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Abstract We report experimental observations of inten-
sity modulation and spatial splitting of four-wave mixing
(FWM) signal beams which can be effectively controlled
by the polarization states of the pumping laser beams. Due
to the periodic change of the pumping beam’s polarization
states, the intensity of the FWM beam also evolves period-
ically. The periodic spatial splitting phenomenon has been
observed in both x- and y-directions. The cases with/without
the dressing beams are compared. Such studies can be very
useful in better understanding the formation of spatial soli-
tons and for signal processing applications, such as spatial
beam splitter, routing, and switching.

1 Introduction

Polarization states of the involved laser beams can play im-
portant roles in four-wave mixing (FWM) processes with
atomic media involving multi-Zeeman sublevels [1, 2].
Several previous experimental and theoretical studies have
shown that FWM processes can be effectively controlled
by changing the polarization states and frequency detunings
of the involved laser beams [3, 4]. Also, when the FWM
processes are modulated by different polarizations of the
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strong coupling fields, selective transitions among polariza-
tion dark states can occur [3-5].

As two or more laser beams pass through an atomic
medium, the cross-phase modulation (XPM), as well as
modified self-phase modulation (SPM), can potentially af-
fect the propagation and spatial patterns of the propagating
laser beams. Laser beam self-focusing [6] and pattern for-
mation [7] have been extensively investigated with two laser
beams propagating in atomic vapors. Recently, we have ob-
served spatial shift [8] and spatial splitting [10-12] of the
FWM beams generated in multi-level atomic systems, which
can be well controlled by the additional dressing laser beams
via XPM. Studies of spatial shift and splitting of the laser
beams can be very useful in understanding the formation
and interactions of spatial solitons [11] in the Kerr nonlinear
systems and signal processing applications, such as spatial
beam splitter [12, 13], routing, and switching [14].

In this paper, we first investigate the modulated beam in-
tensities and spatial splitting of the FWM signal beams in-
duced by changing the polarization states of the pumping
laser beams in the ladder-type three-level atomic system.
Different dressing conditions can control the spatial split-
ting in the transverse (x and y) directions. Also, periodic
spatial splittings of both S- and P-polarized components of
the FWM beam have been observed.

2 Theoretical model and experimental scheme

In the ladder-type three-level system (with Zeeman sub-
levels), as shown in Figs. 1(a) and (b), five laser beams with
same diameter of about 0.2 mm are applied to the atomic
system with the spatial configuration given in Figs. 1(c)
and (d). The pumping laser beams E (w1, k1, and Rabi fre-
quency G1) and E' (w1, K/, G}) (with a small angle of 0.3°
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Fig.1 (a) Energy level diagram to generate FWM signal EF in a lad-
der-type three-level atomic system. (b) The relevant Zeeman levels in
the experiment and various transition pathways. Solid line: dressing
fields G2 and GY; short-dashed lines: the linearly polarized pumping
fields G| and G, long-dashed lines: the circularly polarized pump-
ing fields Gli and G'li; dotted line: the P-polarized probe field G3.
(c¢) The schematic diagram of the experimental configuration. (d) Spa-
tial geometry for the laser beams used in the experiment

between them) are tuned to drive the transition [0)(3S1,2)
to [1)(3P3,2). E; propagates in the opposite direction of
the weak probe field E3(w1, k3, G3), as shown in Fig. 1(d).
These three laser beams are from the same near-transform-
limited dye laser with the same frequency detuning Aj; =
w19 — w1, where wjg is the transition frequency between
|0) to |1), and generate an efficient degenerate FWM sig-
nal Erp(kp = k| — k’1 + k3) in the direction shown at the
lower right corner of Fig. 1(d). Another pair of beams,
E(w2, k2, G2) and E} (w2, K, G)), are the dressing beams
with E; propagating in the same direction as E and E)
having a small angle (0.3°) from E;. E> and E/, have the
same frequency detuning Ar = wy; — wy (from the same
laser), which are tuned to the transition from [1)(3P3,2) to
[2)(4D3/2,5/2). Two quarter-wave plates (QWP) are used to
control the polarizations of the pumping fields E| and E/.
The generated FWM signal is split into two parts by a 50%
beam splitter (BS). One is detected directly (denoted as EF),
and the other decomposed into P- and S-polarized compo-
nents by a polarization beam splitter (PBS), which are de-
noted as Eg and Els;, respectively (Fig. 1(c)).

