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In a numerical investigation, we demonstrate the evolution of a one-dimensional and two-dimensional
finite energy Airy beam in a A-type three-level atomic vapor with linear, cubic, and quintic susceptibil-
ities considered simultaneously with the dressing effect. Quasi-solitons and soliton pairs are observed
due to this competition mechanism. We find that the frequency detuning of the pump field and its
power greatly affect the formation and evolution of generated solitons. In general, around the two-
photon resonance point and for low intensities of the pump field, it is less difficult to form solitons. This
investigation enriches the study of the propagation properties of Airy beams and soliton generation in

atomic vapor.
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1 Introduction

Due to the remarkable and interesting properties in-
cluding transverse acceleration [1], self-healing [2], and
nondiffraction over many Rayleigh lengths [3], investiga-
tions on Airy beams have been abundant and have un-
dergone rapid development over the past decade. They
were first theoretically discovered by Berry and Balazs
in 1979 [4]. Later, in 2007, the paraxial accelerating
Airy beam was experimentally observed by Siviloglou
and Christodoulides [2, 3]. Recently, the propagation
dynamics of Airy beams have been studied extensively
in nonlinear (NL) media. As an important optical NL
effect, Zhang et al. have investigated the interactions
of two in-phase and out-of-phase Airy beams in Kerr
and saturable NL media [5, 6]. In these interactions,
the bound and unbound soliton pairs, as well as single
solitons, can be formed during propagation. Chen et
al. have studied the effect of Kerr nonlinearity on an
Airy-Gaussian beam [7]. It was demonstrated that their
self-acceleration effect can be affected by the distribution
factor. Moreover, further research along similar lines has
been conducted by Chen et al. [8].

To overcome large absorption in atomic vapors, an

electromagnetically induced transparency (EIT) window
was developed. It is now broadly used in the propaga-
tion investigation of Airy beams in this medium. For
instance, Zhuang et al. [9] as well as Hang and Huang
[10] individually studied the propagation of Airy beams
in EIT atomic vapor based on an open EIT system.
Ye and Li theoretically studied the propagation of Airy
beams in a close-A EIT system [11], in which the sus-
ceptibility and refractive index of the medium are calcu-
lated and analyzed. The pioneering studies on the NL
propagation of Airy beams are only limited to the linear
and cubic nonlinearity case, which can lead to a catas-
trophic self-focusing effect. However, previous investiga-
tions have revealed that the effect of quintic nonlinearity
becomes significant and considerably influences optical
soliton propagation at relatively high beam intensities
[12-14]. Furthermore, quintic nonlinearity has been pro-
posed to overcome the instability of multi-dimensional
spatial solitons induced by cubic solitons [15, 16]. In this
case, the focusing cubic and defocusing quintic NL ef-
fects should be considered simultaneously, i.e., NL prop-
agation is determined by competing cubic-quintic (CQ)
nonlinearities. To our knowledge, in the coherent atomic
medium, we have not seen reports on the propagation
dynamics of Airy beams in the case of quintic nonlin-
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earity. Thus, the purpose of this work is to numerically
study and analyze the evolution dynamics of a finite en-
ergy Airy beam under competition between third-order
and fifth-order NL susceptibilities. Due to the multi-
parameter controllable properties of a multilevel atomic
system, our research may broaden the field of the poten-
tial applications of Airy beams in atomic vapors.

2 Basic theory

The relevant energy levels for our scheme are shown in
Fig. 1(a). The levels |1), |2), and |3) form a close-A
three-level atomic system. The probing beam E, (the
wavevector k, and frequency w,) connects the transition
|1) to |2) with the atomic resonant frequency wo;. The
coupling beam E. (k. and w,), characterized by the res-
onant frequency wsg, drives the transition |2) to |3). We
define the frequency detuning as A, = wg; — w, and
A, = wo3 — we, respectively. This is a typical A-type
three-level atomic system and has been intensively stud-
ied. In our investigation, we show that this system can
be used to theoretically study the propagation of a fi-
nite energy Airy beam. Its intensity profile is shown in
Fig. 1(b), where the bottom insets present the intensity
distribution of the Airy beam at z = 0 and a is the decay
factor that ensures the finite power of the Airy beam. In
accordance with previous literatures [5, 6], we set the
parameter a = 0.1 throughout this paper.

