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Modulated spatial transmission signals in the photonic bandgap
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This paper describes the spatial transmission of electromagnetically induced transparency and four-wave mixing sig-
nals in the photonic bandgap structure, which are modulated using the adjustable parameters of light fields. The spatial
transmission patterns of the relevant signals are experimentally investigated with respect to the optical nonlinear Kerr effect
that occurs in the modulation process. The experimental results reveal the spatial transmission patterns of the probe trans-
mission and the four-wave mixing signals, such as focusing, defocusing, shifting, and spatial splitting. This study explains
how the tunable parameters of light fields and their interactions with each other can regulate the spatial transmission of
the light fields by changing the refractive indices of media, which provides a new research perspective and a degree of
experimental technology support for more efficient all-optical communications.
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1. Introduction

For a long time, light field modulation — which mainly
uses lasers to modulate various mesoscopic systems — has
been a key area of optics research. In this modulation pro-
cess, the interaction between laser light and materials and the
resulting effects shed light on the workings of mesoscopic
systems.[!l In addition, the related phenomena and effects
have potential applications in light fields. Optical lattices con-
structed using artificial light fields are very important for light
field modulation due to their unique periodic structure.”l A
periodic refractive index is formed when laser beams are trans-
mitted in a periodic structure.*! By periodically modulating
the refractive index of the medium, the way in which a light
field is transmitted by the medium can be adjusted to control
and manipulate the light field. In this paper, we describe the
implementation of an artificially tunable one-dimensional op-
tical bandgap lattice that uses enhanced optical nonlinear ef-
fects based on electromagnetically induced transparency and
the interactions of nonperiodically structured atoms.*% Tun-
able spatial transmissions of light fields were implemented
in such an optical bandgap lattice, and its transmission pat-
terns were investigated by modulating the nonlinear Kerr ef-
fect. This provides another way to observe the spatial trans-
mission properties of light fields, which provides a basis for
better controlling and manipulating lasers to modulate the re-
fractive indices of media. Such research has potential applica-
tions in all-optical communications, ”#! as it enables the spa-
tial transmission mode, logic, and relevance of a light field to
be modulated.
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The electromagnetically induced transparency effect of-
fers great value for applications in nonlinear optics. In
particular, when based on the multienergy atomic structure,
electromagnetically induced transparency can not only dras-
tically change the nonlinear refractive index of an atomic
medium, which leads to a slower velocity of the probe beam,
but can also enhance the nonlinear effect of the atomic
medium and thus improve the intensity of the four-wave mix-

1.°-111 In addition, the electromagnetically induced

ing signa
transparency effect can also enhance the nonlinear self-Kerr
effect as well as the nonlinear cross-Kerr effect.[!>!13] Fur-
thermore, an electromagnetically induced grating can be cre-
ated using the electromagnetically induced transparency phe-
nomenon under certain spatial light field conditions,/*!3]
causing the medium to form a periodic photonic bandgap

(16.17] In our experiment, we investigated the optical

structure.
nonlinear Kerr effect generated by the electromagnetically in-
duced transparency signal and the four-wave mixing signal in
a one-dimensional photonic band structure. In this process,
we observed the nonlinear Kerr effect and the correspond-
ing transmission spot changes of two signals under different
conditions, in particular, under the effect of interaction be-
tween different light fields. In addition, regulation of specific
physical phenomena in the spatial images of the probe sig-
nal and the four-wave mixing signal was observed, including
focusing, defocusing,'® shifting, ') and spatial splitting. [>]
The experimental results show that the interaction between the
light field and the medium can regulate the spatial transmis-
sion of the light field by changing the refractive index of the
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medium. These results provide experimental technology sup-
port for all-optical communications and open up potential re-
search prospects for all-optical signal processing.

2. Experimental scheme

As shown in Fig. 1(al), the energy levels in this exper-
iment are designed based on an inverted Y-type four-energy
atomic structure consisting of 58 ,(F = 3) (|0)), 5S; 2(F =
2) (13)), 5P352 (|1)), and 5Ds; (2)) in a rubidium (3°Rb)
atomic four-energy system. The probe laser beam FE; ex-
cites |0) to |1), the coupling laser beams E3 and E’ con-
nect |3) and |1) from two opposite directions, and the exter-
nal dressing laser beam E, excites |1) to |2). As the light
field excites the atoms to their respective energy levels, the
mutual dressing effect between the energy levels causes indi-
vidual energy levels to split and form the dark state, which
results in the electromagnetically induced transparency phe-
nomenon. Figure 1(a2) shows the relationship between the
mutual dressing effects of individual energy levels. The light
field Ej5 splits energy level |1) into two dressed states denoted
by |G3(z)+) and |G3(z)—). When the external dressing field
laser beam E is injected, the energy level |G3(z)+) is fur-
ther split into two dressed states denoted by |G3(2) + G2+)
and |G3(z) 4+ G,—) due to the dressing effect between the en-
ergy levels. Figure 1(b) shows a schematic diagram of the ex-
perimental beam structure. The experimental setup is shown
in Fig. 1(c); it consists of the probe laser beam FE; together
with the coupling laser beams E3 and Ej. In addition, the
oval part of the figure represents the rubidium medium inside
a heated cavity. The laser beam is divided into multiple beams
through different polarizing beam splitters (PBSs), and is fo-
cused into the atomic medium in different directions. After
passing through the atomic medium, the laser beam is then
injected into the charge-coupled device (CCD) and the oscil-
loscope through the optical attenuator. The evolution of the
spatial beam and its regulation are observed using the signals
in the CCD and the oscilloscope. First, different laser beams
are injected into the system under different experimental con-
ditions. PBS2 and PBS3 transmit the refracted probe transmis-
sion signal (Ep) to receiver D1, while the four-wave mixing
signal (EF) is transmitted in the other direction through PBS1
and also through PBS4 to receiver D, and the CCD. The light
fields E; and F5 are injected in different directions, forming
a small angle between them; E} is transmitted in the opposite
direction to that of E', while the dressing field E; propagates
at a small angle in the opposite direction to that of E;. In this
process, the excitation energy levels of the periodic beam form
a periodic split energy level structure, enabling a periodic po-
larization rate to be obtained, thus creating a periodic refrac-
tive index in the medium that finally constructs the photonic
bandgap structure. The spectral signal in the detector and the

