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Abstract. In this paper, a transformation is applied to Bessel-Circular-Gaussian beam to generate a new laser
beam called Exton-Gaussian beams which have applications to wide areas of optics. For this, a novel integral
transform involving the product of the Whittaker function and two Bessel functions of the first kind; the first
with a linear argument and the second, which is a modified Bessel function, with a quadratic argument is derived
whose solution is expressed in terms of the Exton’s function Xg and the Lauricella’s function Ff’). Some special
cases of the main integral are illustrated by being specific on parameters. The analytical expression of the beam
is utilized to study the propagation behavior. It is shown that the beam is composed of lobes and a dark center,
potentially capable of trapping atoms in it. Such a behavior is important in physics and will be very useful for

trapping atoms in its dark center and could be exploited as optical tweezers.
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1 Introduction

Some mathematical research have been investigated during the last decades by evaluating some
integrals involving special functions such as Bessel an Whittaker functions (Agarwal, 2013;
Belafhal & Hennani, 2011; Becker, 2009; Choi & Agarwal, 2014; Khan et al., 2016). In the laser
fields, these investigations are important to generate new beams waves, (Bandres & Vega, 2008;
Mago et al., 2009; Salamin, 2018, 2019; Teng et al., 2018; Usman et al., 2018; Belafhal et al.,
2020) and to study their propagation through mediums as free space, ABCD optical system,
photonic crystals, chiral medium, turbulent and oceanic atmospheres, maritime turbulence and
biological tissue (Andrews & Phillips, 2005; Belafhal & Dalil-Essakali, 2000; Dolev et al., 2009;
Khannous et al., 2014; Khanous et al., 2018; Saad & Belathal, 2017).

In the present work, we give a closed-form of the integral transform involving the product
of the Whittaker function and two Bessel functions of the first kind; the first with a linear
argument and the second, which is a modified Bessel function, with a quadratic argument. To
the best of our knowledge, the evaluated closed-form of this integral transform is unprecedented
and essential in the field of laser physics.
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In the following, we give the definitions necessary for understanding the present investigation.
For that, we start by the expansion of the Bessel function of the order v given by (Watson, 1944)

x m(, v+2m

To(z) = m!T(v+m+1)’

m=0

and the modified Bessel function given in terms of J,, as
I,(z)=1i"J,(iz). (2)

The Appell and Lauricella’s hypergeometric are defined, respectively, by (Srivastava & Manocha,
1984; Srivastava & Karlsson, 1985)

(@D (01) (b2),, ™ "
Fy [aablab%cl)c?;x?y]: Z e = nﬁj: (3)
o (c1),,(c2),,  m!n!
with |z| + |y| < 1, and
(3) > (a)m+n+p(b1)m(b2)n(b3)p ™ y" 2P
Fy la,by,bo, bsscryco, e85, 9,2 =Y T (4)
e (c1)m(c2),(c3), m! n! p!

with |z] + |y| + [2] < 1.

Also,we recall the definition of the Humbert function defined as (Gradshteyn & Ryzhik, 1994;
Srivastava & Karlsson, 1985)

- (a)m+n(b)m xm yn
\Ijl [aab; 01762;$7y] = E (Cl) (02) ml H7 (5)
m,n=0 m n

with |z| <1 and |y| < oc.
The expression of the Exton’s hypergeometric function as (Exton, 1982; Srivastava & Manocha,
1984)
> (a)2m+n+p(b1)n(b2>p .I,m yn Zn

XS [aab1)b2;01702563;$7y52]: Z (Cl) (CQ) (63) Wﬁﬁ’ (6)
m n p ntop!

m,n,p=0
with 24/]z| + |y|+|z| < 1.
In the above functions, (), is the shifted factorial (Srivastava & Karlsson, 1985) defined by

) (A +v) (1, (v=0,\eC\{0}) (7)
v ) L AMA+D A+ n=1), w=neNXeC) ’
with a condition on each denominator of these equations that

c;eC\Z, (forj=1,23).

