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The reflection and transmission of a finite-power Airy beam incident on a dielectric slab are investigated by an analyt-
ical method. Based on the plane-wave angular spectrum expansion and Fresnel approximation, the analytical expressions
of the reflected field, internal field as well as transmitted field in each region are obtained. Through numerical simulations,
the intensity distributions of the incident beam, reflected beam, internal beam as well as transmitted beam are presented at
oblique incidence. Besides, we also compare the intensity distributions of the geometrical-optics beam field, the first order
beam mode field and the actual beam field, which indicates that the contribution of each order beam mode field to the actual
beam field is related to the refractive index of the dielectric slab. Meanwhile, the reflection characteristics of the Airy beams
in the special cases of Brewster incidence and total reflection are investigated. Finally, the effects of the optical thickness
and refractive index of the dielectric slab on the peak intensity distributions and beam shifts of the reflected and transmitted
beams are also discussed in detail. The analytical and numerical results will be useful to analyze the propagation dynamics
of Airy beam in the dielectric slab and provide some theoretical supports to the design of optical film.

Keywords: Airy beam, dielectric slab, Fresnel approximation, reflection and transmission
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1. Introduction

The Airy beam was firstly predicted by Berry and
Balazs as a solution to potential-free Schrodinger’s equa-
tion in quantum mechanics.l'l It was not until 2007 that
the finite energy Airy beam was realized theoretically

and experimentally by Siviloglou and Christodoulides. >3]

Recently, nondiffracting!*l and self-accelerating!>!

Airy
beam has attracted a great deal of interest due to its in-
triguing properties and potential applications>®! such as

[7-9]

in optical micromanipulation, curved plasma channel

12,13

generation, %! vacuum electron acceleration,!>!3] surface

1417 and imaging transmission.[!8-20]

plasmon polariton!

The interaction of Airy beams with different media is
becoming a hot spot in these days. As is well known,
the reflected and transmitted fields of a plane wave are de-
scribed by Snell’s law and Fresnel formulas,>!) which pro-
vides the geometrical-optics field of the beam. However, for a
bounded light beam, Snell’s law and Fresnel formulas are no
longer active and the nonspecular phenomena such as Goos—
Hinchen (GH) and Imbert—Fedorov (IF) shifts occur.[?224
The GH and IF shifts of various beams, including Gaussian
beams,?>! rotating elliptical Gaussian beams,*6?"] elegant
Hermite—Gaussian beams!?8! and spin waves,*! incident on
different types of surfaces'*°! have been studied. The effects
of different media on bounded beams are discussed by sev-
eral methods. Employing the plane-wave angular spectrum

expansion and Fresnel approximation, Tamir*!! and Antar!3?!

fCorresponding author. E-mail: tqu@xidian.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd
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studied the reflection and transmission of a Gaussian beam in a
planar dielectric interface, and Okuda*3! and Oul**! discussed
the interaction of Laguerre—Gaussian beam with a dielectric
interface theoretically and experimentally. In the same way,
Li further studied the reflection and transmission of Laguerre—
Gaussian beam in a dielectric slab'®>! and uniaxial anisotropic
multilayered media.[*®) Meanwhile, Li also used this method
to analyze the propagation characteristics of a vector Bessel
vortex beam through multilayered isotropic media.*”! Based
on the generalized Lorenz—Mie theory (GLMT), Wang and
Yan studied separately the reflection and transmission of a
Gaussian beam in a uniaxial anisotropic slab*®! and a chiral
slabl*1 by a combination of the cylindrical vector wave func-
tions expansion of beams and boundary conditions. Li also
used this method to analyze the reflection and transmission of
a Bessel vortex beam incident on a homogeneous’*!1 and
stratified uniaxial anisotropic slab,*?! respectively.

For the case of Airy beams, Efremidis firstly studied the
refraction and reflection of a finite-power Airy beam from
a dielectric interface at Brewster and total internal reflection
angles, [43] and then he further studied the reflection and trans-
mission dynamics of an Airy beam impinging on refractive
index potentials.[**! The selective reflection of an Airy beam
at an interface was also reported.*>! Pedro numerically stud-
ied the giant Goos—Hénchen shifts of Airy beams impinging
on a nonlinear interface based on the nonlinear Helmholtz
equation.*®) The Goos—Hiinchen and Imbert—Fedorov shifts

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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of different kinds of Airy beams impinging on various di-
electric surface were presented based on the angular spectrum
expansion. 479 Although some research on the interaction of
Airy beams with dielectric interface have been studied in de-
tail, the beam field characteristics of an Airy beam impinging
on a dielectric slab, such as the beam field intensity distribu-
tions, the contribution of each order beam mode field to the
actual beam field, and the influence of the dielectric slab pa-
rameters, have not been reported systematically, which is the
purpose of this work.

In this paper, the reflection and transmission of a finite-
power Airy beam through a dielectric slab are investigated an-
alytically. Based on the plane-wave angular spectrum expan-
sion, the analytical expressions of the incident field, reflected
field, internal field and transmitted field for a paraxial Airy
beam incident in a dielectric slab are derived in Section 2. The
intensity distributions of the incident beam, reflected beam, in-
ternal beam as well as transmitted beam are simulated, and the
discussion of the effects of the optical thickness and refractive
index of the dielectric slab on the peak intensity distributions
and beam shifts of the reflected and transmitted beams is also
given in Section 3. Finally, the paper is concluded in Section 4.

