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We experimentally investigate probe transmission signals (PTS), the four-wave mixing photonic band
gap signal (FWM BGS), and the fluorescence signal (FLS) in an inverted Y-type four level atomic
system. For the first time, we compare the FLS of the two ground-state hyperfine levels of Rb 85.
In particular, the second-order and the fourth-order fluorescence signals perform dramatic dressing
discrepancies under the two hyperfine levels. Moreover, we find that the dressing field has some dressing
effects on three such types of signals. Therefore, we demonstrate that the characteristics of PTS, FWM
BGS, and FLS can be controlled by frequency detunings, the powers or phases of the dressing field.
Such research could have potential applications in optical diodes, amplifiers, and quantum information

processing.
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1 Introduction

Recently, electromagnetically induced transparency
(EIT) [1, 2] has attracted worldwide attention in rela-
tion to atomic coherence in a hot atomic medium, and it
can be used in multi-wave-mixing processes. It is widely
known that the four-wave mixing (FWM) process [3] can
emerge from three light fields under the EIT condition,
and the FWM signals can be enhanced or suppressed
in multilevel atomic systems [4], so the nonlinear opti-
cal properties can obviously be modified. These changes
may have some potential applications in quantum com-
munication [5, 6]. Usually, FWM is used in a fiber for
generating new lasers in optical communications [7-9].
Furthermore, two coupling light fields with the same fre-
quency will form standing waves (SWs) in a FWM pro-
cess [10, 11], which is usually called electromagnetically
induced grating (EIG) [12-15]. Moreover, the EIG pos-
sesses a photonic band gap (PBG) structure can reflect
the probe light field [16, 17]. This research can also be
used to fabricate optical diodes. When light is transmit-
ted through structure if its frequency is outside the gap,

but it is not transmitted if the frequency is inside the
gap. Due to the Doppler effect, the counter propagat-
ing light is blue shifted and the co-propagating light is
red shifted in the reference frame of the moving photonic
gap. If only one of the shifted frequencies is within the
gap, an optical diode is formed [18]. It is important to
note that the PBG in a FWM process has many appli-
cations in several fields, such as all-optical switches [18],
light storage [19], slow light generation [20], and opti-
cally controlled higher-order nonlinear fluorescence (FL)
[21].

In this paper, we simultaneously compare the probe
transmission signals (PTS), four-wave mixing (FWM),
and fluorescence signals (FLS) under dressing effects in
a reverted Y-type atomic system. We first observe the
PBG structure based on an EIT medium driven by a SW
field. The EIT peaks in the PTS, the suppression dips in
FWM BGS, and the fluorescence peaks in FLS can be
observed when we scan the dressing field frequency de-
tuning. For the first time, we find that some dramatic
dressing differences can be observed between the second
order and fourth-order FLS under different hyperfine lev-
els. Then, we can modulate the intensity and shape of
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these three signals through changing the powers of the
dressing field in the EIG. Finally, the EIT and electro-
magnetically induced absorption (EIA) switching in PTS
and the suppression and the width of FWM BGS can also
be controlled by the phase of the dressing field. This in-
formation may be useful for the modulation of the sig-
nals, which highlights the significance of this research
work. This paper is structured as follows: In Section 2,
we describe the experimental setup and the correspond-
ing theoretical model. In Section 3, we discuss the ex-
perimental results in detail, and in Section 4, we present
our conclusions.