A general dimensionless form of the CQ NL
Schrodinger equation (NLSE) can be written as

2ik

2
ov o

57 T axz TR =0, (1)

(@)

RY

where the spatially dependent function v is the envelope
of the modulated waves. The first term describes the
longitudinal propagation, and the second term accounts
for transverse diffraction with only the X-direction con-
sidered for mathematical simplicity. X = a/wq, where
wp is an arbitrary scaling parameter, Z = z/Zp is the
normalized propagation distance, where Zr = kw? is
the Rayleigh length, and k = 27/ is the wave number
(A = Ao, where g is the vacuum wavelength). y is the
total susceptibility of the atomic vapor system, in which
the involved linear, third-order, and fifth-order NL sus-
ceptibilities are respectively given as [17]

Ui
X(l) = Ev (23‘)
n |QCI2
X(3)‘E0|2 = _K2 ds ) (2b)
n |QCI4
X(5)\Ec|4 =3 2 (2¢)

with 5 = iNpdy /(heo), K = dy + |00 /da + [2 /T,
d1 = F21 + iAp, dg = F31 + I(Ap - Ac), and dg = F31 +
i(Ap—A)+]Q,%/(Ts2—1A.), where [';; is the transverse
relaxation rate between the states |¢) and |7). Q, and Q.
individually represent the Rabi frequencies of laser fields
E, and E. with Q, = p12E,/h and Q. = po3E./h, where
w12 and peg are the electric dipole moments, and Nis the
atomic density. Combining Egs. (2a)—(2¢c), we obtain the
total susceptibility

X = xW + xO|E)? + x| E|*, (3)

The second and third terms in x represent the cubic
and quintic contributions to the total susceptibility. In
Appendices A and B, we briefly present the derivation of

Fig. 1 (a) Schematic of the atomic system. Probe and control fields are denoted as F, and E. individually, and these
two fields are coupled with the atomic levels as shown above. (b) The spatial distribution of the Airy beam ¢ (z,2) =
Ai(x — 22 /4 + iaz) expli(6a’®z — 12iaz + 6iaz® + 6xz — 2°)/12] with parameter a = 0.1.
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this susceptibility. In Eq. (3), Ap,—A. = 0 corresponds to
the two-photon resonance condition that causes EIT [18].
It is worth mentioning that the probe field absorption
is significantly decreased to seemingly zero in the EIT
window.

Figure 2(a) depicts the theoretical NL susceptibility
of the system versus A. and the coupling intensity Q..
The third-order and fifth-order dependencies of the real
and imaginary parts of the linear term for 2. are pre-
sented in Figs. 2(b) and (c), respectively. The focusing
and defocusing nonlinearities, which are respectively de-
termined by the real parts of third-order and fifth-order
susceptibilities, follow cubic-and quintic-dependent laws,
but the former case is positive and the latter case is neg-
ative. As shown in Fig. 2(b), it is clear that the lin-
ear susceptibility is constant when varying €2.. However,
due to CQ nonlinearities, the real part of the total NL
susceptibility experiences competition, which increases
with Q. due to the dominant positive third-order non-
linearity increasing with a cubic law. However, as Q.
exceeds a threshold value and reaches the high-power
region, it begins to decrease because the negative fifth-
order nonlinearity plays a dominant role on y. Figure
2(c) indicates the existence of this competition among
both the real and imaginary parts of the third-order and
fifth-order nonlinearities. Figure 2(a) also indicates that
the competition between different nonlinearities can be
controlled by both the coupling field detuning, A, and
Q..

