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The dressed four-wave mixing (FWM) in a four-level > Rb atomic system, experimentally demon-
strated in this paper, is comprised by two coexisting processes. One is emission signal due to en-
hanced nonlinear via electromagnetically induced transparency (EIT). The other is the Bragg re-
flection of probe beam because of the created photonic band gap (PBG), which is affected by both
linear and third-order nonlinear susceptibility. Moreover, we have demonstrated that different ex-
perimental parameters can significantly influence the measured signal with flexibly controlled PBG.
These studies are found useful for understanding the fundamental mechanisms in generated FWM
processing.
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1 Introduction

In the past several years, electromagnetically induced
transparency (EIT) in atomic medium has attracted
worldwide attention [1-6]. In EIT condition, the linear
and nonlinear optical properties of the atomic medium
are significantly modified. This enables the high-order
nonlinear optical process in atomic medium, where the
weak optical field is generated and propagates with little
linear absorption [1-3]. The enhanced four wave mix-
ing (FWM) process in EIT due to atomic coherence has
been experimentally observed in multilevel atomic sys-
tems [5, 6]. Besides, a variety of interesting FWM sig-
nals are reported due to the periodic atomic coherence
induced by standing waves (SWs) [7, 8]. This is also well
known as electromagnetically induced grating (EIG) [9-
11], which can play an important role in lasing without
inversion [12], slow light generation [13], photon control-
ling and information storage [14], fiber lasers [15], etc.
EIG possesses photonic band gap (PBG) that can reflect
the probe field [16].

In this paper, we have simultaneously observed the
probe transmission, FWM and fluoresce signals with
dressing effects in four-level atomic system. We also put
much effort on the PBG investigations in EIT atomic va-

pors, in which the incident beam is only able to “ravel”
if it is eigenvalue falls within an allowed band (Floquet-
Bloch modes). We have demonstrated that two coexist-
ing signals are in the emission direction of FWM signals.
One is the emission signal in the FWM process due to
enhanced nonlinear in an opened EIT window of four-
level ®®Rb atomic system, and the other is the reflec-
tion of the probe beam due to created PBG including
both linear susceptibility x(*) and nonlinear susceptibil-
ity x(®. Based on this, we have also researched the in-
fluence brought by the concomitant PBG of EIG. The
organization of the paper is that we briefly introduced
theoretical model and experimental setup in Section 2;
we display the experimental results and the discussion
in detail in Section 3, and in Section 4 we conclude the

paper.

2 Theoretical model and experimental setup

Our experiment is implemented in a rubidium atomic
vapor. The temperature of the atomic vapor cell is set
at 60°C. The relevant energy levels for 8°Rb atoms are
shown in Fig. 1(a), where levels [0)(5S;/2), [3)(5S1/2),
|1)(5P3/2) and [2)(5D3/5) form an inversed Y-type sys-
tem. The continuous laser beams are aligned spatially as
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Fig. 1 (a) The diagram of relevant 8°Rb energy levels. (b) Spatial beam geometry. (c) Electromagnetically induced
grating results from the interference between fields E2 and E}. E; is the probe filed and Ep is the reflecting filed.

shown in Fig. 1(b). As displayed in Fig. 1(a), the weak
probe beam FE; with wavevector k; (with wavelength 780
nm, the power P;, frequency wi, probing the transition
|0) to |1) with the atomic resonant frequency {2;) from
an external cavity diode laser (ECDL), is horizontally
polarized and propagate in the opposite direction to the
two coupling beam E3 and Ef respectively characterized
by wavevectors kg and k4 (780 nm, Ps, ws, driving the
transition |1) to |3) with resonant frequency {23) split-
ting from an ECDL with vertical polarization. Two other
pumping beams E and E} (ke and k), 776 nm, P and
P}, wo, connecting the transition |1) to |2) with resonant
frequency () are split from a CW Ti:sapphire laser with
vertical polarization and also propagate along the oppo-
site direction of F; with small angles (~ 0.3°) between
them. The pumping beams Fs and EY interfere with each
other to induce a vertically aligned grating EIG, which
lead to the reflection of the incident probe beam FEj, as
shown in Fig. 1(c), where the incident beam E; launches
obliquely into the grating with angle a. We define the
frequency detuning as A; = 2 —w; (1 = 1,2,3). Be-
cause Fy counter-propagate with F, the Doppler effect
can be eliminated near the two-photon resonance. Using
this experiment setup, we will investigate three kinds of
signals simultaneously: the transmission of probe, the
FWM signals, and the fluorescence signals.