2 Experimental setup and theoretical model

Our experiment was carried out in a rubidium (*Rb)
atomic vapor cell. The 10 cm long rubidium cell is
wrapped with a y-metal and heated by heater tape, and
the atom density is about 1.0x10'2cm™3. The relevant
energy levels for ®*Rb atoms are shown in Fig. 1(a). This
is an inverse Y-type system with five levels, and the
corresponding energy levels are [0)(551/2), [3)(551/2),
|1)(5Ps/2), and |2)(5D3/5). This experimental configura-
tion with four laser beams was displayed as shown in Fig.
1(b). Initially, as displayed in Fig. 1(a), the probe laser
beam FE, (wave vector ki, frequency wy) probes the tran-
sition from |0) to |1), and the wavelength is about 780
nm. A pair of coupling beams E3(ks,ws) and E%(k%, wh)
connect the transition from |3) to |1) with a vertical po-
larization. Particularly, they have the same wavelength
of about 780.238 nm. Moreover, another dressed beam
E5(ka,ws) connects the transition from |1) to |2) with a
vertical polarization and the wavelength is about 775.978
nm.

Furthermore, as shown in Fig. 1(b), the coupling
fields F3 and Ef propagate through the medium in the
opposite direction generating a standing wave F3; =
§[E5 cos(wst — ksx) + Ff cos(wht + kbx)], i.e., EIG. Fur-
thermore, this EIG will lead to a PBG structure. The
probe field F; propagates in the same direction as Ej
through the medium with a small angle. The dressing
field B propagates in the opposite direction of E} with
a small angle. When the probe field F; is incident from
the left, in the system, the FWM BGS generated satisfies
the phase-matching condition kr = ki + ks — k% in Fig.
1(b). Using this experiment setup, we will investigate
three types of signals simultaneously: the PTS, FWM
BGS, and FLS. These three kinds of signals are detected
by three photodiodes: D1, Dy, and D3, respectively.

Theoretically, according to the perturbation chain

p(%) w1, Plo i p(%) L3y p%%), we can obtain the first-

order density matrix Pgo) (related to PTS) and the third-
order density matrix elements p%) (related to FWM
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Fig. 1 (a) Four-level energy system. (b) Schematic of an

EIG formed by two coupling beams E3 and E%, together with
the dressing beam Fo, a FWM BGS will be generated accord-

ing to the phase-matching condition kr = k1 + k3 — ki,
BGS) as
P\ =iG1/(d1 + |G [? /ds + |Gal*/da)?, (1)

P = —iG1G3GY/[(dy + |Ga|?/ds + |Gal? /da)?ds),

(2)

where di = I'g +i4y, dy = I +i(A1 4 As), d3 = 30+
i(Al — Ag) and G31 |2 = ‘G3|2 + |Gé|2 +2G3 g COS(2]€3$).
G; = pu;E;/h is the Rabi frequency with a transition
dipole moment pu;, frequency detuning A; = 2, — w
(£2; is the resonance frequency of the transition driven
by E;) and I7; is transverse relaxation rate between |[i)
and [j). In addition, two types of fluorescence signals,
falling into the EIT window due to spontaneous emission,
are also obtained: the decay of photons from [1) to |0)
generates the second-order FLS Ry described by pﬁ) =
—|G1|2/[F11(d1 + |G2| /dz + |G31|2/d3)] (Liouville path—

way p(()%) L p(l) (G—1)> pﬁ))7 and the decay of photons

from |2) to |1> generates the fourth-order FLS R; with re-
|G1 |G/ [Io2drda(d2 + |G2| /d1)] and

dy = Iz +1As (Liouville pathway P((Jo) (1) Gz,

oy o N o).

The condition of generating a PBG structure is that
the medium should have a periodic refractive index (n).
In order to get the periodic refractive index, the sus-
ceptibility should also be periodic as defined by the re-
lation n = /14 Re (x). Further, we may generate the
periodic energy level structure for obtaining the periodic
susceptibility. Hence, by introducing a periodic stand-
ing wave field, we can obtain the periodic energy lev-
els as shown in Fig. 2. In Figs. 2(al)—(a3), the level |1)
will be split into two dressed states |G3s+) depending
on Az and |G3s]?. The two dressed states |G3,+) have
Eigenvalues \g, .y = —A3/2 + \/A3/4+|G3[?. Since
|G'31|? is periodic along the z-axis, AG,. | values are also
periodic along x. Thus we can obtain the periodic en-
ergy levels as shown in Figs. 2(b1)—(b3). In Fig. 2(b1),
when A3 < 0, we have the Eigenvalues )\|G3+> > 0 and
A,y < 0 as Az < 0, so the split level |G3,+) is lo-

spect to p22
H p
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Fig. 2 (al—a3) single dressed energy level schematic diagrams and (b1-b3) calculated single dressed period energy levels

with changing As.