2. Theoretical formulation

It is shown the geometry of coordinate system for the re-
flection and transmission of an Airy beam impinging on a di-
electric slab in Fig. 1. The input and output regions are infi-
nite half spaces, and the refractive index, dielectric constant
and wave number in each region are ng, &g and kﬁ, respec-
tively, where B = 1,2,3. The relative magnetic susceptibility
of each region is assumed to be unity. The thickness of the
slab is d. For the sake of simplicity and in order to focus on
the essentials, we assume a 2D variation (d/dy = 0). The
global coordinate system (x, z) is situated on the first interface
(z=0), and the three local coordinates for incident, reflected,
and transmitted beams are referred to as (xq,2¢), @ = {i,1,t}.
The angle between the z; and z axis is defined as incident angle
6;. Similarly, the reflection angle and transmission angle are
described as 6, = & — 6; and 6;. 6, is the refracted angle of the
beam in the dielectric slab.

The origins of the coordinates (xi,zi), (xr,zr), (xt,2) are
located at (—s,—h), (—s,h) and (—(s —1),
where s = htan ;. The transformations between the coordi-

—H'), respectively,

nates (xi,zi), (xr,zr), (xt,z) and the global coordinate (x,z)
are described as

§)cos 6; — (z+h) sin 6;,
5)sin 6; 4 (z+h) cos 6;,
)co0s 6; 4 (z — h)sin 6;,
)

—h)cos6;,

Xi = (X

(x+
zi = (x+
X = (x+s

(v +

I = §)sin6; — (z

(z+H)sin6,
7= (x+s—1)sin6 + (z+Hh")cos b, (1)

x = (x+s—1)cos 6 —

where

i = h(ks /ky)(cos® 6, /cos® 6;),
I=10"+1y, x1=x0-(cosb/cosb),
I'=htan 6, — h'tan 6, Ilp=d(tan@ —tanB). (2)

Assuming a linearly polarized Airy beam is incident on a
dielectric slab, whose waist is located at the inclined plane
zi = 0. Along the z; = 0 plane, the electric field distribution of
the Airy beam can be written as

Ey (%,0) Ai(xi) exp <axl) 3)
X0 X0

where xp denotes the beam width of the Airy beam, and a
is the exponential decay factor varying from O to 1 to en-
sure the finite power of the Airy beam. A time dependence
of exp(—iet) is omitted.

Incident beam 3 (=(s,—1),—n")
Zi g\ Reflected beam
Zr
(—s —‘K)
0;
6; Region 1 (e1,p1)
S -
z=0 TR P » x
AN .
A\ \,\ Region 2 (g2,u2)
z=d ‘
9¢ \Zi
Region 3 (e3,u3)
Ly
] 2t

ps Transmitted beam

Fig. 1. Coordinate system for the reflection and transmission of a finite-
power Airy beam impinging on a dielectric slab.

Rather than work with a field distribution along a plane
(zi = 0) that is not parallel to the dielectric interface (z = 0),
it is more convenient to use the field distribution in the rotated
aperture plane (z = —h). The electric field distribution of the
Airy beam in the aperture plane z = —h is well approximated
by

Eqp (x,—h) = [Ey (x;,0) exp(ikizi)]._
= Ai(wcosei) exp <a(x+s)°059i>

X0 X0
x explik; sin 0;(x+s)]. 4)

By using the Fourier transform, the spectral amplitude of the
incident electric field at z = —h can be expressed as

=

®(k,) = / Eap (6, —h) x exp(—ikex)dx

. (ky — k1 sin 6;)
cos 6;

x0)> /3| exp(ikys). (5)
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Based on the plane-wave angular spectrum expansion, the
electric field components in each region can be derived by uti-
lizing the integral inverse Fourier transformation. In the range
of —h < 7 <0, the incident electric field in the global coordi-
nate can be derived as

Einc,j (x,2) = (2171_) / D (ky) expli(kex + kizh + ki;2)] dky. (6)

Meanwhile, the reflected electric field above the first interface
z=0is

Eref,j (X,Z)

_ (1) [ rko@ k) explilr +hach — kool dke, @)

where r;(k,) is the generalized reflection coefficient.
In the global coordinate, the electric field distribution in

the dielectric slab Eq,p j (x,z) can be derived as!®!)

Eslab,j (x7 Z) = Ed.,j (X,Z) +Eu,j (xv Z) )

Eqj(x,z) = <217r> /ooAd,j(kx)‘I’(kx)

x expli (kxx + kih + kp;2)] dky,

=

Eyj(x,2) = <21ﬂ> /Au,j(kx)(p(kx)

—oo

x exp[i(kex + ki.h — koy2)| dky, (8)

where Eq ; (x,z) and E, j (x,z) denote the electric field com-
ponents of the downgoing wave and upgoing wave in region
2, respectively. Aq j(kc) and Ay (k) are the coefficients of
downgoing wave and upgoing wave, respectively.

The transmitted electric field in the region 3 can be ex-

pressed as

Eyaj(x,2) = (;ﬂ) /wtj(kx)(b(kx)

—o0

x expli(kux +kizh+ks:2) dky,  (9)

where j =p or s, p and s denote TM wave and TE wave, re-
spectively. #;(ky) is the generalized transmission coefficient.
ky is the wavenumber in the x direction, and ki;, k., and k3,
separately are the wavenumbers in each region in the z direc-
tion, which are related by the plane-wave dispersion relation
kf+k§zzkﬁ. (10
According to the boundary condition of electromagnetic fields,
the generalized reflection coefficient r;(ky) and the general-

ized transmission coefficient #;(k,) for the three-layer medium
can be defined as!*?!

