484.
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As has been mentioned previously, optical
constants for silica (SiO;) sand thin films have
been previously reported [6, 10, 17 - 25].
However, to the best of our knowledge, there are
currently no systematic reports on the optical
constants of amorphous white J-SiO, thin films
over a wide wavelength range. Hence, it is worth
discussing and comparing the refractive indices
and extinction coefficients results measured in
this work within the context of other available
literature on the subject, in order to accurately
model, design and analyze the films to be used in
optoelectronic devices. The refractive index of
the SiO, films as a function of the growth
temperature was investigated by Lopez et al.
[24]. In their study, a variation in the refractive
index from 1.4 to 2.2 was measured when the
growth temperature was increased from 1150°C
to 1400°C. This variation has been related to a
change of the silicon excess in SiO, films. Also,
SiO, films were prepared by atomic layer
deposition technique at 350°C - 400°C and
characterized for being applied as a gate insulate
of low-temperature polysilicon thin film
transistors by Lee et al. [7]. They found that the
refractive index increased gradually with
increasing growth temperature to reach a
maximum value of 1.46 = 0.01 at 400 °C.
Refractive indices for the SiO, thin films
deposited on Si and glass by e-beam evaporation
under different substrate temperatures (25 °C —
250 °C) were measured by the VASE technique
over a wavelength range of 300 — 1300 nm [14].
For substrate surface deposition temperatures of
room temperature and 150 ° C, they were found
to be in the range of 1.44 to 1.48. The refractive
index of the SiO, was in the range of 1.46 -1.50
at substrate temperatures from 200 °C to 250 °C.
The highest refractive index of the films was
attributed to the lowest roughness results. An
interferometric method was used to determine
the refractive index of silica glass (Suprasil 2, ~
1000 ppm OH-content) in the infrared
wavelength range (i.e., 3 to 6.7 pm) by IR
spectroscopy [21, 22]. The refractive index was
described with a three-term Sellmeier equation
and it was found to be in the range 1.15 — 1.43.
The optical constants of the bulk Suprasil 1
amorphous silica, which has very high OH
content (up to 1200 ppm level), were determined
by VUV-spectroscopy and spectroscopic
ellipsometry within the photon energy range of
0.7 to 8 eV (i.e., 155 — 1240 nm) [23]. The index
of refraction and the extinction coefficient values
for Suprasil 1 amorphous SiO, were found in the
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range n = 1.45 — 1.72 and x = 0.00 — 0.0002.
Kitamura et al. [6] have reviewed most of the
experimental and theoretical determinations of
the optical constants of silica glass from extreme
ultraviolet to far infrared (30 nm - 1000 um) at
near room temperature. In their critical review,
they report that silica glass is effectively opaque
for wavelengths shorter than 200 nm and larger
than 3.5 — 4.0 um. Strong absorption bands are
observed below 160 nm due to the interaction
with electrons, absorption by impurities and the
presence of OH groups and point defects.
Recently, the optical constants of amorphous
Si0, films sputtered onto crystalline Si (110)
substrates and thermally treated with the
annealing temperature of 550°C were calculated
from spectroscopic ellipsometry throughout a
graded Cauchy model as the fitting model in the
wavelength range 200 — 2500 nm [42]. The
refractive index was calculated by reflectance
spectra and ellipsometry data fit methods and it
was found to be 1.45 - 1.55; whereas the films
showed high absorption in the infrared region
with the maximum value of the extinction
coefficient of 2.6 at 2400 nm. The actual values
of the optical constants of the silica thin films
can vary considerably due to the degree of
crystallinity, preparation conditions such as
substrate and substrate temperature and to the
presence of impurities, point defects, as well as
to the experimental uncertainties and
approximations in the retrieval methods [6].

Fig. 7 illustrates the spectral normal
transmittance 7' (A) and near normal reflectance
R (M) of the amorphous white J-SiO, thin film
sputtered on quartz substrate in the spectral
range 200 - 2200 nm. In Fig. 7, the film exhibits
a high transmittance (about 90%) and very low
reflectance (< 7%) within the VUV-VIS and NIR
regions. Comparison of the reflectance and the
transmittance results also shows an excellent
agreement with the reported data in the literature
[20, 21 and 41]. For example, Tan et al. [23]
showed that the Suprasil 1 amorphous SiO,
exhibited very low reflectivity (< 8 %) and good
transparency (82% - 92%) over the spectral
range of 180 - 1240 nm. Consequently,
amorphous white silica sand thin films could be
a potential candidate as an optical material for
transparent optoelectronic devices, such as
antireflection (AR) optical coatings and ultra-
low loss coating.
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FIG. 7. Normal transmittance 7 (L) and reflectance R (L) for the amorphous white J-SiO, thin film of 300 nm

thickness sputtered onto a quartz substrate.