spot image signal in the CCD are then observed and analyzed
by changing the light field to adjust various parameters.
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Fig. 1. (al) Model of a four-energy atomic system and the energy level struc-
ture of the light field, (a2) diagram of the energy levels splitting under the
effect of the dressing light field, (b) schematic diagram of the optical path de-
sign and the atomic medium, (c) diagram of the simple experimental setup,
including PBS (a polarizing beam splitter), D; (detector 1), D, (detector 2),
Rb cell (a rubidium cell), and CCD (a charge-coupled device).

3. Theoretical model

The self-Kerr and cross-Kerr effects are mainly generated
by the interaction of the light field with the atomic medium.
In order to help the reader to understand the nonlinear dis-
persion in the medium and physical phenomena such as the
focusing, defocusing, splitting, and shifting of the light trans-
mission, we present the spatial light propagation equations for
the probe transmission signal and the four-wave mixing signal
that result from self-phase modulation and cross-phase modu-
lation. The propagation equation corresponding to the probe
transmission signal is shown below:

dup  id%up ikzwgl
97 298 = g (73 luel* 4203 e -2 P

+2n53 |us|* + 215 * uy |*) up. (1)

The generation of the four-wave mixing signal needs to satisfy
the wave vector phase matching condition kg = k| + k3 — kg,
and the corresponding propagation equation is
dup  i0%up _ ikEwdl
0Z 20&2 ng
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where Z =z/L, L = klwg is the diffraction length, @y is the
spot size of the probe transmission light, k; is the wave vec-
tor of the laser field E;, w; is the frequency of E; (where
i=1,2,3,3"), z is the longitudinal coordinate in the propa-
gation direction, Z is the normalized longitudinal length, and
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& =x/ay and & = y/wy denote the transverse or longitudinal
coordinates shown in Fig. 1(c), respectively; kp is the wave
vector of the probe transmission signal, kg is the wave vector
of the four-wave mixing signal, and kp = kg = @1 /c, where
ng is the linear Kerr refractive index. ngl represents the self-
Kerr nonlinear coefficient of the probe transmission signal Ep,
and ngz denotes the self-Kerr nonlinear coefficient of the four-
wave mixing signal EFf. n); 1=X8 denotes the cross-Kerr non-
linear coefficients of the probe transmission signal Ep as well
as the four-wave mixing signal Er caused by E;, E», E3, and
B} up = Ep/I)?, wy = Ev /I, uy = By /1%, us = E3 /12,
up = Eg/ Ié/ % and uy =E}/ Il-l/ ? represent the normalization of
the two different signal values Ep and Er. Here, we assume
that the intensities of the laser fields E;, E,, E3, and Eg are
denoted by the symbol [;, where i = 1,2,3,3’, respectively.
The purpose of this notation is to further differentiate them
without creating a substantial impact on the theoretical model
under discussion.

In the left-hand sides of Eqgs. (1) and (2), the first terms
describe the longitudinal propagation process of the probe sig-
nal and the four-wave mixing signal, respectively. The second
terms reflect the diffraction phenomena of the two different
laser fields during the propagation process. In the right-hand
sides of the two equations, the first terms describe the non-
linear self-Kerr effect, and the second through the fifth terms
describe the nonlinear cross-Kerr effect.