2 Main Result

We present in this section our main result derived with the help of the previous expressions
and the relationship between the Exton’s and Lauricella’s functions elaborated recently by
Choi & Rathie (2013).
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Theorem 1. The following integral transform holds true:

o)
I:/ :U2Te_a12IX()\:I:Q)JN(B:L“)Mky(27x2)dx
0
=A X8 [T+5;V—k+%a—;x+17M+1,2V+1§xay,2’} ’

a+,}/ r—4e (3)
Al —— F Ly, eyl .
<a+’y+)\> Wortex+ 5, +3,—;

2x+ Lp+1,2v + 1, u, v, w],

where
BY" /anx
Ao (8) 3) erreen
2 w! x! (Oé+’Y)T+E ’
eE=x+ g +v+1,
A2 27y —B?
T = 5, Y= and z = ———,
4(a+7) o+ A(a+7)
2 v 2y and w —F*
U= — V= —————— =5
a+y+A a+v+A dla+v+A)
with

|z + |yl + |2 < 1,and 2v/]u| + [v] + w] < 1.

Proof. By using the expansion of the modified Bessel function given by (2), I becomes

B e ()\/2)X+2m
I= E:Omlf(x—i—m—i—l)

ms

where ~
Ay = /0 x2sefam2JM(Ba:)Mk7l, (2’m2) dx,

with
s=2m+r+x.

With the help of Theorem 1 of Khan et al. (2016), (14) can be written as

_ BHAY+E T(2m + 1 + )
_M!2M_V+% (Oé + 7)2m+7"+6

1 2y —B?
xU 2m+r+ev—Fk+=;u+1,2v+1; ,
! gt a+vy 4(a+7)

Consequently, if one uses the identity Srivastava & Karlsson (1985)

L(r+&)(r + €)ominsp = @m+7r+2), , T@m+7r+e),

n+p
(13) can be rearranged as

-4 Z T+€2m+n+p( _k"‘%)mﬁyjﬁ
m(p+1),2v+1), m! p!nl’

m,p,n=0

where, z, y and z are given by (11).
Thus, by using the Exton’s function Xg given by (6), (8) is proved.
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We express the integral I in terms of Lauricella’s triple hypergeometric function given by
(8). For that, by using the following relation Choi & Rathie (2013)

1
X3 [a, b1,b2;c1 + 52 cs; 2%, y, Z]

1 (3) 4z Y z
= ——F3 F b1, b2; 2 »y €2, C3; ) ) )
1+2z)"  * [a’cl’ LB e S o T+ 207 1+ 22
and by taking
a=r1r+e¢,
1
bl =V — k + 5,
bs =0,
1
c1 = X + 57
co=p+1,
and
c3=2v+1,
one finds (8) and this completes the proof. O

3 Special Cases

In this section, we investigate some special cases of the main result (8) corresponding to some
values of parameters of Bessel and Whittaker functions.

Corollary 1. The following integral transform holds true:

/0 2R e (N (Aa?).J, (Br)de = A(29)"

A2 2y P ]
da+y) a+y da+9)]’

><X8[r+5,—2k,—;x—|—1,u+1,2k;
(20)
ok (2t T e 1 . .
_A(2,7) DY A 7’+57X+*7—21%—,2)("‘1;,“"'172]97

a+vy+A 2
2\ 2y —3? }
at+y+ XN at+y+ N 4(a+v+N)]’
where
1
5:)(4-%—19

Proof. By taking v = —(k + %), the Whittaker function is given by (Srivastava & Manocha,
1984)

M, . 1(2)=e227F (21)