Conclusions

Amorphous J-SiO, thin films have been
successfully fabricated from white fine silica
sand on ¢-Si (100) and quartz substrates by using
the RF-magnetron sputtering technique. The
EDX analysis reveals the chemical bonding
states of silicon and oxygen in the surface of the
films. Using the FE-SEM images, the as-
deposited films are homogeneous and continuous
with an excellent agreement with the results of
the analysis of the surface roughness layers (0.0
— 9.74 nm) throughout the Bruggeman effective
medium theory. The optical constants and the
thicknesses of the films were simultaneously
determined using the VASE via the Cauchy-
Urbach model. It has been shown that the CU
model represents adequately amorphous J-SiO,
thin films over a spectral range of 200 — 2200

nm. At normal incidence, the films exhibit a high
transmittance (about 90%) and very low
reflectance (< 7%) within the VUV-VIS-IR
regions. Therefore, the sputtered amorphous J-
Si0, films could have a profound importance for
new applications in the field of optoelectronic
devices, such as broadband antireflection optical
coatings, ultra-low loss coatings and glass
making.
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(10)

[26] (Annual Effective Dose)
116.6 Bq.L"
( ) Rso 9.24 psv.y'
320 psv.y’ 612.9 psv.y' ( ) Rs 4.4 psv.y'
4.82 psv.y'
. 2.30 psv.y'
(Conversion Factor) . (Rs Rsg)
14.4%¥10° psv.y.Bq'

2.8%107 psv.y.Bq'.m” 6.5 psv.y'

3.25 psv.y’!
[31] (2-20) msv.y"
*Rn :(10)
Desr Desr Cw Dt Desr Cw
(usvy™) (usvy")  (BqLY) (usvy™) (usvyh  (BqLh

2.69 5.16 0.981 Rys 3.09 5.92 1.127 R,
2.82 5.41 1.029 Ry 2.84 5.45 1.036 R,
2.85 5.46 1.039 Ry 2.73 5.22 0.993 R;3
3.44 4.67 0.888 Ry 3.28 6.29 1.196 R4
2.32 4.45 0.847 Ry 2.30 4.40 0.838 Rs
3.26 6.24 1.188  Ry3 342 6.55 1.246 R
3.84 7.36 1.401 R4 3.27 6.27 1.193 R,
2.79 533 1.015 Ry 2.86 5.48 1.043 Ry
291 5.57 1.060 Ry 2.79 5.35 1.018 Ry
2.99 5.27 1.088 Ry 3.21 6.15 1.170 Ry
2.98 5.71 1.087  Rus 2.92 5.59 1.063 Ry
3.53 6.77 1.288 Ry 2.68 5.13 0976 Rp,
4.82 9.24 1.758 Ry 2.77 5.31 1.010  Ry;
2.84 5.44 1.035 Ry 2.90 5.56 1.058 Ry
2.83 5.42 1.031 R3; 4.08 7.81 1485  Ris
3.05 5.84 1.112  Rss 3.78 7.24 1.378 Ry
3.06 5.86 1.115 Ry 2.92 5.59 1.063 Ry

242



Potassium Concentration, Bq L™

14 ™D
R1.34: (P.W) Potassium (K-40)
R36: (Ref. 16)
12 1 Ra7: (Ref. 30)
10
8
6
4
2
0
TANMTNOMNONOTNMTUVOMNOOOTTANMNMITIUONONOTANMITIWON
FEEE T T T T ANNANNANANNNANNOOMOOOOOM
Sample No
HPGe “K 1(4)
12
R1.34: (P.W) Bismuth (Bi-214)
R36: (Ref. 16)
< 10
-l
o
(i}
8
c
L
®
s 6
[=
(]
Q
5
o 4
L
5
£
£ 2
7}
TAMNMTOOMNOOOTANMIVONOAOTANMIUNONONOTANM I ON
FEErE T EETEr TN NNNNANNANNNOOOOMOOO®M
Sample No.
HPGe 21Bj (5)
YK :9)
(Bq L—1)214Bi (Bq L—1)40K
7.241 8.724 / 1
6.397 8.424 / 2
7.668 8.975 3
8.095 9.429 4
8.158 8.482 5
7.512 8.684 ( )
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.HPGe 214Bj K :(8)
*1Bi YK *1Bi YK
Csi (BqL™) Ck(BqL™) Cai (Bq L) Ck(BqL™)
5.480 + 0.405 8.308+0.324 Ry 7.551 £0.498 9.043 +0.217 R,
6.628 +0.411 9.220+0.286 Ry 6.376 £0.516 7.429 £0.26 R,
5.179 +£0.528 6.819+0.259 Ry 6.671 £0.581 9.112 +0.264 R;
6.526 + 0.522 9.035+£0.316 Ry 7.324 +0.558 8.798 +0.273 Ry
6.113 +0.495 8.295+0.357 Ry 7.986 + 0.631 9.006 + 0.351 Rs
7.803 +£0.515 8.562+0.265 Ry 7.288 +0.663 8.181 £0.352 Rs
5.818 +0.564 8.192+0.336 Ry 7.819+0.516 9.381 +0.272 R,
7.857 +£0.519 8.993+0.243  Rys 7.089 +0.744 9.739 + 0.477 Rg
6.419 +0.629 9.057+0.299 Ry 6.472 + 0.602 7.802 + 0.281 Ry
8.099 + 0.462 9364+ 0225 Ry 6.746 +0.573 8.969 + 0.323 Ry
8.029 +0.473 923540212 Ry 7.691 +0.499 8.941 +0.250 Ri;
7.964 + 0.454 9.354+0.206  Rag 5.614+0.73 6.525 +0.307 R;
8.158 +0.498 8.482+0.280 Ry 8.200 + 0.902 9.722 + 0.486 Ri3
7.283 +0.459 721740253 Ry 5.855+0.556 9.799 + 0.314 Ry
8.195 +0.557 8.919+0.268  Rs 9.446 + 0.680 10.125+0.324  Rys
7.862 +0.550 9.041 £0.262  Rs; 6.875+0.612 8.807 + 0.308 Ris
7.406 + 0.963 8.280 + 0.331 Riy 7.127 +0.691 8.934 +0.286 Ry,
[31] Abu-Murad et al. K (5) @)
YK *1Bi
g a0 [31] Abu-Murad et al.
) o
3.45Bq.L’ (1.17-5.73) Bq.L"
.8.684 Bq.L' N > N
. 4.5 Bq.L (1.11-7.9) Bq.L
.7.511 Bq.L"
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40K