J J eiZko.d
ri(ke) = R}, +Re
j j . ~ )
1+ R{, Ry e1%k2:d
JTJ i(k227k3z)d
_ IpTie

tj(kx) Y

o +R{2Rg3 eidd
Similarly, by matching the boundary conditions for the tangen-
tial electric and magnetic fields, the coefficients of downgoing
wave Ag j(ky) and upgoing wave A j(k,) can be expressed as

I,
) = T
TIRJ ei2kxd
Au,j(kx) 12723 (]2)

1+ R{,R}; ei2kxd

The R{ - R£3 and T1‘"2, sz3 separately are the Fresnel reflection
and transmission coefficients, which are given by

R kg —mkg 1), m— BB Jj=p, parallel polarization.
BBHD " kg, +mkgiry, L L j=s, vertical polarization, A
7 B 2kg., m— 4 BB j=p, parallel polarization, 3)
B(B+1) — kg, +mkg_ 1.’ T Jj=s, vertical polarization,
\
where n n = (ng/ngi1)%. ing up to quadratic terms, kg, can be expressed as
B(B+1) B/ 1B+ guptoq Bz p
The integrals (6)—(9) need to be calculated over the en-
tire real k, axis. Whereas for the paraxial region, most of the kg, = kg, _— + (ke — kxo)ki32
contributions to results for values of k, close to kg = k; sin 6, (k ;{ ) ) k=t
— Kx0
and the contributions for k, > ko can be neglected. Employ- T o kg, (14)
: kx=kxo

ing the Fresnel approximation, the coefficients ki, k»., k3, and
R;i(BH)’ Té(ﬁﬂ)’ Ag,j(ky), Ay,j(ky) are expanded as a Taylor

series in k, around the center angular component k,y. Retain-

We wish to evaluate the incident electric field by using the

Fresnel approximation in Eq. (14), and it is more convenient

074202-3
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to define a new variable

M =" 4 2iAa— A2,
Xo

B kx — kl sin ei 2 X X

O st (15) N :_gA?+2iA%a+x—;A]+Ala2—iag (19)

from which For the reflected electric field, it is more complicated com-

ke = ki sin 6 — Gy cos 6., (16) pare'd with the 'incident electric ﬁéld due to th.e generalized 're—

flection coefficient r;(ky). r;(ky) is expanded in a Taylor series
Substituting Eq. (15) into Eq. (14), we get as

k _ /
-/ ~ : 2_ K i(ky) = ri(k ky — kxo)rj(k
ki; = k%—kgwkl cos 6, + ok sin6;, — ¢ c0s6” (17 rj( ) rj( ) kx=kx0+( X xO)r]( ) .
2
Substituting Egs. (5) and (15)—(17) into Eq. (6), we get the + an(kx)” N (20)
! kx=kxo

expression for the incident electric field

kix . T a+ikixpo)?
Einc,j (xi,2i) = Zl—noexp(ﬂqzi) /exp {(310)
iki(z+h .
- %Sei)cz - 1k1xi6] do
= exp(ikiz)Ai(M)exp(iNy), (18)
where
L= Tlx(z)(a —xjtan 6;),

Substituting Eq. (15) into Eq. (20), we get
ri(k) =) o"Bj(6),
n=0

Bj(6;) =

ni
n!

1 o"
(—1) (k,cosei)"a—k;z rike)|p i, - @D

Substituting Egs. (5), (16), (17) and (21) into Eq. (7), the re-
flected electric field can be calculated by using the differential
properties of Fourier Transform. We obtain the following re-
sult:

k , T . +ikixoo)®  iki(z—h .
Erefj (Xe,2zt) = ZEW«/ (xe,2) = Zl—xoexp(lklzr)/ [Z G"B{,(Gi)} exp [(a 1X00) 1(z )02—1k1xr<7 do, (22)
n=0 T J Lo 3 2cos 6;
where
. (243 2 s X H 2

eXp(lklzr) ) n o ) dm{exp[1(§A2 +Arwy —Ajza —la%)]Al(—Wz—Az)}
E. . _ B/ 6 Cm n—m(__:\m 23
™m,j (xraZr) (k]X())n n( I)m;() n (161) ( 1) dwrzn y (23)

|

and wy = —(x;/x0 — 2iAza). Ny = %A% +2iA2a— Ay — Ay —ia>E.  (25)

X0 X0

Due to the nonlinear properties of the generalized reflec-
tion coefficient r;(k,), the structure of the reflected field is dif-
ferent from the incident field. In addition to the fundamental
reflected beam mode Eyg ;, higher order reflected beam modes
E.y j are generated.

Eroj (xe,2r) = exp(ikiz) exp(iN2)B)(6:)Ai(My),

For the transmitted beam, most of the contributions to Eq. (9)
result from the region around the transmitted beam axis. By
Snell’s law, we obtain k,y = k; sin 6; = k3 sin 6;. To calculate
the transmitted electric field easily, a new variable of integra-
tion is introduced

. ky — k3 sin 6
exp(ikiz . ; — X B 2
Er j (%, zr) = pk(T)lr)exp(lNg)B{(Gi) T k3 cos 6 (26)
x [(ia+A2)Ai(My) +1Ai'(M;)], (24)  from which
where Ey ; denotes the geometrically reflected beam field, and ky = k3 sin 6, — Tkz cos 6;. 27

E;1,j denotes the first order reflected beam mode field. The rel-
evant parameters are expressed as follows:

Substituting Eq. (26) into Eq. (14), we get

Ay =~ (s~ xetan) ke = \J2 12 ~ iy cos 6+ Ths cos B tan 6, — 72432 O
- _ _ . = — k2 =~ kj cos 6; cos 6, tan 6; —
2 2k1x(2) Ir Xp tan G; ) 1z 1 X 1 1 3 t 1 2k1 0053 91 9
_ M . 2 _ 2_ 12 . 2 k3
My = — —2iAra— A3, k3, = ¢/ k3 — ki = k3cos 6+ Tk3sin 6 — T . (28)
X0 2cos 6
074202-4
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- ] . . . ) L1 . "
Similar to the r;j(k), the generalized transmission coefficient Di(8) = (~1) = (k3 cos 6) e t(ky) ’kx:kx() (29)
tj(ky) can be expressed in a Taylor series as : x ’
Similar to the reflected electric field, by substituting Eqgs. (5)
. and (27)-(29) into Eq. (9), the expression for the transmitted
(k) = Y DI, (27)-(29) q. 9) p

electric field can be given as
n=0

ikih - iksh'
cosB;, cos6

k3x . .
Eira j (Xt,21) = ;;exp(1k3(zt+los1n9t))exp<

i +iksx17)®  ik3(z+H .
x/ {ZT"D%(&)} -exp [(a ik T)” _ ik )T2—1k3(xt+1000891)f dt=Y Euj(xz), (30)
oo n=0

frur 3 2cos 6;
where
ikih  iksh' \ exp(iks(zi+losin6;))
Ep, = - Di(6,
tn,j (xt,Zt) eXP<COSGi COSQt (k3)C1)n n( t)
n d™{expli —2A3 —Asws +Azad® — iaw Ai(—w3 — A2
xgocﬁ(ia)”*m(—i)m texpli(=343 aw .l d) (31)
\
— (7] l 6,
and w3 = (21A3?+(xt—|—loco.s 6:)/x1). M; — (x¢+ lpcos 6y) —|—2iA3a—A%,
The geometrically transmitted beam field Ey ; and first X1
order transmitted beam mode field Ej; ; can be expressed as N; = 7% Ag 10 A%a n (e + l; cos 6) As
1
B ikith  iksh' . . l 6,
Eoj () = exp( o oo = ) exp(iks (@ + losin ) t A — ig BT 0e0s8) - ), (33)
x exp(iN3) D} (6, Ai(M3),
ikith  iksh'  exp(iks(z +lysin6,)) In the same way, the electric field in the dielectric slab can be
Ey (xt,2t) = exp( - ) i
cosB;, cos6 k3x derived as
x exp(iN3)D] (6,)
x [(ia — A3)Ai(M3) + 1Al (M3))], (32) Egab,j (x,2) = Ea,j (x,2) + Eu,j (x,2),
where Eqj (x,2) = ZbEdn,j (x,2),
e
1
A3 = ——(z— (x+Ilpcos ;) tan 6;), Eyj(x,2) = ZEun,j (x,2), (34
2/(3)(1 n=0
|
ikih  ikohy . 1 -
Eqn ; = — k "Cl(0
o3 0:9) = exp (o1 = 22 explin) ()
Zn: d"{expli(—3A] — Agws +Asa® — ia'F)|Ai(—wy — A)}
X Cm(la)nfm(_l)m 1 ,
m=0 " dWT
ikih  ikhy , L\
Eun,j(x,2) = exp (cos — —2iky cos 92z> exp(ikazo) (kzx’l> 0/(6,)
n d"{expli(—2A7 — A, + AL — 1a2E000) | Ai(—w) — A7)}
x Y. Chi(ia)"" (~i)" AT — SR
m=0 4

Wy = — <21A46l+ i/z)’ WA =

B (xg —2sin 6z
1

+ 2iAQa) .
X
The zero and first order beam mode fields of the downgoing wave and upgoing wave can be written as
ikith  ikohy
cos@ cos6H

Eqo,j(x,2) = exp( )exp(ikzzg)exp(iN4)Cé(02)Ai(M4),

074202-5
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iklh _ ik2h2 ) exp(ik2z2)

Eqi;(x,2) =
a1,j (,2) = exp (cos 0, cosH kox

Fw; (6,2) = ex ikih - ikyhy
w0,j\%2) = EXP cosO; cos6H,
ikith  ikoho .
E, = - —2ikycos O
uLJ (x,2) exp <cos 6, cos6H, 12608 2Z)

where

X = (x+s5—15)cos6, — (z+hy)sin6,,
22 = (x+s—1)sin6, + (z+ hy) cos 07,
X} = x0-(cos6,/cos 6,),

hy = h(ky/k1)(cos® 6 /cos> 6;),

I, = htan6; — hytan 6, 37
1 h
Ay = —- o 27
2kox? cos 6,
1 —z+h
P 4¢3
2k2x’l2 cos 0,

My = 2 4 2iAga— A,
X

—2sin 0
X2 sin 2Z+2A4 7A
x|

2
Ny = —2A3+2iA%a+ 2 A, +A4a2—iax—,2,
3 x| X
—2sin6
X fln ZZAQ
X
X2 —2s8in 922

/
X1

2
N, = —gAf—i—ZiAfa—i—
+Ad® —ia (38)

The Taylor expansion coefficients of the downgoing wave and
upgoing wave can be denoted as

Aq,j(ky)

: 1 d"
C(62) = (—1)"E(k2c0392) okt ke=kyo *

n

1 d
H(kzcos 6))" =— Ay,(

0}(6) = (-1’ -

k)i - B9

3. Numerical results and discussion

In this section, the characteristics of an Airy beam in-
cident on a dielectric slab are simulated and discussed. In
the following discussion we only consider a p-polarized Airy