T

and from (8) one finds (20). This complets the proof of the corollary. O
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Corollary 2. The following integral transform holds true:

o0
2r4-1_ —azx? 2 2 B
T e I,(Ax*)J,(Bx),(yx*)de = ————
/ R
1 A2 2 —p2
xXg[r+€,V+,—;x+1,u+1,2u—|—1; 3 i , B ]
2 da+7y) atvy da+t7) (22)
= F(3)[+s T N R
= \r+e r ) oV o0 ) , ol )
2\ 2y —?
at+y+N at+y+ XN dla+v+ )
where X B
v
5 G @ Ie e
x! ol v 2 7
and
E=x+ % +v+1.
Proof. 1f we take k = 0, the Whittaker function becomes (Srivastava & Manocha, 1984)
Mo, (22) = 2 F50\VzL (2), (23)
and it’s easy to find (22) from (8). O
Corollary 3. The following integral transform holds true:
[e.e]
/xzreO‘IQIX(AxQ)JM(ﬁx)sinh(’yacZ)dac
0
AQ 9 _ 12
=CXy |:’I“+E,].,—;X+].,/L+1,2; 2 i ) IB :|
Ya+v)? at+y da+7)
aty \' s 1 24
=C| ———— F —1,—;2 1 1,2;
<a+7+)\> A |:T+E7X+2a ’ ?X+ 7/-L+ » <
2\ 2y — 32
at+y+Nat+y+ AN da+v+N)
where \
o 1@ Te o
2 X! :U' (Oz + ’Y)T+€’
and
€= + + §
X 2
Proof. 1t’s easy, by taking k = 0 and v = %, to use (8) with (Srivastava & Manocha, 1984)
z
My 1 () = 2sinh (§> (25)
to prove (24). O
Corollary 4. The following integral transform holds true:
o
/0 x2r+p+16_(°‘+7)ﬁlx(/\JJQ)JH(Bx)Lg(nyQ)dx
)\2 2 Q2
:DXS |:T+E7_87_;X+17M+17p+1; PR i ) B :|
dla+7) at+y da+7) (26)

a+y e 3 1
=D<> Fﬁ;) {T+€,x+7—87—;2x+17u+17p+1;

a+vy+A 2
2\ 2y —3? ]
at+y+ XN at+y+ N 4la+y+N)
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where
H_ 1), G Trte)
2sl x!op! (a+A)E
and
e=x-+ MT—HD + 1.

Proof. If we take k = % + s and v = £, the Whittaker function is expressed as (Srivastava &
Manocha, 1984)

s! z p+l

ez 22 LW (z
G, T 0

MPT“Jrs,% (2) =

where Lgp ) is the generalized Laguerre polynomial. So, with the help of (8) the corollary is

proved. ]

Corollary 5. The following integral transform holds true:

/ JJZTJF%@*(O‘JW)’”QIX()@Q)JM (Bx)Hop(\/2yx)dx

0
E 1 A2 2 —3?
:WX8|:T+5>_p7_;X+1HUJ+17; PR ’ ) B :|7
E (3)[ 1 1
= F r+ex+ 5,70 +17 +1>7;
2\ 2y — 32 }
at+y+ N at+y+ XN 4la+y+N)]’
where i
X
_ @ ()9
= L(r+e¢),
2p!(=1)p x!  p!
and 5
_ K2
E=X+ 5 + 1

Proof. In this case, we have an expression of the Whittaker function in terms of the Hermite poly-
nomial. The above corollary can easily be established by setting k = p+ % and v = %1 with the
odd integer order and using the relation betweeen M and Ho), given by (Srivastava & Manocha,
1984)

MIH—%,—l (ZQ) =(-1) (21;!)!6_222\/2[{227(2)7 (29)
we deduce (28) from (8). O

Corollary 6. The following integral transform holds true:

/0 w2r+%6*(044“’7)952[)((/\xQ)J’u(ﬁ(lZ)HQIﬂ-l(\/%:C)dx

F 3.\ 2 —5?
:7T+EX8 [3T+5,—pa—§x+1>ﬂ+1,; 2 7 ’ 5 :|?
F (3)|: 1 3
= F r+ex+ 5 a_;2 +17 +117;
2\ 2y — 32 }
at+y+ N at+y+ N 4la+y+ )]’
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where X G
F= ﬂ(f) (f) (2p+ 1)'F(’l“ +5)
) | L (=1)Pp! ’
x!opt (=1)%p!
and 5
_ [
e=x+ 5 + 1