3 Calculations and discussion

To explore the propagation properties of a finite energy
Airy beam with competing CQ nonlinearities, we per-

form a numerical propagation calculation by employing
the split-step fast Fourier transform (FFT) method. We
choose 9 (z,0) = Ai(z) exp(az) as the incidence to exe-
cute the simulation for different x parameters; intensity
distributions are shown in Fig. 3 in which cubic and quin-
tic nonlinearity is controlled by the adjustment of detun-
ing A, and power (.. First, we fixed 2, while adjusting
A.. With the values A, = —8 x 10767, —4 x 10767y,
—0.8 x 1075+;, and —0.08 x 107 %y;, the corresponding
behaviors respectively shown in Figs. 3(a)—(d) are simi-
lar. The intensity distribution is fragmented as the main
lobes and most of the side lobes of the Airy beam con-
served their unique self-bent or self-acceleration prop-
erties in the horizontal axis x, an intense quasi-soliton
pulse appeared near the beam center, and a very weak
dispersion wave generated in the leading edge. The
major difference is that, with a reduced A., the en-
ergy is mainly stored to form a relatively strong cen-
tral lobe during propagation whereas the side lobes be-
come weaker and remain in their original position. When
the relative detuning A. is further reduced to A, = 0,
1.6 x 107%1, and 2.4 x 1079y, as shown in Figs. 3(e),
(f), and (g), respectively, more energy flows to the cen-
tral soliton pulse and becomes compressed, and breath-
ing solitons are formed with specific periods. From these
intensity images, it is evident that with reduced detuning
A, comes an increase in energy of the breathing system
and a decrease in period of soliton breathing. Also visi-
ble is that the Airy wavepacket only remains with a very
weak background, and it even collapses and quickly dis-
appears. A comparison of Figs. 3(a)—(d) indicates that a
difference in the detuning A. can considerably affect the
propagation evolutions. The essential reason for these
exhibiting properties is the competition between third-
order and fifth-order nonlinearities. From Eq. (3), we
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Fig. 2 (a) Theoretical total susceptibility of the atomic vapor system as a function of A, and Q.. The top panel represents
the real part; the bottom panel represents the imaginary part. The theoretically calculated real (b) and imaginary (c) parts

of XV, x®E|2, x®®|E.|*, and their sum versus Q..
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Fig. 3 Propagation of the finite energy Airy beam in the atomic system for different values of A. (a—g) and Q. (h—k):
with A, = 0and Q. = 1.67; (a) Ac = —8x 107 %71, (b) A = —4x107 %1, (¢) Ae = —0.8x 107 %, (d) Ac = —0.08 x 107 %4,
(e) Ac =0, (f) Ac = 1.6 x 107 %1, and (g) Ac = 2.4 x 1077y, and with A, = A. = 0 (h) Q. = 371, (i) Qe = 2.571, (j)
Qc = 271, and (k) Q. = 1.591. The other parameters are I's1 = 41 + ¥2, T'i1 = 71/2, I'sa = 272, ['s1 = I'21, 71 = 38 MHgz,

Yo = 107371, and y3 = 7.

can find that the effect of A. on the beam profile is re-
flected by the terms I's; + i(A, — A;) and I'sy — iA,
in the denominator, and it is negative causing the total
NL susceptibility x to increase with the decreasing pro-
cess of A.. It can be predicted that a smaller frequency
detuning A, allows solitons to be more easily formed.
Next, we perform numerical simulations with a vari-
able power Q.. Figures 3(h)—(k) show a comparison of
Airy beams for different (). parameters, and they behave
similar to those in Figs. 3(a)—(k). As shown in Figs. 3(h)-
(k), an increased energy participates in the formation of
bound breathing solitons during propagation with a de-

134201-4

crease in .. With a decrease in power, there is a de-
crease in the breathing soliton period. These features
can also be attributed to competing CQ nonlinearities.
The detailed explanations are similar to those used for
Figs. 3(a)—(k).