Considering the time-dependent Schrodinger equation,
using a perturbation expansion and rotating wave ap-
proximation, we can obtain a series of density matrix
equations as follows:

8 T T . * r—1 r—1
&P(()o) = —Toophy +ilGipl " — Giply V] (1a)
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~Gipse M) (Le)

where (G; and G represents the Rabi frequencies of
the laser filed F; and E; with Gi = pioF1/h and
G2 = p12E5/h, respectively, in which p19 and pyo are
the electric dipole moment. In Eq. (1), I3; is the de-
cay rate between state |i) and |j) with the magnitude
being 10¢ s~ for the 8°Rb atomic system, and the sub-
script 7 is the order of nonlinearity. The susceptibility
x = XM + x®|E|? can be calculated according to the
relation P = egxE), = Npi0p10 with N being the atomic
density. By solving the Eq. (1), the susceptibility of the
system under steady-state condition can be written as

XM =n/K
XONEP = n/K*(|Gaf* /ds)

with n = iN,u%O/(hE()), K = d + |G2|2/d2, dy =
Io+iAq, and do = I'yp+i(A1+ As). Due to the inference
of the dressing filed pair of Fy and E}, periodical dress-
ing effect is offered |Ga|? = G3 + G + 2G2GY cos(2ks2),
which forms spatial periodic dressing pattern and a
standing wave. Therefore, susceptibility x composed of
real part and imaginary part exhibits periodical behavior
along with thezpropagation direction, respectively de-
picted in Figs. 2(a) and (b). In this case, the susceptibil-
ity can be expressed as

X =Xo+2 Z Xn €OS[2nky sin(6/2)z]

n=1

For a two-mode approximation, we solve for the first two
Fourier coefficients of x
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where A = dg/(G% + G/22 + d1d2), B = 2G2 é/(G% +

GZ + didy) and C = (G5 + G§)d2 /(G5 + GF + dida)*.
The plane-wave expansion method can be employed
in the analysis of the photonic band gap (PBG) of the
EIGs, readers can get more information in Ref. [16]. We
obtain a general dispersion relationship of the EIG as

1

A . E—
L o, sin(0/2)

VIR +x0) — sin?(0/2)2 — kb (3)

in which x4 is the Bloch wave number at the edge of
Brillouin zone; The real part and imaginary part of Bloch
wave number k4 with respect to the photonic band gap
structures, correspondingly presented in Figs. 2(c) and
(d), are obtained via scanning A; with 6 set at 7.

The PBG width connects tightly with the term under
the square root in Eq. (3). The necessary but not suffi-
cient condition is [k3(1 + xo) — k5)% — kix? < 0. Thus,
we end up with the following formula,

_ (Al + 910)[2 + 2Re(X0) + Re(xl)]
Agap = (4)

2
1+ Re(xo0) 14 (%>

If we introduce the substitutions wg = A1 + 210 and

no = v/1+ Re(xo), Eq. (4) can be rewritten as

wong [2n(2) + Re(x1)]

Agap =
s 2ng 4 Im* (xo)

(5)

by using which we can analyze the changing of EIT-type
as well as electromagnetically induced absorption (EIA)-
type PBG width.

Furthermore, two FWM nonlinear processes associ-
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ated with Fp; and Epg can occur between the energy
levels |0) and |1), when the phase matching conditions
kp1 = k1 + ko — k), and kpo = ki1 + ks — ki are fulfilled,
respectively. In the former case, the density-matrix ele-
ment pg?(’)) of this FWM signal Fr; can be obtained via
the perturbation chain (I): p{) <2 p{b) 2, p(2) =3 )3
and the corresponding expression is: pgo)Fl = Gp1/[(d1 +
|G2|2/d2)2d2], where GFl = 71G1G2(G/2)* exp(ikzFl . ’I").
In the latter case, employing the perturbation chain
(I1): pé?—» p%) g%)ﬁpg‘:’)), we can obtain the
density-matrix element Pgo) of Ers and the expres-
sion is:  p, = Gro/[(dy + |G2|?/d2)?ds], where
GF2 = *lGng(Gg)*eXp(ikpg . ’I”), d3 = Fgo + I(Al —
As). However, the FWM (FEpz) is not generated in
the EIT window, so we can not consider it. In ad-
dition, two types of fluoresce signal falling into EIT
window due to spontaneous emission are also ob-
tained: the decay of photons from [1) to |0) gen-
erates single-photon fluoresce signal Ry described by
2 —|G1[2/[T11(dy + |Ga|?/d2)] (Liouville path-