cated at the upper side of zero calibration (y-axis) while
the level |Gz,-) is located at the lower side. Absorp-
tion will be enhanced when the probe resonates with the
dressing states, i.e., Ay = —)\|G3i>, which corresponds
to the EIA condition. Accordingly, the FWM signal will
be enhanced. Figure 2(b2) shows that when the probe
reaches two-photon resonance A; — Az = 0, absorption
will be suppressed, i.e., the PTS becomes strong. Simul-
taneously, the FWM BGS will be correspondingly sup-
pressed. Thus, A; — Az = 0 is defined as the suppression
condition. Lastly, the case in Fig. 2(b3) is opposite to
that in Fig. 2(b1) because Az > 0.

3 Results and discussion

First of all, with the beams E;, Es, Eo, and E} turned
on, we study the variations of PTS, FWM BGS, and
FLS with the dressing effect (E5) by scanning Ay at dif-
ferent A;, as shown in Figs. 3(al)—(cl). First, for PTS
[Fig. 3(al)], the total profile (dashed curve) consisting of
baselines shows a Doppler absorption background with a
peak (named profile peak) on it, and the peak caused by
the dressing effect of the field E5 (satisfying A1 — Az = 0)
associated with the term |Gs1|?/[I30+i(A; — A3)] in the
expression of p%), which denotes that the transparency
degree increases. In each sub curve, the EIT peaks higher
than the baselines appear at Ay + Ay = 0, which is in-
duced by the dressing field Fy according to the dressing
term |Gal?/[Ia0 + i(A; + As)] in plf). The total EIT
peak reaches the highest point at Ay = A3 = —Ay = 0,
which indicates that the transparency degree of the probe
field E; is significantly enhanced due to the interac-
tion between F5 and FE3 near A; = 0 according to
p(lb). Then, for FWM BGS [Fig. 3(bl1)], the expression
of the corresponding density matrixes related to the

Yun-Zhe Zhang, et al., Front. Phys. 11(6), 114205 (2016)

FWM processes is p%). In the expression, the single and

double-photon emissions are expressed by I'jg +14; and
I'sp +i(A; — As), respectively. When A is scanned at
different A;, the FWM BGS is also dressed by the terms
G31]?/[ T30 + (A1 — A3)] and |Ga|*/[Ia0 + (A1 + Ag)],
which can significantly affect the intensity of FWM BGS.
As aresult, as shown in Fig. 3(b1), the profile of the base-
lines shows that the FWM BGS is enhanced by the field
E;5 related to the dressing term |G31|?/[I30+i(A1 — Ag)].
Furthermore, a dip in each sub curve represents that the
FWM BGS is suppressed due to the dressing effect of E,
satisfying the condition A; + Ay = 0 according to the
|G2|?/[Io0 +i(A1 + Ag)] in pg?(’)). The deepest dip appears
at Ay = —A; = —Aj corresponding to the strongest
PTS as shown in Fig. 3(bl).
Moreover, because the FLS is composed of two compo-
nents: the sin(gl)e—photon fluorescence Ry related to ma-
2
1