z: R1.34: (P.W) Uranium (U-238)
- -2 ] R36-37: (Ref. 29) B SSNTD's technique
| R3g: (Ref. 34) B HPGE technique
o 1.8 {
om
s 1.6 1
S
£ 14
€ 12
(3]
S 1
(&)
£ 0.8
=]
‘e 0.6
g
D 04
0.2
0 ““““““““““““““““““ l‘ l‘ . .
1234567 8 910111213141516171819202122232425262728293031323334353637383940
Sample No.
HPGe SSNTD B8y :(3)
238U :(7)
.HPGe SSNTD
(ppb) **U
HPG SSNTD
(ppb) ©
7% 86.33 89.25 83.4 / 1
5% 90.5 92.7 88.3 / 2
8% 89.26 92.72 85.8 3
1.7% 110.75 109.8 111.7 4
2.7% 140.15 138.3 142 5
2.2% 1034  104.55 102.24 ( )
214Bi 40K
214Bi 40K
) Rp 6.525 Bq.L"
10.125 Bq.L" (/ HPGe
( ) Ris YK
*“Bi *MBi (0.762keV/channel) 1462 keV
) Ry 5.179 Bq.L' (1.3119 keV/channel) 2536 keV
9.446 Bq.L" ( / .(8)
( ) Ris
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SSNTD 28y :(6)
.HPGe
238U
Cx (Bq L") HPGe SSNTD
ppb BqL’' ppb BqL’' ppb BqL’'
9.043+0.217  95.55 1.184  100.1+ 12 1.24 91+£2.5 1.127 R,
7.429+0.26  84.35 1.053 85.7x13 1.070 83+2.4 1.036 R,
+0.2649.112  84.75 1.052 89.5+ 14 1.111 80+2.4 0.993 R;
8.798 +0.273  92.25 1.149 88.5+17 1.102 96+ 2.6 1.196 Ry
9.006 + 0351  72.85 0.911 78.7+t14 0.984 67121 0.838 Rs
8.181+0.352 100.8 1.256  101.6+20 1266 100£2.6 1.246 Rg
9.381£0.272  102.8 1.278 109.6 £16 1.362 96+ 2.6 1.193 R,
9.739£0.477 85.8 1.066 87.6£22 1.088 84+24 1.043 Rg
7.802+0.281  86.65 1.076 91.3+17 1.133 82+2.4 1.018 Ry
8.969 £ 0.323 95.8 1.193 97.6 £21 1.215 94126 1.170 Ryo
8.941£0.250 81.45 1.007 76.9 £ 15 0.951 86+2.4 1.063 Ry
6.525£0.307 77.2 0.954 75.4£20 0.932 79+23 0.976 Ri;
9.722 £ 0.486 86.9 1.083 92.8+15 1.156 81+2.4 1.010 Ris
9.799+0.314  85.05 1.059 85.1t16 1.059 85+2.4 1.058 Ry
10.125+ 0.324 11695 1.447 113.9+18 1409 120+£2.9 1.485 Ris
8.807+£0.308  105.7 1.312 1004+18 1246 111+2.38 1.378 Ry
8.934 £ 0.286 89.9 1.124 948+ 16 1.185 85+2.4 1.063 Ry7
8.308 £ 0.324 87.2 1.083 94.8 £ 16 1.185 79+23 0.981 R
9.229 £ 0.286 82.5 1.023 81.3+10 1.017 83+2.4 1.029 Ry
6.819+ 0259  95.25 1.089 106.5+16 1.318 84+24 1.039 Ry
9.035£0.316 72.1 0.902 73.2+£17 0.916 71+£22 0.888 Ry
8.295 £ 0.357 73.2 0.912 78.4t 14 0.977 68 +2.2 0.847 Ry,
8.562+0.265 94.95 1.176 93.9+18 1.163 96+ 2.6 1.188 Ros
8.192+0.336 113.5 1.406 114 + 29 1.412 113£2.8 1.401 Roy
8.993+0.243  84.75 1.05 87.5+14 1.084 82+2.4 1.015 Rys
9.057+0.299  87.35 1.089 89.7+ 14 1.118 85+24 1.060 Ras
9.364 £ 0.225 92.2 1.14 96.4 + 13 1.192 88+2.5 1.088 Ry7
9.235+0.212  94.95 1.187  1029+13 1.287 87+25 1.087 Rosg
9.354£0.206 109.6 1.358 1152+ 13 1427 104+2.7 1.288 Rag
8.482+0.280 140.15 1.735 1383+19 1.711 142+3.1 1.758 Rso
7.217+0253  87.35 1.088 91.7+13 1.142 83+2.4 1.035 Rj,
8.919+0.268 93.35 1.16 103.7+16  1.288 83+24 1.031 Rs;
9.041+0262  89.85 1.123 90.7 £ 15 1.133 8925 1.112 Ri;
8.280+0.331  89.55 1.11 89.1+ 14 1.104 90+2.5 1.115 Ry
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238
U