To observe the propagation characteristics of an Airy
beam in more detail, we extend the analysis to the two-
dimensional (2D) case. Figure 4 show the correspond-
ing peak intensity distributions at certain propagation
distances for various A, parameters. It is immediately
visible that with an increase in propagation distance, the
high frequency oscillation side lobes on the leading edge

Zhen-Kun Wu, et al., Front. Phys. 13(1), 184201 (2018)
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Fig. 4 Two-dimensional evolution of finite energy Airy beam for different values of A, with A, = 0 and Q. = 1.671
(a) Ac = -8 x 107 %y, (b) A = —4 x 107%y1, (¢) Ac = —0.8 x 10754, (d) A. = —0.08 x 107 %1, (e) A, = 0, (f)
A.=1.6 x 107%y1, and (g) A, = 2.4 x 10™%41. The other parameters are I's; = 71 4 Y2, ['11 = 71/2, a2 = 292, Ts1 = a1,

~v1 = 38 MHz, v2 = 10" 3v1, and 73 = 7.

of the Airy beam and disappears gradually, and the lead-
ing edge will then become smooth. Only a minority of
the side lobes remain. Moreover, the wave shape will
shift towards the trailing edge of the Airy wavepacket.
With a decreasing A., the central intense soliton and
the weak dispersion wave pulses shed from the Airy
wavepackets will gradually emerge, as mentioned above.
Notably, we can find that the beam width and oscilla-

Zhen-Kun Wu, et al., Front. Phys. 13(1), 184201 (2018)

tion intensity in the generated soliton decrease. This in-
dicates that the stability of the Airy soliton is improved
with a decrease in A.. CQ nonlinearities caused pulse
compression, and an increase in dispersion wave pulse
number can again be seen here.

In addition to the inputs with separable variables, one
can also treat two-dimensional inputs with non-separable
variables, e.g., an in circular finite-energy Airy beam [19].

134201-5
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Fig. 5 Propagation of two-dimensional a circular finite-energy Airy beam ¢(X,Y, Z = 0) = Ai(r — o) expla(r —ro)]. With
A, = A. = 0, isosurface plot of the intensity during propagation. (al), (bl), and (c1) Intensity distribution when the beam
propagates to Z = 0, Z = 1.8, and Z = 3.6, respectively. (a2), (b2), and (c2) setups are the same as those of (al), (bl), and
(c1), respectively, except for A, =0 and A, = —4 x 107 %4. The other parameters are a = 0.1 and ro = 10.

This type of initial beam can be written in polar coordi-
nates as

Y(X,Y,Z =0) = Ai(r — ro) expla(r — 19)], (4)

where Ai(r) represents airy function, ro is the mean
radius and determines the location of the main ring.
We first display the isosurface plot of the in circular
Airy (CAi) beam during propagation in the top panel
of Fig. 5. It can be clearly seen that CQ cannot sup-
port the stable propagation of the Airy beam, and the

134201-6

profile of which undergoes a profound change and trans-
forms into a soliton profile. To elucidate propagation,
we also present beam intensities obtained numerically at
certain distances, as displayed in Figs. 5(al)—(cl). We
note here that Figs. 5(al)—(cl) are obtained in the same
scale. Comparing Fig. 5(al) with Fig. 5(bl), the size
of the ring of the CAi beam remains the same during
propagation while the transverse intensities redistribute.
Notably, the soliton is formed around the origin in this
process. When the beam further propagates to Z ~ 3.6,
the Airy profile dims and undergoes curious shape change

Zhen-Kun Wu, et al., Front. Phys. 13(1), 184201 (2018)
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as displayed in Fig. 5(c1) in which the central soliton ac-
cumulates the most energy and becomes more robust.
If we set the A, = —4 x 107%y; and redo the simula-
tion. The corresponding evolutions of the 2D Airy beam
are displayed in Figs. 5(a2), (b2), and (¢2), where in this
case, less energy distributes to form a central soliton than
for A, = 0. This is because the competing CQ nonlin-
earities play an important role in the evolution, which
has been explicated in Fig. 3.