The experiment was done in Na vapor in a heat pipe
at the temperature of 250°C. The atomic density is about
2.45 x 10" cm~3. The ground state (|0)) is the 35, en-
ergy level and the first excited state (|1)) is the 3Pz, level.
The upper excited state (12)) is the 3Dz, energy level.
Both lasers (for frequencies w; and w,) are near-transform-
limited dye lasers with a repetition rate of 10 Hz and pulse

@ Springer

width of 3.5 ns. One laser beam is split to produce beams
Eq, E/1 , and E3 with frequency w; which are tuned to the
line center (589.0 nm) of the |0) to |1) transition to gener-
ate the FWM signal Er. Another laser is used for beams E;
and E’, which are tuned to the line center (568.8 nm) of the
[1) to |2) transition to dress the FWM signal Ef. These five
laser beams are carefully aligned in the spatial configuration
as shown in Fig. 1(d). In order to optimize the beam shift
and splitting effects, the field E' (energy 11 pJ) is set to
be the strongest, approximately 6 times larger than E; and
E; (energy 2 pJ), 14 times larger than the beam E, (energy
0.8 uJ) and 55 times larger than the weak probe beam Ej
(energy 0.2 W), which is as weak as the generated FWM
signal beam. These weak beams are recorded by a CCD.

To understand the observed changes in beam intensities
and splittings of the FWM beams, we need to consider the
polarization states of the beams and various SPM and XPM
processes. The spatial beam breaking is mainly due to the
overlap between the weak FWM beam and the strong dress-
ing or pumping beams [6-9]. The propagation equations for
the S and P polarizations of the generated FWM beam are

JEY iV2IE}
0z ka

_ikp

[nEY | ER|” + 2082 | B |* + 2083 |

no

+2n54 E1|* + 2n5° | Eo ] EE, (1a)
IE} iVIE}
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= g1 B3 4 202
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|2
+2nS? | Y |7 + 2054 E 1P + 2055 | Eo P ES, (1b)

where z is the propagation distance; kg = wng/c is the
wave vector of the FWM beam; ng is the linear refrac-

tive index at wq; ngl’SI are the self-Kerr coefficients for
the S and P components of Ef and n1292—5,52—5 are the

P- and S-polarized cross-Kerr coefficients of Ef induced
by E/l)2 and E|;, respectively. The Kerr coefficients can
be defined as np = CReX(3), where C = (gocng)~! and
the Kerr nonlinear susceptibility is expressed as x© =
D,of?)), where D = NM?O/(h350G1|G1|2) for ngl’SI and
D = Nuly/(Pe0G1IG3 ) for n5> 575 [12]. N is the
atomic density of the medium (determined by the cell tem-
perature) and w19 (u20) is the dipole matrix element be-
tween energy levels |0) and |1)(]2)).

Different pumping field polarizations can generate FWM
signals with different polarizations. The S-polarized com-
ponent of E; or E'| can be decomposed into balanced left-
and right-circularly polarized parts, while the P component
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keeps to be linearly polarized. Such polarization configu-
ration results in S- and P-polarized FWM beams generated
from different transition pathways among various Zeeman
sublevels, as shown in Fig. 1(b). With different dipole mo-
ments for the transitions between |0) — |1) and [1) — |2), the
S- and P-polarized FWM components have different appear-
ances in both intensity modulations and spatial patterns due
to nonlinear Kerr effects.