Proof. By setting k = p+ % and v = i, this corollary is established by using Theorem 1 and the
relation between the Whittaker function and the Hermite polynomial Hs,,1 of an even order
given by (Srivastava & Manocha, 1984)

p! e 2 4z
M, a1 (%) = (—1>p(2p+ 02 Hapy1(2). (31)
O
Corollary 7. The following integral transform holds true:
oo
/ mQT*Q“He*(O‘*E)szX(/\xQ)JM(Bx)*y@u,2§x2)da?
0
G A2 2 — 32
:MEXg|:’I"—|—8,1,—,X+].,M+1,2,UJ+1, 2 7 ) 6 )
(a+9) Ao +7)* at+y da+7) (32)
G 1
== _F¥ [r—l—s,x+,1,—;2x+1,u+1,2,u—|—1;
(a+v4+N) 2
2\ 2y — 32
at+y+Nat+y+ N 4(a+y+AN) ]’
where X
) 2 A
G:(/Bé—) (2) 1—1(7‘_’_5)7
dpp! X!
and 5
e=x+ 7” + 1.

Proof. This corollary is proved by taking k = p — % and v = p. In this case we have (Srivastava
& Manocha, 1984)

I
and with the help of Theorem 1, one finds (32). O

My, (2) =2 peiz2y(2 ), (33)

Corollary 8. The following integral transform holds true:

/0 a:QTJr%67(0‘77)12.&(/\xZ)JM(ﬁx)erf(\ /2yx)dx

H 3 A2 2 — 32
:77"—0—5)(8 [7“4‘5»1,—;)(‘1‘17#‘1‘1,5 PRI 7 ) 5 :|7
(a+7) 2 4(a+7)" at+y dat+)
H (3) 1 3 (34)
= —F T’+€, +7717_;2 +17 +177;
(a+y+r)" A [ XT3 XTRET
2X 2y —B? }
at+y+ XN a+y+ N 4(a+y+N) ]’
where X B
2 Fay =
H:,/;L?)' —(2? L(r+e),
T x! ol
and
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Proof. By taking k = % and v = i, the Whittaker function is reduced in terms of the erf
function as (Srivastava & Manocha, 1984)

1 22
M—Tli (z2) = 5e? Vrzerf(z), (35)
from which it is easy to deduce Corrollary 8. 0

Corollary 9. The following integral transforms hold true:

/ e 1 () (80) U, ~24/) — Ulp,2y/70)] do

0
J 3 3. N 2 —?
:71%)(8 |:T+Eap+7_7x+17,u’+177 PR 7 ) ﬁ y
(a+7) 2 4 2 4(a+ ) aty daty)
J 1p 3 3 (36)
:—MF(S) [T+€,X+,+,—;2x+1,u+1,;
(a+y+0" 7 22 4 2
2\ 2y —3?
at+y+ N at+y+ N dla+y+N)]’
where X B
4. /7 X (8
J = P+3 71:}/ 1 (2)' (2)| F(T+E)7
274 F(g—i‘z) X e
and .
_ Hy 2
E=XT+ 5 + 1
Proof. This corollary is established by setting & = 5* and v = % and Theorem 1. In this case,

the relation between the Whittaker function and the Parabolic Cylinder function U is given as
follows (Srivastava & Manocha, 1984)

(2) “Zp (2+1) NERUTES IS (37)

O]

M

—p
2

N

)

4 Application: Generation of Exton-Gaussian Beams

In this section, we transform a Bessel-circular-Gaussian beam (BCiGBs) by a spiral phase plate
(SPP) (see Fig.1). This system will generate a new donut beam as an azimuth dependent phase
retardation is imposed by the SPP. This phase is given by e?X¢" where x is the topological charge
of the SPP (Belathal & Saad, 2017).

& [ z
(& ]
SPP ]\ ]\ /

Input beam (0280 (p,z,¢9) Output beam

Figure 1: Illustration of the propagation of BCiGBS by a SPP through an ABCD optical system

213



ADVANCED MATHEMATICAL MODELS & APPLICATIONS, V.6, N.3, 2021

After the SPP, the input field can be written as

Zkbio (/1 +~1 >p'2
Eu,m(pl7zl7¢) F@Z(erX)d)l Z;,Z M%v% (iwgzpﬂ) Iy(€p/2)6 q'(2) q'(2) 7 (38)

where

with (p/, 2/, ¢') are the cylindrical coordinates and (qo,ao) are parameters of the fundamental
Gaussian envelope.