238U
.3 6
[31] Abu-Murad et al. 3) (6)
(1.24-4.15) Bq.L'
' ' HPGe
214ps
1765 keV
[33] Singh et al.
(6)
0.062 Bq.L" ) Rs 78.7 ppb 67 ppb
0 ()64'1 Bq.L" ' ( ) HPGe SSNTD (
' ' () 142 ppb  138.3 ppb
0.035 Bq.L" SSNTD ( ) Rio
' ! HPGe
(6)
16 ( )
(3)
.(6)
( )
() HPGe SSNTD
(7
2.2% (1.7-8)%
( )
( )
[33] Singh et al. 70% 60.8% 65.5% 27%
26% SSNTD

55% 49% 49%
HPGe
.[32] 9000 ppb
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I31]
( ) 4)

(0.61-1.27)*107 Bq kg 66.7%
0.806x10"'Bq.kg".d"
()
. ( ) ‘4
( ) ( ) 26p .,
222Rn 226Ra 222Rn s
7 5 5 Cra x10
Crox107 Cra X10 Crax107 (ppb)
(BqKg'dh (ppb) (BqKg'dh

0.71 2.68 Ris 0.82 3.08 R,
0.74 2.81 R 0.75 2.83 R,
0.75 2.84 Rao 0.72 2.71 R;
0.64 2.43 Ry 0.87 3.27 R,
0.61 2.32 Ry 0.61 2.29 Rs
0.86 3.25 R 0.9 3.40 Re
1.01 3.83 R 0.86 3.26 R,
0.73 2.77 Ros 0.75 2.85 Rs
0.77 2.30 Ras 0.74 2.78 Ry
0.79 2.97 Ry 0.85 3.2 Ry
0.79 2.97 Rog 0.77 2.91 R
0.93 3.52 Rao 0.71 2.67 R
1.27 4.80 Rso 0.73 2.76 Ri3
0.75 2.83 R 0.77 2.89 R4
0.75 2.82 R, 1.08 4.06 Ris
0.8 3.04 R 1.0 3.77 R
0.81 3.05 Rs 0.77 2.9 R,

*Ra :(5)

226Ra
(BqL") x107

2.83 1

2.99 2

2.813 3

3.78 4

4.8 5

3.4 ( )
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*“Rn :3)
BqL' BqL’
Cold Well Water Al-Karak (Jordan) 1.692-2.016 1.845 [16]
Cold Well Water Irbid (Jordan) 3.1-5.7 4.5 [11]
Cold Well Water Albany (USA) 1-29 14 [17]*
Cold Well Water Scotland 3-35 23 [18]*
Cold Well Water San Luis (Mexico) 1.21-8.7  3.325 [19]*
Cold Well Water San Luis Potosi (Mexico) 0.068-9.324 3.097 [20]*
Cold Spring Water Al-Karak (Jordan) 0.132-0.534 0.271 [16]
Cold Spring Water Irbid (Jordan) 3.3-10.7 5.4 [11]
Cold Spring Water San Luis (Mexico) 0.117-2.362 0936 [19]*
Cold Well Water Nenava Governorate (Iraq) 1.015-1.115 1.063 P.W
Private Ground Co.wicklow (Ireland) 1-3316  -—--- [21]
Drinking and Well Water Co.wicklow (Ireland) 0-100  --—--- [21]
%;?;Tﬁf;face) Co.wicklow (Ireland) | — [21]
Well Water Chester Pennsylvania,USA 11.1-1961 [22]
Baltic Sea Roskilde (Denmark) 0.003-0.03  ----- [23]
Well Water Aucashat (Iraq) 0.11-0.158  ----- [24]
Xguﬁgggg‘?gﬁgrmgs Fuzhou and She-nyang (China) 0.035-1013 7.82  [25]
Well and Spring Water ~ oi-Sahem  Spring and Sultani - well 13, 5 516 [16]
(Jordan)
Different Types of Yarmouk  University and Rahoob 25-107  coon [11]
Natural Water (Jordan)
Dripking Water and Hot  Al-Lajoon—Qutraaneh Well-Awajan 31166  —oev [26]
Springs Well (Jordan)
Drinking Water, Sprin i i
Drinking Water Nenava Province (Iraq) 17.4-36.1  26.37 [28]
Spring and Well Water ~ Lebanon 0.91-49.6 114 [29]
3&1;{2:6 Well and Spring 1. .\ Ivania Region (Romania) 05-1203 154  [30]
Natural Water Nenava Governorate (Iraq) 0.838-1.758 1.268 P.W
.BqL' Bqm® [16] *
.Present Work P. W.
®) 6Ra
222Rn
( ) 226Ra 238U
" 222Rn
2.88x10"ppb ' A
31% ( 4
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30% 26% 33%