(a) 0;=0°, n1=1.5

—6

z (103 m)

Xi (107% m)

exp(iNg)C](62)[(ia — Ag) Ai(My) +

(b) 6 =30°, ny=1.5

Xi (1074 m)

iAT'(My)],

—2ikycos 921) exp(ikaz2) exp(1N4)Q0(62)A1(M4)

xp(i kzzz)

exp(iN}) 0] (62)[(ia — A} Ai(M}) + AT (M})],  (36)

1

beam, with xo =20 pum, and a = 0.08. The wavelength of inci-
dent beam is A9 = 500 nm, and the thickness of the dielectric
slab is d = 50Ag. The refractive indices are set to ny = 1.5
and n3 = 1, respectively. The diffraction length of the beam in
region 1 is Lq; = klx(z). Here we set h = Lq; cos 6;, which al-
lows the beam to propagate for one diffraction length before it
hits the first interface z = 0. We retain the first two terms of the
electric field expression, and the actual beam field is the sum of
the geometrically beam field and first order beam mode field.
The incident, reflected and transmitted beam axes predicted by
Snell’s law separately are x; = x —ztan 6;, ¥, = x+ztan 6; and
x=(x—

present the intensity distributions of the incident, reflected and

lp) — ztan 6,43 respectively. In what follows, we
transmitted beams in coordinates ()i,z), (Xr,z), and (¥,z), re-
spectively.

3.1. Intensity distributions of the incident, reflected, inter-
nal and transmitted beams

According to Eq. (18), the intensity distributions of the
incident beams with different incident angles are shown in
Fig. 2. It is easy to find that the intensity distribution of the
incident beam will not change with increase of the propaga-
tion distance due to the nondiffracting property of the Airy
beam. Comparing Fig. 2(a) with Figs. 2(b) and 2(c), we can
see that as the incident angles increase, the distribution area of
the incident Airy beam becomes wider, but the magnitude of
the incident beam will not change. Therefore, the change in
incident angles will affect the width of the incident beam, but
will not change the amplitude.

The intensity distributions of the reflected and transmitted
beams through a dielectric slab with different refractive index
ny are shown in Fig. 3.

(C) 91 = 450, ny = 1.5

0.25

0.12

xi (10% m)

Fig. 2. Intensity distributions of the incident beams. The incident angles of the incident beams for (a), (b) and (c) are 0°, 30°, 45°, respectively.
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z (1072 m)

z (1072 m)

(al) 6;=30°, ny=1 (a2) 0; = 30°, ny=1.38 (a3) 0, = 30°, ny=2.2 (ad) 0, = 30°, ny=4.293
-6 X1073 -6 X103 —6 —6 X101
11 15 1.2
| L "
-3 0.5 L-3 08 & -3 -3 0.6
= Z
. “ [
0 o I 0 0
-5 0 5 -5 0 5 -5 —5 0 5
Xr (1074 m) Xr (10~* m) X (1074 m) Xr (1074 m)
(b1) 6, = 30°, np=1 (b2) 6, = 30°, nyp = 1.38 (b3) 6, = 30°, ny=2.2 (b4) 6; = 30°, ny = 4.293
0 ‘ I
0.21 —
|
0.10 <
10 ~
I\
0
15
—5 0 5
xt (107* m) xt (107* m) xt (1074 m) xt (1074 m)

Fig. 3. Impinging at angle 6; = 30°, intensity distributions of the reflected and transmitted beams. The first row is the reflected beams, and the
second row is the transmitted beams. The refractive index of the dielectric slab for (al), (bl); (a2), (b2); (a3), (b3); and (a4), (b4) is ny =1,
(air), np = 1.38 (MgF,), n, = 2.2 (LiNbO3) and n = 4.293 (Si), respectively.

(al) 6;=30°, ny=1.38 (a2) 6; =30°, ny=1.38 (a3) 6;=30°, ny=1.38
—6 x10—4 x10-3 x10-3
8.6 l1.7 I 1.5
7 |
o [a]
s 3 43 L 0.8 0.8
= =
; 1, - ’ ’
0 / E"D-P(\r“z) 0 0 0 rr’f.p(\\w:) 0
-5 0 5 -5 0 5
X: (107 m) Xr (1074 m) Xr (1074 m)
(b1) 6; = 30°, no=1.38 (b2) 6; = 30°, ny=1.38 (b3) 6; = 30°, no=1.38
0
E) )
7 7
S S
. =
IS N
15
-5 0 5
xt (10~% m) xt (10=% m) xt (107% m)
(c1) 6; =30°, ny=4.293 (c2) 6; = 30°, ny=4.293 (c3) 6; = 30°, ny=4.293
—6 X101 X103 x10~1
. 1.1~ 8.0 1.2
- b : o o
o N
| |
e -3 06 2 4.0 0.6
' 1, . u
0 / Er0,p(Xrs2) 0 0 ref,p(Xrs2) 0
-5 0 5
xr (1074 m) Xr (107% m)
(d1) 6; = 30°, no=4.293 (d2) 6; = 30°, ny=4.293
) g
7 7
5 S
o =
N N
-5 0 5 -5
Xt (107* m) Xt (1071 m) Xt (1071 m)

Fig. 4. Impinging at angle 6; = 30°, intensity distributions of (al)—(d1) for the geometrically beam field, (a2)—(d2) for first order beam mode
field and (a3)—(d3) for actual beam field with np = 1.38 and ny = 4.293, respectively. The first and third rows are the reflected beams, and the
second and fourth rows are the transmitted beams.
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(a) 9i = 300, Ny = 1.38

z (10=°> m)

z (10=* m)

(b) 9i = 300, ng = 1.38
0

z (10~* m)

(C) 91 = 300, Nng = 1.38

X103

l1.15

o
ot
J

z (107° m)

z (10~* m)

Fig. 5. Impinging at angle 6; = 30°, intensity distributions of (a) the downgoing wave, (b) upgoing wave and (c) total beam in the dielectric

slab with n, = 1.38.