One can obtain the expression for the P-polarized FWM
(Eg) intensity when changing the polarization of E : I” o
I (sin* @ + cos* 6). When changing the polarizations of both
the E; and E| beams, the P-polarized FWM intensity is
given by I x I(sin4 0+ 00349)[sin4(9 + 60) + cos* (0 +
6p)] [12]. 0 is the polarization angles of E| or E/1 con-
trolled by QWP. 6y is the polarization angle difference
between E| and E’1 fields. Also, one can solve the cou-
pled density-matrix equations to obtain ,01((3)) for ng induced
by the E; and E’1 fields: ng x ng(sin49 + 00549) [12],
where nj o Re(—iGEFf ). Similarly, the expression of the
S-polarized FWM (E E-) intensity, when changing the E | po-
larization, is IS o I sin® 6 cos2 6. When changing polariza-
tions of both E| and E/l beams, it becomes IS I(sin4 0+
cos49)sin2(9 + 6p)cos(0 + ), where I (,OS))Z =
(—iG3F>)2. ng induced by the E; and E fields, is
given by ng x ng sin’ 0 cos 6, where ng [ Re(—iGlS:FaS).
The coefficients are Fy = (G{)?/FF, F) = (Gf +
G/ FIFy(F; = G/F{F2, Fy = (G1 + G})*/FLF)
for ES(EY) beam due to the E| and E|&E/ dressings,
respectively. Here, F; (i = 1, 2) is the function of the detun-
ings and relaxation rates for different perturbation chains.

If we neglect the diffraction terms, the SPM and the small
XPM contributions, and assume that all the beams involved
are initially Gaussian with different centers, amplitudes and
half-widths, (1a) and (1b) can be readily solved to obtain
the XPM-induced phase shift ¢ = ZanzzI]e_’z/z/(nolo)
imposed on the FWM beams by the pump fields [6]. The
additional transverse propagation wave vector is &k, =
(0¢/0r)F and its direction is always toward the beam cen-
ter of the strong pump field with positive n;. Therefore, the
weak EF field is shifted to the pump field center and split
globally. The locally focusing and defocussing due to the
spatially varied phase-front curvature 82¢/dr> in the Ef
beam further leads to its local splitting. The expression of
the nonlinear phase shift shows that the strong spatial split-
ting can occur with increased /1, n, and decreased Iy, here
I is the dressing field intensity and Iy is the intensity of
the FWM beam. In those expressions, r = x/wg and y/wq
are the transverse coordinates, respectively, and 7 is the unit
vector along the transverse axes. wy is the spot size of the
FWM beam.

3 Polarization-controlled spatial splitting of the FWM
beam

In the first experiment, we only turn on E1, E/l, and
E3 beams. The FWM signal Er can be obtained with-
out E; and E) dressing. A QWP is used with a rota-
tion angle 6 to change the polarization state of the E|
field, we can obtain the splitting of the E% beam for the
S-polarized FWM beam (Fig. 2). Such a beam splitting
formed in the atomic medium is obtained with flexible
and easy to control parameters, such as atomic density,
intensities of the dressing and FWM beams, and nonlin-
ear dispersion [12]. Figure 2 presents the experimentally
recorded splitting spots and the y cross-section intensity
curves of the EE beam at different polarization states of
E(with 8 = 0°,22.5°,45°,67.5° and 90°, respectively)
in the x-direction and different frequency detunings (with
A1 = —60.2 GHz, —55.1 GHz, —50.7 GHz, —46.4 GHz,
respectively) in the y-direction. The inverted triangle dots
show that the periodic intensity change of the Ef beam is
decided by the polarization of E; (at A; = —46.4 GHz).
Under this condition, E is strongest at 0° and 90° while
weakest at 45°. At 45°, the nonlinear phase shift ¢ reaches
its maximum value with the largest /1/1y (having the con-
stant [{ (E/l)2 and smallest Iy o (Els;)z), leading to the
strongest splitting in the y-direction caused by E', of which
we use the splitting number to measure. Correspondingly,
the weakest y-direction splitting appears at the 0° and 90°
polarization states, as shown by the y-direction splitting (cir-
cle dots) of E IS: in Fig. 2. With different frequency detunings,
this phenomenon changes gradually. In the self-focusing
medium and near the resonance frequency, ¢ reaches its
maximum, so E % splits into more parts with corresponding
polarization states of E.