P =
(0) Gi, (1)(G1) (2)

way pog — —> p17), and the decay of photons
from |2) to |1> generates two-photon fluoresce signal
R1 with respect to pé42) = |G1|2|G2|2/[F22d1d4(d2 +
|G2|?/d1)] and dy = Ia; + iAy (Liouville pathway

(0) G1, (1) p(z)( 1)" (3)( 2)" (4))

Poo — o0 — — psy ). For the probe

transmlssmn, the Liouvﬂle pathway is péo) = p%), and

We can obtain the first-order density matrix element as
Pio =iG1/(dr +[Ga|?/da).

Now, a conversation of energy can be obtained as
(Iro+Ir1+Ip+R+T)/Lin = 1, which reflects the energy
flowing after the incidence of probe into the EIG. Indeed,
the measured signal is composed of two process: one is
enhanced nonlinear process due to the atomic coherence
in EIT condition, which predominates in the observed
signal. Besides, owing to the generated PBG structure,
the probe beam FE; is only able to ‘travel’ if their eigen-
value falls within an allowed band, and the reflected E;

—~
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!
||

50 -10 0 10 -10 0 10
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Fig. 2 (a) the real part and (b) the imaginary part of the compose susceptibility x change with propagation z under
the same color scale. In order to exhibit the changing trends, the amplitude is normalized. (¢, d) The black-solid and
red-dashed curves correspond to k4 and k_ obtained from the Eq. (3).
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can also result in nonlinear signal process. In angle and
power controlled PBG, the reflection of incident probe
beam FE; is significantly modified, and therefore, we can
observe transmitted probe, FWM, and fluoresce signal,
which are effectively modulated.

3 Experimental results and analysis

In this section, we focus on the variation of the measured
signals by discretely changing the relative angle a. In
Fig. 3(a), the probe transmission [Fig. 3(al)], FWM [Fig.
3(a2)] and fluoresce signal [Fig. 3(a3)] are depicted simul-
taneously, obtained by scanning As with deflection angle
a set at typical values. First, when the incident beam F4
is vertically launched into the EIG (a = 0°), EIT (peak
higher than the baseline) appears at A; + As = 0 in the
probe transmission spectrum induced by Es(E%) associ-
ated with the dressing trem |Fs|?/[I'50+i(A1+A2)] when
As is scanned. Furthermore, relatively weak FWM signal
Er1 and the two-photon fluoresce signal Ry, emerging as
the peak on the background of single photon fluoresce
signal Ry, are obtained due to enhanced nonlinear pro-
cess. However, with « gradually varying from 0° to 0.4°,
EIT becomes weak and finally disappears, displayed in
the Fig. 3(al), while the ETA (dip lower than the base-
line) arises and becomes strong. The FWM and fluoresce
signal R; are both significantly strengthened in company
with the variation of the probe transmission spectrum,
as shown in Figs. 3 (a2) and (a3), respectively.

Indeed, by adjusting a from bottom to top, the EIT
gets weak, then completely disappears and switches into
EIA, so that the PBG associated with them would also
be affected. Taking the corresponding PBG [indicated by

the black lines shown in Fig. 3(b)] into account, the width
of PBG gradually increases along with « varying from 0°
to 0.4°. As we know, if the PBG is wide enough and the
electromagnetically induced Bragg reflection (EIBR) is
big enough, the probe transmission spectrum changing
in Fig. 3(al) is reasonable. Especially, when the PBG
width further increases to a certain value, the properties
of probe transmission spectrum exhibit a peak to dip
switch (EIT switch to ETA), which indicates more inci-
dent probe beam being reflected to generate Fr; and R;.
Note that as the a increases, lower dip of probe trans-
mission emerges, resulting in a larger FWM and fluo-
resce signal due to the energy conversation. This expla-
nation is in good agreement with the observation results
of the FWM signal Er; and two-photon fluoresce signal
Ry, correspondingly depicted in the Figs. 3(a2) and (a3),
which are obviously characterized by enhancement due
to the enhanced EIBR compared with the result in such
normal case o = 0°.

