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Abstract Self-healing of selectively reflected (SR) Airy beam from cascade three-level atoms sandwiched between
two dielectric walls is investigated. A theoretical model is developed to calculate SR Airy beam at an interface
between dielectric and resonant atoms. Numerical simulation is also implemented, and the result shows that self-
healed SR beams can be found both at normal and oblique incidence of the probe field, although there is a severe
breakdown in the former case. We also show that the spectrum of the SR beams can be dramatically modified by the
probe detuning and the coupling strength from the anisotropic behavior, enhancement and suppression of atomic
radiation. The enhancement and the suppression are mainly from the interference and the alternating current (AC)-
Stark splitting between dressed states created by the coupling field. These types of SR beams can have potential
applications in the spatial detection and manipulation of resonant particles, as well as the optical storage and
communication of information.
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1 Introduction

An Airy beam can maintain resistance to diffraction and accelerating dynamics over several diffraction
lengths before it is significantly distorted during the propagation™ 2'. Another feature of the Airy beam is its
self-healing when perturbations are imposed on them™ *'. These dynamic properties of Airy beams have
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been shown in free space™ , electromagnetic induced transparency (EIT) atomic vapor®, self-defocusing
nonlinear medium'™ , handed material* and an interface between two dielectric media™’. A virtual source
for generating an Airy wave has been identified to describe Airy beams™ . It is also shown that the Airy
beams can be used in the applications of beam trajectory controlling'!?, particle manipulation'** , and plasma
channel generationt*’.

In this report, we examine the SR Airy beams radiated from cascade three-level cold atoms sandwiched
between two dielectric walls. SR spectroscopy with its property of high resolution has been extensively used
to study the resonant properties of a medium and atom-surface interaction at an interface™ . The
accelerating dynamics of the SR Airy beams can be modified by several factors, such as the incident angle,
the detuning and the strength of the probe and the coupling beams. In our discussion, the coupling field
under normal incidence is assumed. We show that the larger the incident angle of the probe field, the
greater the accelerating rate of the SR beam. Self-healed SR beams can be found at both normal and oblique
probe incidence, although there is a severe breakdown of that in the former case. We also show that the
probe detuning and the coupling strength can dramatically modify the spectrum of the SR beams. This type

of Airy beam can probably be used in the spatial detection and the manipulation of resonant particles.

2 Theoretical model

We consider a sample of atomic medium 2 sandwiched between two transparent dielectric windows 1 and 1’
(i.e., no absorptive or scattering losses) [ Fig.1(a)], situated respectively in the regions of z<C0 and
z>L. In such a confined atomic system, the spectrum of the electromagnetic field modes is strongly
modified for wavelengths that are comparable with or larger than the physical dimensions. Due to the
enhanced contribution of slow atoms. high resolution spectroscopy related to these confined atoms can be
achieved, and used as a convenient tool in the study of atom-surface interaction'** . A cascade three-level
system in medium 2 is presented in Fig.1(b), where the transition frequency of |1) = |2) is ws » and that
for |2) = |3) is ws,. The probe field E, and the coupling field E. applied to the system correspond to the
transitions | 1) — |2) and |2) = |3), respectively. w,(w.)s A, = w, — w2 (A. = w. —ws,) and k, (k) are the
probe (the coupling) frequency., the detuning and the wave vector, respectively.

13)

Fig.1 (a) A sample of atoms confined between two transparent dielectric windows; (b) cascade three-level system of atoms

We restrict our discussion to the case that the probe field and the coupling field impinge at an incident
angle 0, of the interface 1-2 and along the normal direction of the interface 1’-2, respectively. The amplitude
of a paraxial probe beam can be written as

E, (xi,2; = 0) = u, (x;) exp(ik;sin 0, ;) (D
where u, (ax;) = Ai( £ x;cos 0,/x,)exp(+ ax;cos 0, /x,) is the transverse input field amplitude for a finite-
power Airy beam, with a being the truncation and «x, an arbitrary transverse scale. k, = n, k, is the probe

wavenumber in medium 1 with dielectric constant ¢, and refractive index 7, = e,. The coordinate system
(xi»z)=(x+s,z+Nh), with s = htan 0, and x =— h being the depth inside window 1.

When a Fourier transformation in coordinates (., z) is applied to the probe field, E, can he decomposed
into many plane wave components E.* . Each Fourier component through the medium 2 yields the wave
equation

PEP(2)/d2" + 2iq,dE () /dz =— Ang PP (2), (2)
where q, = / k% — k* is the z wavenumber of the Fourier component in the medium 2.