trix element p;7’ and the two-photon fluorescence R; re-

lated to matrix element pg;), so that every FLS appears
as a dip containing a sharp peak on each base line as
shown in Fig. 3(c1). In Fig. 3(cl), the heights of the base-
lines represent the intensity of the fluorescence Ry at cor-
responding Ay, which is enhanced by the beam E3(Ej%)
near A; = 0 according to |G31]?/[I30 + i(A1 — A3)]
in pﬁ). The baseline at A; = 0 is enhanced to the
maximum height by the beam FE3(E%). The dips lower
than the baseline show that the FLS Ry is suppressed
again by the beam FEy at Ay = —A; according to
|Ga|?/[Too+i(A1 + Ay)] in p'2). The suppression dips be-
come shallow near A; = 0 due to the strong interaction

between E and FE3 according to pﬁ). In addition, the

two-photon fluorescence R; related to the matrix element
pgé) and every FLS has a sharp peak on each base line.
It reaches its smallest at A; = 0 because of the strongest
dressing effect of G5 according to |Ga|?/[I20+i(A1+As3)]

in pgé). The corresponding theoretical simulation of PTS,
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Fig. 3

Measured PTS (al), (b1) FWM BGS, and (cl) FLS versus Ay at different discrete A;. The values of Ay are

180 MHz, 120 MHz, 60 MHz, 0 MHz, -60 MHz, —-120 MHz, and —180 MHz from left to right. (a2—c2) are the calculated
results of (al)—(cl), respectively. (d) Measured FLS versus Ay at the condition A; + Ay = 0 with different hyperfine levels
85RbF = 3 and 3Rb F = 2. (e) The energy level diagram shows the hyperfine levels of each driven state corresponding to
(d). We set the power of F; is 2.3 mW, Fz is 2.0mW, Ej3 is 7.0 mW, and Ej is 7.0 mW.

(al)

(b1) (c1) (a2) (b2) ——(c2)
M 2 m ___f/k_ AN A AN
%) aa] n [%2) N m \V m_A
] T, - = Wv\/*wv* | = A s V| A
= M\ = VeV u”___,_/‘/kv = Ev iy,
] Fer AT e B A
e N mrtmind "‘“"W‘J --......../k-...-— V /\\
! ! . I I 1 [ A— ) | ) ! T I T
=50 0 50 -50 0 50 50 0 50 -50 0 50 -50 0 50 -50 0 50
4, (MHz) 4, (MHz) 4, (MHz) 4, (MHz) 4, (MHz) 4, (MHz)

Fig. 4 Measured (al) PTS, (bl) FWM BGS, and (c1) FLS versus Az and we set the power of E2 as 5.1 mW, 9.2 mW,

13.0 mW, 17.1 mW, 21.6 mW, and 25.7 mW from bottom to top. The ground-state hyperfine level is 55,2 F

(a2—c2) are the calculation results of (al)—(cl).

FWM, and FLS are shown in Figs. 3(a2), (b2) and (c2),
respectively, which are in good agreement with our ex-
perimental results.

Finally, we study the dressed FLS by scanning Ay with
the condition Ay + As = 0 under different ground-state
hyperfine levels 551 /2 F = 3 of ¥Rb and 551 5F = 2 of
%Rb in Fig. 3(d). The FLS for ground states 557 o F' = 3
[Fig. 3(d1)] and 5S,,,F = 2 [Fig. 3(d2)] are differ-
ent. One can see a peak on the baseline in Fig. 3(d2),
but in Fig. 3(dl) we can see a peak in a dip, which
is the sum of the second-order and the fourth-order
FLS (pﬁ) + pg;)) on the baseline for the ground state
|0)(55 /2) = 3. The suppression dip is the Ry accord-

ing to p ) in Fig. 3(d1), which means the dressing effect
from Es in Fig. 3(d1) is stronger than that in Fig. 3(d2).
Meanwhile, the peak in Fig. 3(d1) is lower than in Fig.