When the refractive index of the dielectric slab ny, =1,
it degrades to a half-space interface. Thus, by comparing
Figs. 3(al) and 3(bl) with the results shown in Ref. [43], the
correctness of the method provided in this paper can be ver-
ified. In Fig. 3, It is obvious that both reflected and trans-
mitted beams are Airy-like and exhibit accelerating dynamics
along the transverse direction like the incident beam. From
Figs. 3(al)-3(a4), we can find that the main lobe’s intensity
of the reflected beam increases with the refractive index n, in-
creasing. Atny = 1.38, the side lobe’s intensity of the reflected
beam is significantly enhanced. Furthermore, due to the small
Fresnel reflection coefficient, the intensity of the transmitted
beam is much greater than that of the reflected beam no matter
how the refractive index changes in region 2. In Figs. 3(bl)—
3(b4), for the transmitted beam, we can find that with the re-
fractive index n; increasing, the diffraction speed of the main
lobe becomes slower.

Based on the Eqgs. (24) and (32), we study the intensity
distributions of the geometrical-optics beam field, first order
beam mode field and actual beam field of the Airy beams prop-
agating through a dielectric slab with different refractive in-
dex n; in Fig. 4. From Figs. 4(al)-4(d1) and 4(a2)-4(d2),
we can see that the intensity distributions of the geometrical-
optics reflected and transmitted beam field still maintain Airy-
like shape, while the intensity distributions of the first order
reflected and transmitted beam mode field are significantly
distorted, whose initial amplitude profile is severely destruc-
ted. For the reflected beams, comparing Figs. 4(al)—4(a3)
with Figs. 4(c1)-4(c3), we can find that the intensity of the
first order beam mode field is greater than the intensity of
geometrical-optics beam field at n, = 1.38, and the intensity of
actual beam field mainly depends on the intensity of first order
beam field, while at n, = 4.293, the intensity of the first order
beam mode field is smaller than the intensity of geometrical-
optics beam field, the intensity of actual beam field mainly de-
pends on the intensity of geometrical-optics beam field. The
change of refractive index n, will affect the generalized reflec-
tion coefficient of the dielectric slab, and thus affect the inten-
sity of each order beam mode field. Therefore, the refractive
index ny will affect the contribution of each order beam mode
field to the actual beam field. The similar conclusion also ap-

plies to the transmitted beam case.

With Eq. (34), in the global coordinate (x,z), the inten-
sity distributions of the downgoing wave, upgoing wave and
total beam in the dielectric slab at oblique incidence are pre-
sented in Fig. 5. The intensity distribution of the total beam in
the dielectric slab is similar to the incident beam. Comparing
Fig. 5(a) with Fig. 5(b), we can find that the downgoing wave
intensity is much greater than the upgoing wave intensity. The
intensity distributions of the total beam and downgoing wave
in the dielectric slab are almost the same, which proves that
the total beam intensity in the dielectric slab mainly depends
on the downgoing wave in the case of incident angle 8; = 30°
and refractive index of the dielectric slab ny = 1.38.

3.2. Characteristics of the reflected beam at Brewster inci-
dence and total reflection

It is also of interest to investigate the cases when Brewster
incidence and total reflection take place on the first interface.
To satisfy the condition 1y < nysin6; < n3,[?!! the refractive
indices are chosen to be ny = 1.5, np, = 1.38 and n3 = 1.45
(Si0,). The intensity distribution of the reflected beam when
the Airy beam is incident under Brewster angle 0 = 42.61°
in the first interface is shown in Fig. 6. From Fig. 6(a), we
can find that the Airy shape of the reflected beam is distorted
severely at polarizing incidence, and on the interface z = 0
the main lobe of the beam nearly disappears but the number
of side lobes increases, which is due to the Fresnel reflection
coefficient Rﬁ’z has a zero at 8g = 42.61°. Figure 6(b) shows
the amplitude profiles of the reflected beam at different propa-
gation distances. The initial amplitude profile is severely dis-
turbed, while the features of Airy profile gradually recover as
the beam propagates to z = —2 cm, which verifies the self-
healing property of the Airy beam.

The case when total reflection takes place on the first in-
terface is presented in Fig. 7. The critical angle of total inter-
nal reflection is 8, = 66.93°. Figure 7(a) shows the intensity
distribution of the reflected beam in the total internal reflec-
tion case, which is a clear Airy-like shape and accelerates to-
ward Snell’s reflection axis. The reflected beam will suffer the

Goos—Hinchen shift in the total internal reflection as shown in
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Op = 42.61°, n; = 1.5, no=1.38, n3=1.45

(b) ‘

()

w

1
0—5 0 5 !

xr (107 m)
Fig. 6. Impinging at Brewster angle 0g = 42.61°, (a) intensity distribution
of the reflected beam. (b) Amplitude profiles of the reflected beam versus
position ), from Snell’s reflection axis at different propagation distances.