For simplicity, we assume that the second interface 2-1" is antireflection coated; hence it is justified to

assume that [dE{* (2)/dz].-. =0, and we obtain
L

[IEP (2)/dz].y = 47rq§JP“‘) () exp(2ig. 2" dz. (3)

0
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In Egs. (2) and (3), the polarization P’ () = Nu» 0’ (2), with N being the number density of atoms in
the medium 2, and y,, the transition dipole moment corresponding to |1) = |2). The density matrix element
021 can be obtained by solving the following coupled equations:

9632 /3t = 1G. (632 — 033) — iG;MUM — Asz032 5 (4a)
oy /It = iG;(f) (611 —02) 1G5 — Anion (4b)
9531/3f - iGc621 - iGl()k)Usz — Asi031» (4c)

where Asy, = 73 — 1A Ay = Yo — 1A, A5 = ¥s —i1(A.+ A5 GIP and G, are Rabi frequencies defined by
G = pn E)Y /h and G, = py E./h, respectively, with p, being the transition dipole moment corresponding
to |2) = |3); 7, denotes the decay rate from level |i) to |j). For convenience. the superscript (k) in
each density matrix element is omitted in Eqs. (4a) ~(4¢).

For a weak probe beam, we assume that the initial conditions are o1, = 1, 03, & 053 & 0. Solving Egs. (4a) ~
(4¢), we obtain gy, = iG¥ /Ay —iGEGYY /[ As (As Ay +G2) ], and the polarization can be written as

PP (x,2) = iNIuZIGL“ (xs2) /Ay — iN#ZIGfGL“ (xs2)/[An (A Ay + G2 . (5)
The envelope function for the SR beam is given by the Fourier integral™

./c"(errh)] 6)

! 2k, cos’ 0,
where y, = x, — z,tan 0, is the reduced « coordinate at the propagation direction of the reflected beam along
x, = z,tan 0, predicted by Snell’s law; z, is the distance of the SR beam from the interface 1-2 in medium 1.
The Fourier transformation F, (#") = x,exp[i(+ &'z, +ia)?/3].
By applying boundary conditions at the interface, the SR coefficient of each component reads

R, (k) = i/[EL (¢ + ¢ J[IEP () /=] ., (7
where we assume that the probe field is s-polarized, ¢, = +/k} —k* is the z wavenumber of the Fourier
component in the medium 1. E.} at the interface in the medium 1 can be defined by

o

— 1 K <1 M _
ulyerze) = 27cos 0, deFO (COS 6 )RS,(/z]sm 0 +/c)exp[llc7(r

El = [JE],(I,z)exp(*ikx)dx} , (8)
=0

where
oo 4o

E,(r.2) = ZLJ U E,(r.z :—h>exp<—ikx>dx]exp<i/m~>exp[iql(z+h>jd/e.
T

Substituting Eq. (5) into Eq.J(VS)Mand then into Eq. (7)., one can obtain
L
dnq;

R,(k) =— ——F——
) = T

J{Nm,(}:ﬁ (202" /Ay — Nun GEGP (02" /[ Az (Ao Ay + G2 ]y exp(2igo2/) d2 .
0
9
The SR field represents the radiated waves propagating along the reflective direction from the macroscopic
polarization of sandwiched atoms. Eqs. (6) and (9) evidently show that the spatial profile of the SR beam
can be modulated by the SR coefficient R, i. e., the atomic level structure, the thickness of atomic
sample, as well as the incident angles, the detuning and the strengths of the probe and the coupling fields.

3 Results and discussion

Atomic parameters are chosen corresponding to a typical cascade three-level system in D, line of * Rb. The
probe beam with a wavelength of 780 nm couples level \ 1) (F=2,5S,,) to level \2> (5P;/,) , and level
|2) to level |3) (5D,,) for the coupling beam with a wavelength of 776. 16 nm. The decay rates are
Y51 = 2w X 0.97 MHz and y,; = 2% X 5. 9 MHz, respectively. We assume that the refractive index n, =1.5,
and the detuning of the coupling field A. = 0. For a cold atomic sample, we assume that the thickness of the
sample is half incident probe wavelength, i.e., L =490 nm, the atomic density N =6 X 10" cm *. For s-
polarized incident probe beam, we take that z, = 20 ym, a = 0.1, and lobes develop toward negative wx,
i.e., Fo(k') = zyexplik’x, + ia)?/3], the diffraction in medium 1 is Ly = k,x2~4.8 mm, and h =
Lgycos@ = 4.8 mm, 4.73 mm and 4.16 mm are chosen for the probe incidence at §, = 0°, 10° and 30°,
respectively.