29.7%

*?Rn :2)

222Rn (Bq L-l)
1.037 /
1.097
1.066
1.384
1.758
1.268 «( )

A W N =

.[15] 18 Bq.L" USEPA

©) )

United States Environmental
.Protection Agency (USEPA)

Radon (Ra-22]

N

3 | Ryss: (. W)

R36I (Ref. 16)
R37I (Ref. 19)
R33: (Ref- 16)
R39: (Ref- 20)

o~
[ loe]

FN(”*I‘IO@NchFqum@I\wQO\—Nmﬂ‘m@y\ OoT NM S
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[
o

N

-
2]

Radon Concentration, Bq L

Sample No.
SSNTD *Rn 2)
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**Rn (1)
Cy
Bq Kg’ Bq L' PCi L' Bqm”
1.127 1.127 30.46 1127 R,
1.036 1.036 28.0 1036 R,
0.993 0.993 26.838 993 Rs
1.196 1.196 32.324 1196 R,
0.838 0.838 22.649 838 Rs
1.246 1.246 33.676 1246 R¢
1.193 1.193 32.243 11.93 R,
0.976 1.043 28.189 1043 R
1.018 1.018 27.514 1018 Ro
1.170 1.170 31.622 1170 Rio
1.063 1.063 28.73 1063 Ri;
0.976 0.976 26.378 976 Ri»
1.001 1.010 27.297 1010 Ri3
1.058 1.058 28.595 1058 Ry,
1.485 1.485 40.135 1485 Ris
1.378 1.378 37.243 1378 Ris
1.062 1.063 28.73 1063 Ry,
0.980 0.981 26.514 981 Ris
1.029 1.029 27.811 1029 / Rio
1.039 1.039 28.081 1039 / Rao
0.888 0.888 24 888 / R
0.848 0.847 22.892 847 / Ra»
1.188 1.188 32.108 1188 Ras
1.400 1.401 37.865 1401 / Ros
1.015 1.015 27.432 1015 / / Ras
1.060 1.060 28.649 1060 / / Rag
1.088 1.088 29.405 1088 / / Ry,
1.087 1.087 29.378 1087 / / Ros
1.288 1.288 34.812 1288 Rao
1.758 1.758 47.514 1758 / R0
1.035 1.035 27.973 1035 R
1.031 1.031 27.865 1031 Rs,
1.112 1.112 30.054 1112 / Ri3
1.115 1.115 30.135 1115 / / Ry
. (2)
)
1.067 Bq L
5.7%
( )
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Area

X 100% (10)

E% =

t oy

A
Area
61200 s t

13]

0.222651 K
0.166455 1462 keV
1765 keV 28y

.[14]

2141y
B1

(1000 g)

61200s (Marinelli Beaker)

214y
B1

238
U
2141y
B1

(7) (6) (5)

222
Rn

(D

1) .CR-39
) Rs 0.838 Bq.L"
1.758 Bq.L" (

1.1331 Bq.L" ( ) R

232

Ara=1.3734x107" ¢!

()
Cra (Bq.Kg"'.d")
(Effective exposure time) tey

o t )]

teff:[ t_)\’[_{ln( l_e (8)

a4 - A
CRn(Bq.kg l.d 1) =C R

., 1
Ra)* .
P )\‘Rn teff

)

89.509 d
Cora)

(HPGe)

CANBERRA-85
4096

(Multi-Channel Analyzer)
CANBERRA

“Co :
(1170, 1332)keV
662 keV
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2.1 keV
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( )
Bq.m” Ca
p(Tr.cm™)
t(=95d)
J12 11]
C, typ
C,= 2
tp,
Co
Po 48 hrs t, 90 kBq.m™
96768 Tr.cm™
( )
[11]
Cy
12 11] (Bq.m™)
C, Ag, ht
Co =" (3)
A
Bq
. V (m3)
Apa =CyV )
Wu(g) Ny
(ppm)
NU 7\‘U = NRn 7\’Rn 5
N, A
W, =Y - Uu 6
! N av ( )
W
C = U 7
v (ppm) W, (7
Ay hu(= 4.8833x107"% s
N 238U
Ws  6.022x10” mol”
.65 ¢g

CR-39

(SSNTD)
CR-39
(1.2x1.2) em’ (250-275) mm
(34)
.65 g 102
6.2 cm

(t12=55.6 5) (3.5x3.5x0.5) cm’

220}{1,1

98% 22

(Secular equilibrium) ()

Ay, = Ay, (1-¢ Mty M

ARa ARn
t Ara(=0.1814d™")

CR-39

5.6 cm (h
(L=2.2 cm)
95
98%

NaOH (70+ 1)°C

%24

(Reichert Neovar type 300422)
400X
150 Tr/em’
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2004
[10]
(3-4) m « ) 121
(1) . 180
222Rn
238U 226Ra
226Ra 222Rn
CR-39
HPGe .HPGe
238U
MK

(M

230

(0.5-1.5)
(12-36)

40K




50%

3]

6 5 4]
(Diffusion)

[7] 2p,

[8]
238U
*Rn .(3-4) ppm
*Ra (t,=1620 yr)
238U

9]
9.73 kg.m” 1900  F.E. Domn
(-71)°C (-61.8)°C
3.825 day

[1] 220Rn
.(Aerosol) 5.485 MeV

1960

50%

2]
The United
Nations Scientific Committee on the Effect of
Atomic Radiation (UNSCEAR).