Amplitude (10-9)

0. = 66.93°, n1=1.5, no=1.38, ny=1.45

(a)
I0.24

g
B -3 0.12
2
) I
// .
0
Xr (1074 m)
b) 0.3
(b) + — Geometrically
+ - —Actual
i — LA
> 0.2_— o\,
= [T
4 3 i \
% B I \
— B - I \
0.1r- \ 1 \
I \ v i \
i . \ Vi \
—500 —400 —300 —200 —100 O 100

z (pm)

Fig. 7. Impinging at critical angle 6. = 66.93°. (a) Intensity distribution of
the reflected beam. (b) The amplitude profiles of the geometrically reflected
beam (solid) and actual reflected beam (dashed) on the interface z = 0, pro-
viding evidence to the Goos—Hinchen shift.

Fig. 7(b). We choose the peak of the reflected beam inten-
sity as the reference point to investigate the lateral shift of the
Airy beam,>3! and the shift is shown in the enlarged figure in

Fig. 7(b). The Goos—Hinchen shift is calculated to be 8 wm or
approximately 16 wavelengths.

3.3. Effects of optical thickness and refractive index of the
dielectric slab

Next, we investigate the effects of the optical thickness
of the dielectric slab on the intensity distributions of the re-
flected and transmitted beams. Here the optical thickness of
the dielectric slab is H = npd. Peak intensity is the max-
imum value of the beam intensity in the (x,z)-plane. Fig-
ure 8 shows the peak intensity of the reflected and transmitted
beams varying with the optical thickness of the dielectric slab
in different refractive index n, for normal incidence. The
peak intensity of the reflected and transmitted beams varies
periodically with the optical thickness of the dielectric slab,
whose period is a half of the wavelength, so the dielectric slab
whose optical thickness is H = mAy/2 (where m = 1,2,3)
has no influence on the peak intensity of the reflected and
transmitted beams. At np = 1, the dielectric slab degrades
to a half-space interface and the peak intensity will not be
affect by the optical thickness of the dielectric slab. For
the reflected beam, when n, = 2.2 and 4.293, the peak in-
tensity is a maximum with the dielectric slab whose optical
thickness is H = mAg/4 (where m = 1,3,5). On the con-
trary, when ny = 1.38 and 1.45, the peak intensity reaches
the minimum with the dielectric slab whose optical thick-
ness is H = mAy/4 (where m = 1,3,5), and the peak intensity

(a) ——no,=1 —-e-n2=138 —A-ny,=1.45

—y—ny,=2.2 ——ny=4.293

—
o

—
N

o

Peak intensity (101)
o
>

|
o
o

O rrrrTTTTT
>
S
~
[\
>
S

Optical thickness H

—
o
NS
N
S

—a—ny=1 —e—n2=138 —A-—ny=1.45
—v—ny=2.2 —ny=4.293

T 2.0F
S u
o 16 i
pe}
§o)
§ 1.2
i L
= C
s 08F
(&) -
A~ u
0.416, =0°
T T N T Y TN TN TN T A N T T T [N T T T |
0 Xo/2 o 3X0/2 220

Optical thickness H

Fig. 8. At normal incidence, peak intensity distributions of (a) reflected
beam and (b) transmitted beam as a function of the optical thickness of
the dielectric slab for different refractive index n,.
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is minimum at n, = 1.38 because n, = 1.38 is closest to
ny = /nin3 ~ 1.22 at which the reflectivity is equal to zero
for normal incidence.?!1 For the transmitted beam, the vari-
ation of the peak intensity with the optical thickness of the
dielectric slab is exactly opposite to the peak intensity of the
reflected beam.

Figure 9 shows that the peak intensity of the reflected and
transmitted beams varying with the optical thickness of the di-
electric slab in different refractive index n, at incident angle
6; = 30°. Comparing Figs. 8(a) and 8(b) with Figs. 9(a) and
9(b), we can find that at oblique incidence the peak intensity
of the reflected and transmitted beams also varies periodically
with the optical thickness of the dielectric slab but the period
has changed, which is Ag/2cos 8,, and the extreme values of
the peak intensity of the reflected and transmitted beams also
change. The variation trend of the peak intensity of the re-
flected and transmitted beams with the optical thickness of the
dielectric slab at oblique incidence is the same as that at nor-
mal incidence at n, = 1.38, 1.45, 2.2, and 4.293. As to the ef-
fect of the refractive index n; of the dielectric slab on the peak
intensity distributions of the reflected and transmitted beams,
we proceed to discuss in the following part.

(a) Fmma—=1 —e—m2=138 —an,—145
— 15'_—v—n2:2.2—0—n2:4.293
o -
— L
~ 1.0_—

> L
= L

2 0.5

[0}
=
— 0 kE== - 4
A .

EI }

F0; = 30°
T T TN TN N T TN TN TN NN T TR T TN N S TR T |

0 k0/2C0592 )\0/COS€Q 3)\0/2COS(92 2)\0/00502
Optical thickness H

—a—ny=1 —e—n2=138 —A—ny=1.45
—v—ny=2.2 —ny=4.293

|

o 1

2.0

Ju—
=]

—_
V)

CrTTTTT TTITTTTI

Peak intensity (10~1)

9|i|:$OTI||||I||||I||||

o
o

Xo/2cosly  Ao/cosly  3Ao/2cos0y  2Xo/cosbs
Optical thickness H

Fig. 9. Impinging at angle 6; = 30°, peak intensity distribution of (a)
reflected beam and (b) transmitted beam as a function of the optical
thickness of the dielectric slab for different refractive index n;.