In the section above, PBG modulated by angle « is
reflected in the variation of signal’s amplitude (probe
transmission signal, FWM signal and fluoresce signal).
Given that PBG width is determined by the Eq. (5), the
power of dressing field can also affect the PBG width.
In this section, we will address another intriguing aspect
of our studies that power controlled PBG. In Fig. 4(al),
with A; fixed and P, at beginning, partial-EIA-partial-
EIT appearing in the probe transmission spectrum ver-
sus Ay can be observed due to the wide-narrow PBG
structure, distinguished by whether it is lower and higher
than the baseline. Moreover, through the term |G2|?/ds
in p%) when Aj is scanned, we can obtain the corre-
sponding bright state (EIA) is at A;+A2|G2|?/|G1|> =0
and dark state (EIT) at A = 0. In this case, the

W ot

10°[Re(k.-aln)-1]

1 2 a3 T
(al) ' 04° (a2) ﬂ (a3) A
". 0.32° ! }\ h
: : z :
= Y024° | & 5
: sl A_{E_A
,"‘E 1 g I 8 1
E ~0.16 = g § A
2 ' = : g :
[-» 1 & 9 =]
.08 1 =
——-J:& ~ = :A‘
1 00 : i
dl H
! |
1 |
T T T T T L T ¥ T T o T
90°  0° 90°  -90° 0° 90°  -90°

Ay+4y IMHz

A+, IMHz

Fig. 3 (al—a3) are probe transmission, FWM and fluorescence signals versus Az with « set at 0°, 0.08°, 0.16°, 0.24°,
0.32°, 0.4° from bottom to top. The other parameters are P = 3.6 mW, P, = 4.6 mW, P} = 5.4 mW. (b) The theoretical

PBG corresponding to (al)—(a3).
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Fig. 4 (al—a3) are probe transmission, FWM and fluorescence signals versus As with increasing P> = 6, 8, 12, 16 and
20mW from top to bottom, when P1 =4 mW and P, = 8 mW. (b) The theoretical PBG corresponding to (al)—(a3).

double structure PBG is depicted in Fig. 4(b), in which
the wider one is EIA-type PBG, rather than EIT-type
PBG. With P, increasing, the left dip of probe trans-
mission becomes lower while the height of right peak de-
creases. Further increasing P, the dip becomes wider
and deeper, and the peak nearly disappears. The reason
is that the width of EIA-type increases with P, which
generates more leftward probe transmission Bragg reflec-
tion. Finally, the probe transmission only shows one wide
dip (EIA). The corresponding FWM is described in Fig.
4(a2). First, the main peak is caused by the two-photon
emission term I'yg 4+ i(A; + Az) and the suppression dip
on the main peak is due to the two-photon resonance
caused by the dressing term |G2|?/[I20 +i(A1 + Az)] in
the expression of Pg?c)))Fr Therefore, we can get similar-AT
splitting versus Az as shown in Fig. 4(a2). Due to PBG
associated with Py [Eq. (5)], the width of wide (narrow)
PBG increases (decreases) gradually by increasing Pa, as
shown in Fig. 4(b). As discussion above, the wider PBG,
the more probe transmission is reflected to generate Er.
Therefore, the left peak of Epj increases rapidly with Ps.

The fluoresce signal in Fig. 4(a3) includes the dressed
single-photon fluorescence Ry, suppressed by FEs(FE}), de-
picted as the dip on each curve, and the sharp peak
within each dip represents the emission of the two-
photon fluorescence R;. It is obvious in Fig. 4(a3)
that the suppression dip of Ry associated with the term
|G2|?/[I'20 + (A1 + A2)] gets much deeper when P, in-
creases from top to bottom. In addition, we notice that
the height of fluorescence R; increases resulting from the
wider PBG as discussed above.

4 Conclusion
In summary, we have experimentally investigated the

Zhen-Kun Wu, et al., Front. Phys., 2014, 9(5)

enhancement of the FWM signal by the EIG induced by
two non-collinear coupling beams. The PBG is modu-
lated by changing the incident angle of probe beam and
power of coupling laser beams. The intensities of probe
transmission, FWM signal and fluoresce signal variation
are investigated both in experiment and theory, and they
agree with each other very well.
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