75%
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228

resources on earth is drinkable and suitable for daily use. Human race provides its water from
surface water and ground water. Ground water is more radioactive than surface water, since it passes
through rock and soil formations, dissolving many compounds, minerals and radioactive substances.
Naturally occurring radioactive material in groundwater (springs and wells) mainly comes from the
uranium decay series with major members of concern for human health being **U and ***U, *°Ra,
**Rn and *'°Pb. The concentrations of the radionuclides may vary over a wide range, depending on
the bedrock in which the aquifer is located as well as the water parameters such as pH, Eh and
alkalinity.

Radon decays into solid radioactive elements called radon daughters or radon progeny, such as
28po, 24po, 2“Bi and 2'*Pb. These daughters can attach to dust and other particles and can be
breathed into the lungs. As radon and radon progeny in the air decay, they give off alpha particles, a
form of high-energy radiation. When inhaled, these radioactive particles can damage the DNA inside
the body's cells and also damage the cells that line the lung. Long-term exposure to radon can lead to
lung cancer, the only cancer proven to be associated with inhaling radon. There has been a
suggestion of increased risk of leukemia associated with radon exposure in adults and children.

The contribution to the mean effective dose equivalent from inhalation of **’Rn and its short-
lived decay products *'*Po, *'*Po, *'*Bi and *'*Pb is estimated to be about 50% of the total effective
dose equivalent from natural radiation sources. The presence of **’Rn in the environment and ground
waters is associated mainly with trace amounts of uranium and its immediate parent, radium (226Ra),
in rocks and soil. Radon can easily lose from water when it is agitated; for example, when river or
other water sources flow over rocks or are moved by wind.

Natural water and drinking water may contain varying levels of radioactivity. It is therefore
important to determine the radon and the radium levels as well as other radionuclides’ levels in water
for public health and radiation protection. This paper presents results of radon (*’Rn), radium
(**Ra), uranium (**U), Bismuth (*'"*Bi) and potassium (*’K) concentrations in underground water
(springs and wells), surface water (from rivers and lakes), drinking water from different sources as
well as rain water in Nenava governorate in Iraq.

Thirty four (34) samples of natural waters were brought from different sources: projects of tap-
water, underground wells, pure and mineral springs, as well as rain water in Nenava governerate.
Long-term technique for alpha particles emission with solid state nuclear track detector (SSNTD)
CR-39 and short-term technique for gamma spectroscopy with high purity germanium detectors
(HPGe) have been used to determine the concentrations of radon (**Rn), uranium (**U) and other
radioactive isotopes, such as radium (**Ra), bismuth (*'*Bi) and potassium (*’K) in the water
samples.

The solid state detector CR-39 was exposed to water samples for 95 days within the period from
23/12/2003 to 5/4/2004, except that for rain water sample the period of exposure was from 25/1 to
30/4/2004, to measure the concentrations of radon, radium and uranium in the water samples through
alpha particles’ emission, while multi-channel analyzer was used to determine the concentrations of
potassium and uranium through gamma-ray emission from these samples.

The results showed concentrations between (0.838-1.758) Bq.L™' for radon (*?Rn) with high
value in rain water. Uranium (***U) concentration has ranged between (67-142) ppb and (73.2-138.3)
ppb using SSNTD and HPGe techniques, respectively, and these values are lower than the maximum
allowed concentration of dissolved uranium in drinking water which is about 9000 ppm. Concerning
radium (**Ra), its level ranged between (2.29-4.8)*10 ppb, while the concentration of potassium
(**K) was (6.525-10.125) Bq.L"" and that of bismuth (*'*Bi) was (5.179 - 9.446) Bq.L"".

The annual effective dose of radon was calculated, and it ranged between (4.40-9.24) ptsv.y'l in
case of ingestion and (2.30-4.82) psv.y”' in case of inhalation. These values are regarded less in
comparison with the allowed normal limit which is about 0.1 msv.y" for drinking water. In general,
the concentrations of radon in natural waters are less than the maximum allowed limit which is about
18 Bq.L", and there will be no risk on the human being life.

Keywords: Radon; Drinking water; Spring and well water; Annual effective dose, CR-39.



244-227 . 2015 4 8

ARTICLE

*
**
Received on: 24/3/2015; Accepted on: 23/7/2015
34
Solid State Nuclear .
High Purity CR-39 Detector (SSNTD)
3y *Rn Germanium (HPGe) Detector
214, 40 26R,
(67-142) ppb (0.838-1.758) Bq.L"
HPGe (73.2-138.3) ppb CR-39
(2.29-4.8)*10°° ppb .9000 ppb
.(5.179-9.446) Bq.L"! (6.25-10.125) Bq.L"
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Determination of Radon, Uranium and Other Radioactive Isotopes’
Concentration in Different Types of Natural Water in Nenava Governorate

Saeed Hassan Saeed” and Sabah Yousif Hassan™
* Physics Department, College of Education for Pure Sciences, Mosul University, Mosul, Iraq.