By applying the Collins-Huygens integral (Collins, 1970) on this beam propagating through
an ABCD optical system (see Fig.1), one finds the following output field expressed, for x equal
to an integer I, as

. . Dp?
— i F ikl z+55% ik
Eu,m(PaZa ¢) = € ( P >6 F Ii,m(p)a (39)
B
where
2 2 —ikpp' iw02 9
/ / cos(¢ ¢)M,u m ( p/ >
22 \2x? (40)
V() mHDY apldy
with
e (1 1 A

With the help of the following identity (Abramowitz & Stegun, 1970)

27
o, k

/0 (i o~ cos(6-9) d¢' = 2mi"e™ J, ( gp >, (42)

(40) can be written as
IL (p) = 2ri(m+D z(m-‘rl)qﬁl (43)

where
> —ap'? /2 iwp? 12 kpp’ /

1= | e My <2X%,0 )Jm+l (7) dp'. (44)

By using Theorem 1, (39) can be expressed as
; . Dp?
Eum(p,z,¢) = ;%ezk (Z+Z 25 )i(mHH)ei(mH)d’.F.G

l — 1
XXg [u+m—|—2+1,m5+

,—;y+1,m+l+1,m+1;x,y,z},
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where "
m+l 7
14 l
(@) e ( ,02> F(u+m+§+1>
G = X,Q (m+1) V! T ’
w2 \VTmre Tt
(a+4x,2)
1wy
e’ (kp)”
T = 5 Y= —— and z = -
w,
and
-2
zwo 2
B 2e B 2x'? dw— (kp)
U= 2 V= and w = — ; " .
a+4,°2+6 04—1—4,02—1—5 4B <a+4x,02+5>

Finally, our main result permits us to generate new laser waves called the Exton-Gaussian beams
defined by (45).

Now, we present some numerical simulations to study the dependence of the propagation
of this new beam on the propagation distance z, the radial coordinate p and the beam orders.
The present calculations are based on the complex amplitude expression given by (45). From
this last quantity, we deduce the intensity distribution of our donut beam which is evaluated by
I(p,z,¢) = |E(p, z,¢)|* at any distance and for any beam orders behind the SPP.

0.9

.05 .05
Z Z
§o4 §o4
= =
0.3 0.3
0.2 0.2
0.1 0.1
0
mm)

m=3

06 -0.5 0 05
p (mm)

Figure 2: Normalized intensity distribution of the Exton-Gaussian beam with [ = 1 and for two
values of m
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Figure 3: Normalized intensity distribution of the Exton-Gaussian beam with [ = 2 and for two

values of m

So, for our illustration, we consider the propagation of the beam in a free space defined by

a transfer matrix ABCD where the elements are: A =1,B =

= 0,and D = 1. The beam
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parameters are chosen as: the beam waist wyg = 0.6 mm and the wavelength A = 1060 nm. We
illustrate in Figs. 2 and 3, the normalized intensity distribution of the Exton-Gaussian beam at
the propagation distance z = 4m with a topological charge [ = 1 and 2, respectively.

For different values of beam orders (see legends of these figures) and as predicted by (45),
the beam intensity is composed by some lobes, and the beam seems with a dark centre (the
intensity is null in this region). This property is very important in physics and will be very
useful for trapping atoms in its dark centre and could be exploited as optical tweezers.

5 Conclusion

In this paper, we have investigated an integral transforms involving the product of Bessel and
modified Bessel functions and Whittaker function. The result is derived in terms of the Exton’s
function Xg and the Lauricella’s hypergeometric function Ff). Some special cases are examined
for special values of the parameters of the Whittaker function. At the end of this investigation
and as application, we have investigated in section 4, the possibility of generating new donut
waves called Exton-Gaussian beams.
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