4 Conclusion

In summary, we numerically investigated the evolution of
one-dimensional and two-dimensional finite energy Airy
beams in atomic vapor under CQ competing nonlinearity
enhanced by EIT. The appearance of breathing solitons
results from a competition between the third-order and
fifth-order NL susceptibilities, which is greatly affected
by the detuning, A., and the power, .. In general,
the smaller the values for A, and €., the more signif-
icant energy is obtained in the breathing system, and
the smaller the period of soliton breathing. Under this
competition mechanism, the controllable propagation of
the CAi beam is also demonstrated in our investigation.
The Airy beam in atomic vapors broadens the applica-
tion potential of atomic vapors and inspires new ideas in
research associated with atomic vapors.
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Appendix A The density matrix equations

We begin our analysis by considering propagation of the
probe field in the A-type three-level atomic system, and
it is described by the density-matrix equation of motion

p=—[H.p) — 5{T.p,
with
H = [1) (1] +w23]2(20)+ (2 [1) 2]+ ©[2) (3] + Huc.)

as the Hamiltonian of the atomic system. Considering
the time-dependent Schrodinger equation, using a per-
turbation expansion and rotating wave approximation,

Zhen-Kun Wu, et al., Front. Phys. 13(1), 184201 (2018)

we can obtain a series of density matrix equations as
follows [20, 21]:

a . *

271 =-T1o11 +i(Qpo2 — Qy012), (A1)
0 . . .
aoél:_(F21+1Ap)021_IQp(UZQ_Ull)—’_lQCO-Sla (AQ)
a . * *
§022:—F22022 +i[(Qp021 — Qpor2) + Q7 (032 — 023)],

(A3)

0
aa’;gl:*[].—‘31+i(Ap — AC)]Ugl +192032+1960’21, (A4)

0 . O :
aﬂgg:7(F3271AC)032710C(0’2270’33) +IQPO'31, (A5)

0 [P
FTREE =—I'33033 +i(QLo32 — Geo23). (A6)

Appendix B Derivation of the susceptibility

2
We display the detailed derivation process of —%M

using the dressed perturbation chain method [22], thigéh
involves the perturbation chain [23] and coupling equa-
tions together.

i

First, a ground state particle o;; absorbs a probe

photon p and transits to a&) 11, the dressed state of
Q

ol (00 = agc) 1) With the weak-field and steady-

state approximations, the coupling equations can be ob-

tained from Egs. (A2) and (A4):

0=—(T21 +1Ap)o21 —iQp (022 — 011) + Q031
0=—[I's1 +i(Ap — A¢)os1 + 15032 + iQco21,
which gives
(1) iy, (0)

UGC:EO = . HE 011 - (Bl)
FQI + lAp + F31+i(AP—AC)

Second, the particle absorbs a coupling photon ¢ and
transits to the state 0‘§21) (083 11 ey ag)). From
Egs. (A4) and (Ab) as well as the approximations used

in the first step, we get the coupling equations

0= —[T31 +i(A, — Ac)]oz + 25032 + 12001,

0= —(I3z —iAc)o32 — i (022 — 033) +1Qp031,
which gives
‘7:(321) = 3 i€ HE Ugc)iO' (B2)

Ua1 +1(Ap — Ac) + 1, 54

Third, the stimulated atom transits back to state oo
and emits a coupling photon ¢* (aézl) o, agc) 11). Com-
bining Eqgs. (A1) and (A2), we get the coupling equations

0= —T11011 +1(Qpo21 — Qy012),

0=—(T21 +1iAp)o21 —iQy (022 — 011) + Q031
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and the corresponding solution

Combining Egs. (B1)-(B3) and considering the as-
sumption aﬁ) ~ 1 as well as the relations P =

NWlJQC)iO = gox®|E.|?E., we finally obtain the ex-

(B4)

13. F. J. Ye, L. Y. Zhang, F. R. Wang, Y. M. Yang, Y. Yu,

P LS (B3) 8
c . 2 :

Doy +1iA, + |SF2,1,1| pression for the susceptibility:
DB = N, 1 ; 92| o
h . 2 2 ; _

€0 |:1—‘21 + lAp + F31+‘i?AC‘p—AC) + ‘5121:1‘ :| F31 + I(Ap Ac) + ngfiAc
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