3(d1). The FLS in Fig. 3(d2) is the sum of (pﬁ) (4))
and the dressing effect by Es is considerably weaker

114205-4

= 2(®Rb).

and the dressing dip even disappears. These discrepan-
cies could be explained with different transition dipole
moments for [0)(5512)F = 3 — [1)(5P3/2)F' = 4 and
10)(5S1/2)F =2 — |1)(5P3/2)F" = 1. Figure 3(e) shows
the hyperfine levels of each driven state corresponding
to (d), from that we can obtain that the relative tran-
sition dipole moment is 3/2 by the frequency transition
0)(5S1/2)F = 3 — [1)(5P52)F" = 4, which is larger
than that in |0)(55/2)F =2 — [1)(5P5)9) F' = 1.

The powers of the dressing field E5 can also affect the
shape and intensity of PTS, FWM BGS, and FLS as
shown in Figs. 4(al)—(cl), and the ground-state hyper-
fine level is 557 ,oF = 2(®°Rb). Therefore, we concen-
trate on the power dependence of the measured signals
by scanning As with a fixed A; = 0 when laser beams
E4, Ey, Es, and Ej are all turned on. First, as shown
in Fig. 4(al), the PTS is characterized by one small dip
and two peaks. This experimental phenomenon can be

Yun-Zhe Zhang, et al., Front. Phys. 11(6), 114205 (2016)
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Fig. 5

(al—cl) are respective PTS, FWM BGS, and FLS versus A; with ¢2 set at ¢ = —7/3, ¢ = —7/6, ¢p2 = 0,

¢2 = /3, ¢2 = 2m/3 and ¢2 = 7 from bottom to top. The ground-state hyperfine level is 55, F = 3(**Rb). (a2—c2) are
the calculation results according to (al)—(cl), and the field E; is 2.3 mW, Es is 20 mW, F3 is 7.0 mW and Ej is 7.0 mW.

attributed to the dressing term |Ga|?/[I20 +1(A; + Az)]

induced by the field Ey in p%) when Ay is scanned.

When the power of each light field is changed, the fac-
tor G; can be changed, so the transmission signal and
the reflection signal can be increased or decreased. How-
ever, with an increase of Fy from the bottom to top, the
dip of the PTS becomes obviously deeper as the dressing
effect of E5 is increased, and the height of the EIT peak
becomes higher and is proportional to the dressing term
|G2|?/ds in p%). Specifically, it is clear that the spacing
of the two peaks increases gradually from bottom to top
as depicted in Figs. 4(al). In Fig. 4(b1), the baselines
represent the intensity of the FWM BGS. A dip in the
baseline shows the suppression of the FWM BGS signal
due to the second level dressing effect of Fy according
to the term |Ga|2/i(A; 4+ Ag) + Iy in p{¥). The dip be-
comes deeper with increasing P, due to the enhanced
dressing effect of Es. A deeper dip indicates a decrease
in reflected FWM BGS. When the power of Fy is 25.7
mW in Fig. 4(b1), it is clear that the deepest dip can be
obtained in the first curve from top to bottom. Finally,
for similar reason, for FLS in Fig. 4(cl), the peak be-
comes obviously higher with P, increasing from bottom
to top. This mainly results from the dressing field Es ac-
cording to pgé). The experimental results agree with the
theoretical simulation [Figs. 4(a2)—(c2)] very well.

Finally, similar to Fig. 3(c1), the FLS in Fig. 4(cl) is
the sum of the second-order and fourth-order (pﬁ) +p§§))
on the baseline for ground state [0)(55;/2)F = 2. Com-
paring the FLS in Fig. 3(cl) and the FLS in Fig. 4(cl),
we also can find the difference in the dip Ry disap-
pears because of the weak dressing effect according to
p(lzl) in Fig. 3(cl), and the transition dipole moment in
10)(5S1/2)F =2 — |1)(5P3/2) F" = 1 is smaller than that
in [0)(5512)F =3 — |1)(5P32) F' = 4.