* Radiation Department, Technical Institute, Mosul, Iraq.

Extended Abstract

Radon (**Rn) is a naturally occurring radioactive gas with a half-life of 3.82 days, released from
the normal decay of the elements uranium, thorium and radium in rocks and soil. It is an invisible,
colourless, odourless and chemically inert gas and has no taste. Radon is fairly soluble in water and
organic solvents and seeps up through the ground and diffuses into the air. It dissolves into ground
water and surface water and can be released into the air when water is used. Radon is also present
outdoors and indoors, but it is normally found at very low levels in outdoor air and in water from
rivers and lakes.

Water represents the most important source for life and forms up (70-75)% of the total body
weight. While 70% of the world's surface is covered by water, only 0.3 % of the total water
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Recently, researchers keep on investigating irradiation effects of low LET radiation, such as y-
rays, UV-light or electrons, by using and developing various methods and different approaches for
measuring parameters of solid state nuclear track detectors, such as the track etch rate (Vy), the bulk
etch rate (Vp), the sensitivity (V), the etched track length (L.) and how these parameters are varied
with the detector depth analog with the variations in the track growing stages. Accordingly, this
study deals with investigating irradiation effects of low LET radiation of y-rays on the bulk etch rate
of (Vp) of the plastic polycarbonate solid state nuclear track detector CR-39 using the track
diameter-length (D-L.) measurement approach.

A group of five pieces of plastic detector CR—39 of 250 pm thickness and dimensions
(1.5x1.5) cm® were used. Four of them were exposed to y-rays from “CO (368.21Ci) with a dose rate
01 0.306 kGy/h and doses of (2.754, 4.590, 6.426, 8.262) kGy corresponding to irradiation times of
(9, 15, 21, 27) h respectively, while the last detector piece was left without y-ray irradiation. Both
y-ray irradiated and un-irradiated detectors were then directly irradiated with alpha particles of
3.5 MeV energy from *"*Am (1uCi) source.

In order to reveal alpha particle tracks, the detectors were etched by the aqueous solution of KOH
of 6.5 N molarity at a temperature of (70+1) °C for (1.5-4) h with a recurrent increase each 0.5 h.
The profiles of the tracks and their diameters and lengths were measured using the digital camera
MDCE-5A fixed on an optical microscope and connected to a computer. Using the track diameter-
length (D-L.) measurement approach, the bulk etch rate (V) was measured as a function of y-rays
absorbed dose. It was found that the bulk etch rate (V) increased exponentially with the dose (Dy),
and its value was between (1.703-3.838) pum/hr corresponding to the examined y-ray doses. The
y-irradiation characteristic parameter (g) was also calculated and found to be equal to 94.5 MGy
However, the D-L, measurement method of the bulk etch rate of the detector CR-39 exposed to
y-doses showed good agreement with other measurement methods and approaches used by other
researchers.

Keywords: Track detector; CR-39; Gamma-ray exposure; Dose-rate; Bulk etch rate.
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Bulk Etch Rate of CR-39 Track Detector Exposed to Gamma Dose Using
D-L. Method

Y. Y. Kasim
Physics Department, College of Education for Pure Sciences, Mosul University, Mosul, Iraq.

Extended Abstract

The use of solid state track detectors (SSNTDs) has already become well-known, having been
extensively used in nuclear physics, space physics, biophysics, geology, nuclear engineering,
monitoring radon concentrations of radon gas by recording its emitted alpha particles, as well as in
many other fields. It is known that some plastic types of solid state nuclear detectors such as
polycarbonate CR-39 and PM-355, cellulose nitrate CN-85 and LR-355 or cellulose acetate CA-80
are highly sensitive to ionizing radiations and charged particles.

Operation of the solid-state nuclear track detector is based on the fact that a heavy charged
particle which is heavier than an electron will cause extensive ionization of the material when it
passes through a medium. Along the path of the alpha particle, a zone enriched with free chemical
radicals and other chemical species is then created. This damage zone is called a latent track. Now,
when a piece of material containing latent tracks is exposed to some chemically aggressive solution,
chemical reaction would be more intensive along the latent track. The overall effect is that the
chemical solution etches the surface of the detector material, but with a fast rate in the damaged
region. In this way, a track of the particle is formed, which may be seen under an optical microscope
or by other counting techniques.

The secondary electrons or y-rays should also contribute to producing damage in plastic
detectors. Though low LET radiation such as y- rays or electrons cannot form any etchable tracks, it
is observed in plastic detectors that some changes in macroscopic properties of the detector, such as
sensitivity, etching rates, brittleness or change in color are all induced when the irradiation dose
becomes higher than about Mrad. An increase of bulk etching rate has been reported as the most
striking change among macroscopic properties.