Next, in the same beam configuration (without E; and
E), dressing beams), we change the polarization states
of both E; and E)| beams (E| is set at 45° polariza-
tion angle before E). Figure 3 shows the experimentally
measured spots, which split strongly in the y-direction
at —45°,0°,45°,90°, and weakly at —22.5°,22.5°, and
67.5° for both the S-polarized and P-polarized FWM beams
(Figs. 3(a) and (e)). The splitting in the y-direction changes
with a 45° period (Figs. 3(b) and (f)). However, there only
exists splitting in the x-direction for the S-polarized FWM
beam (Figs. 3(a) and (c)). Moreover, the intensities of the E }S;
and E g beams are shown in Figs. 3(d) and (g), respectively,
which change with a 45° period as the polarization states
of the E' and E| beams are changing. These results match
reasonably well with the theoretical calculations (using the
split-step Fourier method) based on the coupled propagation
equations (la) and (1b) for the S- and P-polarized FWM
components.

Let’s first consider the behavior of EIS: as shown in
Figs. 3(a—d). It is interesting to note that when 6 = £45°,0°
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Fig. 2 The experimentally

measured spots and the y
cross-section intensity curves of
E E beam versus different
polarization states of E| with
different frequency detunings
from up to down (G| = 15 GHz
and G| =20 GHz). The curves
below are the y-direction

A (GHz)

1

splitting number of E }S; (circle
dots) and the fitted ¢ solid
curve, also the normalized
intensity values (inverted

FWM Signals

triangle) and the corresponding
theoretical solid curve versus
different polarization states,
with A| = —46.4 GHz

and 90°, the beam splitting in the y-direction is strong,
while the splitting becomes stronger in the x-direction
and weaker in y-direction when 6 = £22.5° or 67.5° in
Fig. 3(a), though the splittings in both directions have the
same 45 © period. This phenomenon can be explained by the
relative positions between the weak FWM beams and the
strong dressing beams shown in Fig. 1(b). When the polar-
izations of both E| and E'| beams (E/ is set at 45° before
E ) are changed, the intensities of E| and E ’1 alternatively
reach their maximum values in the period of 90° (the E;
beam is strongest at —45° and 45°, while E/ is strongest
at 0° and 90°). First, at the 0° (or 90°) polarization state
of E1, with little dressing by the weakest E, the Er beam
overlaps on the strongest E| beam in the y-direction at a
special alignment, where ¢ reaches its maximum caused
by I « (E/l)z, leading to the strongest y-direction split-
ting (Fig. 3(a)). From 6 = 0° to £45°, as E/1 decreasing
and E increasing, the Ef beam is shifted to the left di-
rection and gets closer to E due to the attraction (n, > 0)
of the strong E| beam and the probe beam E3 (Fig. 1(d)).
Second, at & = +22.5°, Ef partially overlaps with E| and
E’l, causing beam splitting in the x-direction (Fig. 3(a)).
Third, when E| reaches its maximum, the y-direction over-
laps with the strongest E| at 8 = £45° (here [} « (E1)2),
with little dressing from the weakest E'|, producing strong
y-direction splitting. Thus, as the polarization states period-
ically change, the Er beam shifts back and forth between
E; and E/ beams, so a similar phenomenon periodically
appears.

Figures 3(e—g) present the experimentally measured
spots, the periodic splitting in the y-direction, and the
beam intensity of Eg. Figures 3(f) and 3(g) are similar
to Figs. 3(b) and 3(d), respectively. However, the differ-
ences between Elsg and E]E can also be observed, which
mainly appear on the x-direction splitting (6 = £22.5°
or 67.5°) and the beam intensity (0° or 90°). Here, the
dipole moments of the transitions between |0) — |1) of
the S-polarized laser beams are different from that of the

@ Springer
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Fig. 3 The FWM beam spots (a, e), the splitting numbers in the
beam’s x (c¢) and y (b, f) directions, the intensities (d, g) of the EIS:
(a—d) and EE (e—g) components versus different polarization states of
both E| and E’ (G| =22 GHz and G’ = 20 GHz). The solid dots are
the measured results and the solid curves are the fitted theoretical ¢
values