In order to further analyze the influence of the refractive
index on the intensity distribution of the Airy beam through
a dielectric slab, under special optical thickness and incident
angle, the peak intensity distributions of reflected and trans-

mitted beams varying with the refractive index n; of the di-
electric slab are presented in Fig. 10. I and I denote the
peak intensity of the reflected and transmitted beams, respec-
tively. From Fig. 10(a), we can see that at normal incidence,
the peak intensity of the reflected beam initially decreases and
then increases with the refractive index n, increasing, while
the change of the peak intensity of the transmitted beam is ex-
actly opposite. Atny = 1.22, the peak intensity of the reflected
beam reaches the minimum but the peak intensity of the trans-
mitted beam reaches the maximum, which can be used as an
antireflection film. In Fig. 10(b), at incident angle 6; = 30°,
the peak intensity of the reflected beam first increases, then
decreases and increases again, which is different from the case
of normal incidence. Likewise, the change of the peak inten-
sity of the transmitted beam is opposite to the peak intensity
of the reflected beam. At np, = 1.35, the peak intensity of the
reflected beam reaches the minimum and the peak intensity of
the transmitted beam reaches the maximum. By choosing suit-
able material and thickness of the dielectric slab, many useful
applications can be obtained in optical film.

0.25 -
. 0, =0° =1 (a)
z  f
= o
= .
)
el
=
4
@
)
[a
0 sl b b by by s baaia s
1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
Refractive index ns
0.25
C 6; = 30° —&— 1. (b)
0.20 H=Xo/4costy —a—1,
& SN
§ 0.15F
=2 -
= C
._;‘é 010:_10 12 1.4
o -
A~ L
0.05F
_1.0} 1.4
0

1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0
Refractive index ng

Fig. 10. At normal incidence (6; = 0°) and oblique incidence (6; = 30°),
peak intensity distributions of the reflected and transmitted beams as
a function of the refractive index ny of the dielectric slab. The opti-
cal thickness of the dielectric slab for (a) and (b) are H = Ay/4 and
H = Ao /4cos 6,, respectively.

Since there are no beam shifts for the reflected and trans-
mitted beams at normal incidence, we analyze the effects of
the optical thickness and refractive index of the dielectric slab
on the beam shifts of the reflected and transmitted beams at
incident angle 6; = 30°. As mentioned above, we choose the
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peak of the geometrically reflected beam and actual reflected
beam on the interface z = 0 as the reference point to investi-
gate the lateral shift of the Airy beam.>3! Figure 11(a) shows
that the variations of the beam shifts of the reflected and trans-
mitted beams with the optical thickness of the dielectric slab
in refractive index np = 1.45 and incident angle 6; = 30°. We
can notice that the beam shift of the reflected beam is on the
rise overall, and there is an extreme value of the beam shift in
every period T = Ay/2cos 6. On the contrary, the beam shift
of the transmitted beam is on a downward trend as a whole
with the optical thickness of the dielectric slab increasing. The
beam shifts of the reflected and transmitted beams varying
with the refractive index of the dielectric slab for 6; = 30° and
H = Ay/cos 6, are presented in Fig. 11(b). It is clear that the
beam shift of the reflected beam first increases and then de-
creases as the refractive index n, increasing. The maximum
beam shift of the reflected beam is 1.2 at 1.92 < np < 2.26.
The variation trend of the beam shift of the transmitted beam
with the refractive index of the dielectric slab is opposite to
the beam shift of the reflected beam, and the beam shift has
the maximum —0.42g at 1.12 < ny < 3.5. Our results may
give a new perspective for controlling the beam shift.

15

[ (a) 0, = 30° | —— Reflected

C ny—=1.45 c Transmitted
10F n
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Beam shift (10" m)
ot
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Fig. 11. Impinging at angle 6; = 30°, beam shifts of the reflected and
transmitted beams as a function of (a) optical thickness H and (b) re-
fractive index n, for the dielectric slab, respectively.

4. Conclusion

Based on the plane-wave angular spectrum expansion and
Fresnel approximation, an analytical method have been pro-
posed to study the reflection and transmission of a finite-power

Airy beam incident in a dielectric slab. Through studying the
intensity distributions of the reflected and transmitted beams
at the refractive index of the dielectric slab n, = 1, the correct-
ness of the method was verified. At 6; = 30°, the intensity dis-
tributions of the incident beam, reflected beam, internal beam
as well as transmitted beam were simulated. Results showed
that both the reflected and the transmitted beams are Airy-like
shape and exhibit accelerating dynamics along the transverse
direction, and the intensity of the transmitted beam is much
greater than that of the reflected beam. Furthermore, the in-
tensity distribution of each order beam mode field was also
simulated. It was shown that the contribution of each order
beam mode field to the actual beam field is related to the re-
fractive index of the dielectric slab. In order to further study
the interaction of Airy beam with the dielectric slab, the effects
of the optical thickness and refractive index of the dielectric
slab on the peak intensity and beam shifts of the reflected and
transmitted beams were investigated. We found that the peak
intensity of the reflected and transmitted beams varies period-
ically with the optical thickness of the dielectric slab, and the
period is related to incident angle. Meanwhile, the variation
of the peak intensity of the reflected and transmitted beams
with the refractive index n, is different for different optical
thicknesses and incident angles. The results in this paper may
provide some theoretical supports to the design of optical films
and the verification of numerical methods, and the analytical
method can also be applied to the interaction of other focused
beams such as Bessel beam and Hermite-Gaussian beam with
layered media.
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