In this section, we focus on the variation of the mea-
sured signals by changing the phase ¢ of the dress field
E5. The PTS [Fig. 5(al)], FWM BGS [Fig. 5(b1)], and
FLS [Fig. 5(cl)] are depicted simultancously with the

Yun-Zhe Zhang, et al., Front. Phys. 11(6), 114205 (2016)

deflection phase ¢5 set at typical values. Here, ¢o con-
nects with the angle between the beam F; and Fs, and
it could be manipulated by the orientations of induced
dipole moments. The introduced phase factor ¢ is re-
lated with the changed orientation of the induced dipole
moment us by Fo, because of the modified angle between
the directions of F; and Es, as shown in Fig. 1(b). Corre-
spondingly, the dressed PTS, FWM BGS, and PTS are
proportional to 1/[dy +|G2|?e'?2 /ds] [22], which can also
be controlled by ¢5. The p(lt), pg?(’)), 10(121)7 and pg42) can be
modified as follows:

P = iG1/[dr + |Ga1|?/ds + |Ga[?ei2 /do] 3

P2 =1G1G3GY /[y + |Gan|?/ds + |Gal %2 [do] (4

P = |G P /[T (di+|Gaa 2 /s + |G [?e92 /dy)] (5
(

)
)
)
P53 = |G1[?|Gal?/[Tzdida(dy + |Gal?e®? /dy )] )

6
We first show the evolutions of the PTS under phase ¢o
as shown in Fig. 5(al). EIT in the PTS [Fig. 5(al)] can
be switched to EIA gradually along with ¢3. With ¢o
gradually varying from —3/7 to 7, EIT becomes weaker
and finally disappears, displayed in the Fig. 5(al), while
the EIA (dip lower than the baseline) arises and becomes
strong. During this process, the strongest EIT and EIA
individually appear at ¢o = 0 and ¢ = —27/3. Depend-
ing on whether ¢9 is greater than or less than 7/3, the
PTS behaves mainly EIT or EIA. Therefore, from bot-
tom to top, with the phase ¢ turned from negative to
positive, the PTS is converted from EIT to partial-EIT-
partial-EIA and lastly to EIA.

Furthermore, relatively dressing FWM BGS in Fig.
5(b1) and the two-photon FLS R; in Fig. 5(cl), emerges
as the peak on the background of single photon FLS Ry
and are obtained due to an enhanced nonlinear process.
However, the deepest suppressed dips in FWM BGS and
FLS Ry appear at ¢o = 0 as shown in Fig. 5(b1). Sup-
pression of the FWM BGS is demonstrated because of
the dressing term |Ga|2/i( Ay +As)+ Iyg in p{¥). For FLS
[Fig. 5(c1)], the dip of the second-order Ry induced by FEs
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gets deepest at ¢ = 0 due to the strongest EIT, one can
see that the dressing dip can be changed from shallow to
deeper then return to shallow from top to bottom. While
the fourth-order peak R; gets strongest at ¢o = 27/3 due
to the largest EIA. Therefore, both the FWM BGS and
FLS Ry are significantly strengthened in company with
the variation of the PTS as ¢o = 27/3 and ¢o = m,
respectively, as shown in Fig. 5(al). The corresponding
theoretical simulation of PTS, FWM, and FLS are shown
in Figs. 5(a2), (b2) and (c2), respectively, which are in
good agreement with our experimental results.

4 Conclusion

In summary, we experimentally and theoretically ob-
served the PTS, FWM BGS, and FLS in the reverse-
Y energy level system. These three types of signals can
be controlled by the frequency detunings, the powers
and the relative phases of the dressing beam FE5. We
also find that with the switch between EIT and EIA in
PTS, the suppression of FWM can be controlled by the
phase ¢o changing from 0 to —w. We can make use of
the phase-regulated switch in a non-linear optical de-
vice like an optical switch and optical wavelength con-
vertor. In addition, we observe the similarities and dis-
crepancies between the two ground-state hyperfine levels
10)(5S1/2)F = 2 and |0)(55/2)F = 3 of Rb 85 for the
first time. Such research could be applicable in optical
amplifiers and quantum information processing.
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