P-polarized beams for choosing different transition path-
ways among various Zeeman sublevels as shown in Fig. 1(b),
where Fi = (T'jo +iA1) + (GT + G5)?/Too + (GT +
G)?/Tyy and F> = Too + (G + G52 /(T + iAy) +
(G + GF)?/(To1 — iAy) for the S-polarized beam path-
ways, and F; = (T'19 +iA1) + (G1 + G))?/Too + (G +
G})?/Ti1and F» =Too+(G1+G1)*/(Tio+iAD+(G1 +
G’l)2 /(To1 —iA1) for the P-polarized beam pathways, re-
sulting in ng(l.S x 1078 cm?/ W) > ng(l.Z x 1078 cm?/ W)
and IOS < Ié) for |,0150|2 < |pf0|2. So one can obtain ¢S > ¢F,
where ¢S and ¢° are the nonlinear phase shifts of the EIS;
and E E beams, respectively. From Fig. 3(e) the intensity of
E? is much stronger than that of E} at & = 0° and 90° due
to IOS < Ig . Then, the y-direction splitting of the EE beam
is weaker than E% due to ¢S > ¢F. Compared with Elsc at
6 = £22.5° or 67.5°, the x-direction splitting of the EIE
beam is too weak to be observed in Fig. 3(e).
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Fig. 4 (a) The measured beam spots of the EIS: (i—iii) and E E (iv—vi)
fields with all five beams on (i, iv), without E, (ii, v), and with-
out E28LE’2 (iii, vi) versus different polarization states of E{&E";
(b) the measured beam spots and the beam splitting number of both
the x (iii, vi), and y (ii, v) directions (solid dots) of the E IS; beam with
all five beams (i—iii), and without EZ&E/2 (iv-vi); (c¢) the measured
beam spots, the beam splitting number of the y (ii, v) direction (solid
dots) and the intensity (iii, vi) of the EE beam with all five beams
(i-iif), and without E28LE’2 (iv—vi). The solid curves are the fitted the-
oretical ¢ values (G| =22 GHz, G’l =20 GHz, G, = 2.0 GHz and
G, =18 GHz)

When the E; and E /2 beams are turned on, Fig. 4 shows
different dressing effects for the E; and E}; components
with changing E & E'| polarization states. Specifically, the
splittings of both Els: and EIE beams have the same 45°
period, as shown in Fig. 3. Comparing (i) with (iv) in
Figs. 4(b) and 4(c), we can see that both EIS: and Eg in-
tensities in (i) are weaker due to the suppressions of Ej
and E’Z(Al + Ay =0 and A; = —10 GHz), which causes a
larger splitting in the y-direction ((ii) in Figs. 4(b) and 4(c)).
For the EIS: beam, at 6 = +22.5° or 67.5° without E, and
E ’2, it has the x-direction splitting ((iv) and (vi) in Fig. 4(b)).
Howeyver, with five beams all on, E ls: is shifted to the upper
direction by E’,, and hardly overlaps with both E| and E/

beams, causing the x-direction splitting to be weak ((i) and
(iii) in Fig. 4(b)).

Moreover, in Figs. 4(b) and (c), the contrast ratio of the
y-direction splitting n = Ny/N turns to be n = 0.29 and
n = 0.65 for EIS:(EE) with or without E> and E’, dress-
ing, respectively. Here, N1 and N, are the numbers of the
y-direction splitting spots at valley and peak points of the
curves (ii) in Figs. 4(b) and (c), respectively. We can ob-
serve that the contrast of periodic splitting in the y-direction
becomes better with dressing fields E, and E/2 (@) and (iv)
in Figs. 4(b) and (c)). This behavior occurs because different
polarization states of the pumping beams can select differ-
ent transitions among Zeeman sublevels and have different
dressing strengths [5].

4 Conclusion

We have experimentally observed spatial splitting of the
dressed FWM beam when the polarizations of the pumping
fields are changed. The periodically appearing spatial split-
ting is also investigated versus different polarization states
and specially arranged spatial beam geometry in a ladder-
type three-level system. The differences in periodic spatial
splittings between the EIS: and EE components have also
been studied. Theoretical simulations have been carried out
based on the coupled propagation equations for the two po-
larization components of the generated FWM beam, which
match quite well with the experimentally observed behav-
iors. Such studies can have potential applications in soli-
ton deflection and splitting communication, spatial optical
switch [14], and other quantum information processes.
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