The propagation of the SR beam for the probe incidence at §, = °0, 10° and 30° are shown on the left
panels in Figs.2(a) ~ (c), respectively, while the beam amplitudes versus the position y, from the Snell’s
reflection axis are shown on the right panels corresponding to each left panel. The maximum value of the
first lobe at z, =3 cm in the right panel in Fig.2(a) is normalized to 1, and those at z, =0 in Figs.2(bh) and
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Fig.2 Left: SR amplitudes of the Airy beams; right: beam amplitudes versus y,

(¢) are normalized to 1. Other parameters are G. = 75, A, = 7,. We find that the SR Airy beams can
maintain their properties of resistance to diffraction and self-healing when perturbations from the resonant
atoms are imposed on them. It is also shown that the SR beams are quasi-diffraction-free Airy-like beams,
which exhibit accelerating dynamics toward the same direction with the incident beam along the Snell’s
reflection axis, and the larger the incident angle of the probe beam, the greater the accelerating rate of the
SR. Self-healing property can be found at both normal and oblique probe incidence, although there is a
severe breakdown of that in the former case. These modified SR beams exhibiting various behaviors are due
to anisotropic radiation properties along different reflected directions from the resonant atoms.

When the probe incidence is §, = 30°, the amplitudes of the SR beams are plotted for different probe
detuning and coupling strengths in Figs.3(a) and (b), respectively. Thick and thin lines on the left panel
for G, = 7, correspond to the probe detuning of A, = 0 (4 times enlarged) and y,, , respectively; the signals
are normalized by the maximum value of the first lobe at z, =0 for A, = 7,,. While on the right panel, thin
and thick lines correspond to G, = 7, and 5y, (100 times enlarged) , respectively, for a fixed probe detuning
A, = 7.1 ; the signals are normalized by the maximum value of the first lobe at z, = 0 for G, = 75,.
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Fig.3 SR amplitudes for the Airy beam atg, =30°
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It is found that the amplitudes of the SR beams can be dramatically modified by the detuning of the probe
field and the strength of the coupling field. This modification can be interpreted by the SR lines plotted in
Fig.4, where solid , dashed , dotted and short-dashed lines correspond to G, = 0, 0.3%s, ¥, and 5Ys
respectively. Each line for G. = 0.3, ., ¥, and 5%, has a sharp variation of dispersion in the interval
[ - G..G.], respectively. In these cases., the transmissions are largely enhanced due to EIT effects,
leading to a weakened SR. Due to EIT effects induced by the alternating current (AC)-Stark splitting and
the interference between dressed states created by a strong coupling field*~**', the absorption of the probe
field is largely suppressed, and the SR from the resonant atoms is very weak for A, = 0 and G. = 5Y,, on the
left and the right panels, respectively. When the probe detuning A, = 7, , or the coupling strength G. = y,, .
the SR approaches a relatively greater value, since the increased absorption produces a strong reflected
radiation. This type of spectrum can probably be used in the detection of resonant properties of particles. as
well as the manipulation of the resonant particles near a surface, sensitively.

Fig.4 Real part contribution of SR versus the probe detuning

4 Conclusion

The SR Airy beam from cascade three-level atoms sandwiched between two dielectric walls has been
investigated. We show that the SR Airy beams exhibit accelerating dynamics with a parabolic trajectory., and
the larger the incident angle of the probe field, the greater the accelerating of the SR beam. Self-healing
properties of the SR beams can be found at both normal and oblique probe incidence, although there is a
severe breakdown of that in the former case. These various behaviors of the SR beams are due to the
contribution of anisotropic radiation along different reflected direction from the resonant atoms.

We also show that the probe detuning and the coupling strength can dramatically modify the amplitudes of
the SR beams. Sharp variation of dispersion in the interval [ — G., G.] in SR lines indicate greater
transmissions of the probe field, and the SR signals are weakened. Due to EIT effects induced by the AC-
Stark splitting and the interference between dressed states created by the coupling field, the atomic
radiation induced by the probe field is very weak, and the SR from the resonant atoms is largely suppressed
for A, = 0 and G. = 57, in our discussion. When the probe detuning A, = ¥, , or the coupling strength
G. = 7.1 » the increasing absorption produces a strong reflected radiation, as well as the SR amplitude. This
type of Airy beam can probably be used in the detection and the manipulation of resonant particles, as well as
the optical storage and communication of information"-?" .
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