Corresponding Author: Y. Y. Kasim Email: yasr_physics@yahoo.com



Authors Index

AL AL MA@ . e e e e 205
AL ALTAMCL o s 199
AL ALFOUN . ot 199
o B A T4 | 7 KSR 199
Jo ML KhOSHMAN ...ttt e 205
M. E. KOTAESCR c..cooviiiiiiieie et et 205
ML MIANSOUL. .ottt et 187
Q. AL DIMOSH. ...ttt 205
S.H. SAEEA ... e e e e 227
S, YL HASSAN .o e e 227

N N € ] 3 s VRO 217



Subject Index

Annual effectiVe dOSE.........ueiiiiiiiiii et 227
BUIK €ECH TALE.....eiieiiiiie et e 217
CaUChY-UTIDACK .....ccoiiiiiiiiiiie et et e e et beaesennereeeas 205
CR3Y e ettt ettt ettt et et ettt st e aes 217,227
DIOSE-TALE ...t ettt st e ees 217
DIINKING WALET.....eviiiiiiiiiesciiiee ettt ee ettt e s et teeesebeesesssraseesesstaeesesssaesessssesesnsssseenns 227
ElIIPSOMELETY ... eviieiiiiiesetiieeeeit et e s et te e e ee e e beaees stebeesesstaeaesssneaeeesssaensensneeas 205
Entanglement...........oooiiiiiiiiiiie et et e e e rae e s e ene s 187
GaAMIMA-TAY EXPOSULE .....eeeievivieeeeeeeseeenreeeeeeeetessssesnretaeesesaesaasnsnsnseeaeeessssnsnsseseeeeenens 217
Heavy qUArKONIA........ccuvvieiiiiiee et et ee e e et e s erae s esbeaessnnaeaeeas 199
A T 15T - RSP SRP 199
OPLICAL CONSTANES ....eeeiiirrieseiiieeesiieeeeeertite s ettt e esbeesestereaeesesereesssnsaesessseaennnssseeesas 205
Phenomenological pOtential ..............oeevcviiereriiieeee et e esiee e ee e eeree e 199
QQ-0NIA PACKAZE ...eeeeiiiiiieeciiiee et ettt rree s et re e e s etree s etstaeeestbeae s nnraeeeeas 199
Quantization-defOrmation ..............ccoeiiiviriieiieie e 187
Quantum Yang-BaxXter €qUAtiON ............ccuveeeriiieeeriiieiieeeiireeeeeieeeessreaesesree e e eeneeas 187
RAON 1.t e et et e et 227
STHCA SANIA ..ot e et ettt e ee s 205
Spring and Well Water...........ccovuuiiieriiieieeciiie ettt ae s e sree e e ae s esreaeeeeenes 227
SPULLETINIZ . .eetevvvieeeiie et te et te e ere e s et e e e b tae s e eebeaeeestabeesssssaeaessssaesaeenssseesensens 205

B 7 1) e [T oi 1) TR 217



.Wordlist of Scientific Reviewers

( )
0.5 Times New Roman 8
600 dpi (1200 dpi Resolution)
(irg) : 300 dpi
(Online)

Microsoft Word for Windows 2000
(ipg)



Technical Notes Short Communications

Review Articles Feature Articles
jip@yu.edu.jo :
(Keywords) (Abstract)
x 21.6) A4 Times New Roman 12
2000 3.71 ( 279
(PACS)
C )
6-4

.http://www.aip.org/pacs/pacs06/pacs06-toc.html

)

‘PACS






Jorclan Journal Of

PHYSICS

An International Peer-Reviewed Research Journal issued l)y the
Support of the Scientific Research Support Fund

Subscription Form

Published by the Deanship of Research & Graduate Studies, Yarmouk University, Irbid, Jordan

INBITIE: .ottt ettt eat e et ettt e ea bttt ea e et et e ae s :
] ST 1L TR U PRSPPI
AAIESS: ettt ettt et et e ettt eae et st n et et et entenne :
PO BOXI ittt e et et et ettt :
City & Postal Code: ....
COUNMTY? Lttt et et et ettt s ettt ea e et et e e ebe e eat et e ettt e eaeseeaennaaen e :
PROMIC! .. ettt ettt ettt eae et ee s
FaX INO . et et et et e et et :

| 1 31 TSRO :

NO. Of SUDSCTIPLION: ...ttt ettt ettt ettt ente e ene :
Method Of PAYMENL: ......eoiiiiiieie ettt :
AMOUNt ENCLOSEA: ...ttt e e :

SIZNATUIE: ...ttt ettt ettt ettt e eat et st e et ee e et esteen bt e et en e e et e ete e neeeetenneennes :

Cheques should be paid to Deanship of Research and Graduate Studies - Yarmouk Uruversny

I would like to subscribe to the Journal One Year Subscription Rates
For
© One Y Inside Jordan  Outside Jordan
ne Year Individuals JD 8 € 40
© Two Years Students JD 4 € 20
© Three Years Institutions JD 12 € 60
Correspondence

Subscriptions and Sales:
Prof. Nehad M. Tashtosh
Deanship of Research and Graduate Studies
Yarmouk University
Irbid — Jordan
Telephone: 00 962 2 711111 Ext. 2075
Fax No.: 00 962 2 7211121







1437 / 2015 (4)

(8)



cLyall

1437/ 2015 (4) )

nehadmt@yu. edu.jo

darafah@ju.edu.jo

nabil. ayoub@gju.edu.jo

Jkalifa@ju.edu.jo

s.mahmood@ju.edu.jo

mmousa@mutah. edu.jo

ijaraysh@yu.edu.jo

akram@yjust.edu.jo

msugh@hu.edu.jo

2075 00962 2 7211111
E-mail: jjp@yu.edu.jo Website: http://Journals.yu.edu.jo/jjp