For the specific application of the Kerr effect in this ex-
periment, all nonlinear Kerr effects can be expressed in a gen-
eralized form as

~(3
- Repy)
np~x ——,

&cno

3)

where & is the dielectric constant, ¢ is the speed of light in
vacuum, and ﬁfg) is the third-order density matrix,?!1 which
can be obtained by solving the coupled density matrix equa-
tions. According to the atomic energy levels and the Liouville
path, [22] it is known that when no laser field is added, the Sys-
tem state can be represented by the density matrix p(gg). When
E) is added, the system state changes to p(()g) BN pf(l)) , which
results in the first-order density matrix pf(l)) =1iG;/d,. After
Es, Eg, and E, are added, the three optical fields simultane-
ously produce the dressing effect on energy level |1), which
affects the Liouville path and changes the first-order density
matrix. The new first-order density matrix expression is as
follows:

) 1Gy
di +|Gss|?/d3 + G2 | /dy

Plo @)

Based on the first-order density matrix, the third-order density
matrix expression can be obtained according to the Liouville

path pig’ < ply) = plg) 2 pfy:

50 _ —i1G1G3G,
107 (dy + G352 /d3 + |G| /dr)?d5”
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where |Gss|* = |G3|* + |G5[* + 2G3Gf cos(2k.z), di = I+
1Ay, d3 =I30+1A; —iA3, and dy = [0+ 1A, +14;. G; =
WE;/h is the Rabi frequency, y; is the dipole moment, k. =
(w3 + @}) /2c, the frequency detuning A; = Q; — @; (L2; repre-
sents the resonant frequency excited by F;), and I;; represents
the transverse relaxation rate between the energy levels |i) and
).

Equation (5) is the general third-order density matrix ex-
pression. This expression is slightly different due to the in-
dividual subterms that appear due to the effects of differ-
ent dressing fields. Therefore, there are slight differences in
the self-Kerr nonlinear effects caused by the probe transmis-
sion signal and the four-wave mixing signal. Similarly, the
cross-Kerr nonlinear effect exhibits slight differences because

of laser beams E), E», E3, and Ej. In fact, the nonlinear
S1,2 SE

Kerr effect is formed by superposition, where n, ™~ = n5",
X155 XE, X26 _ XE, X37 _ XFE3 X48  XEj
n, T =n, L, n, =0, s, n, =0, ,and nm, U =n, °.

Without taking into account the effects of laser beam diffrac-
tion and cross-phase modulation, the solutions of Egs. (1) and
(2) can be expressed as

upr(z,§) = upr(0,8)X;expig;, (6)

wherei=1,2,3, ¢; = 2kp,an§E’I;e*(5’5i)2/2/(nolp.p) denotes
the nonlinear phase shifts caused by the laser fields E;, respec-
tively, and &; is the position of the central coordinate of E; in
the cross section, which is used as the original central coordi-
nate of the corresponding probe transmission signal as well as
the four-wave mixing signal. Based on this, we set the trans-
verse or longitudinal propagating wave vector of the external

A

dressing field introduced by E; to 5k"§ = (d¢;/d&)&, where

]
é is the unit vector in the direction of the transverse or longitu-
dinal axis. Since the change in phase shift is mainly observed
in the cross-sectional direction of the laser field, the direction
of 6kl"6 determines the spatial variation characteristics of the
probe transmission signal and the four-wave mixing signal in
the cross-sectional direction. For example, 5k, 5, > 0 denotes
the inductive effect of the E3 field on the probe transmission
signal in the x-axis direction. When n3 > 0, 3k;§ always
points to the center of the laser beam, and the correspond-
ing weak beam continuously moves toward the strong beam.
When n’zc" < 0, the weak beam exhibits a state of deviation from

Si

the strong beam. When 75y > 0, the weak beam exhibits a fo-
cusing phenomenon. When n3y < 0, the weak beam exhibits
a defocusing phenomenon. To facilitate the subsequent study
of the stronger spatial focusing or defocusing characteristics

arising from the nonlinear phase shift at lower intensities, a
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general theoretical expression for the nonlinear refractive in-
dex is given as

Ansi=nbin, (i=1,2,3,3"). (7)

In addition, when the nonlinear refractive index is large and
the field strength is low, we can also use Eq. (7) to theoreti-
cally approximate the nonlinear phase shift and strong spatial
focusing or defocusing phenomenon in order to simplify this
complex problem.

4. Experimental results

First of all, the spectrums and spatial images of the probe
transmission signal and four-wave mixing signal are obtained
using frequency detunings of A, and Az, both at 400 MHz, and
a scanning frequency detuning A; in the range of —800 MHz
to 800 MHz. Figures 2(al) and 2(a2) show the spectral vari-
ations of the probe transmission signal and the four-wave
mixing signal, respectively. As shown in Fig. 2(al), when
the scanning frequency detuning A; = —400 MHz, a peak is
observed in the probe transmission signal, which is the EIT
generated by the laser fields E; and Es, Eg, and F,. This
can be compared with the spectrum of the four-wave mixing
signal at the same frequency detuning position in Fig. 2(a2):
A four-wave mixing signal peak can be observed, which is
generated by the laser field E| and the coupling laser fields
E; and Ej interacting under the phase-matching condition
kg =ki+k3— ké. Figure 2(a3) is a diagram of the relationship
between the scanning frequency detuning A; and the nonlin-
ear refractive index An)z(E] theoretically simulated according
to Eqgs. (5) and (7). It can be observed that the nonlinear re-
fractive index changes with the scanning frequency detuning
Ap. At the position of A} = —400 MHz, in particular, the non-
linear refractive index is dressed by E», forming a suppression
pit. The reason for this is that at A; = —400 MHz, E; res-
onates with E(z,) causing the subterm |G,|?/d, in Eq. (5) to

increase and ﬁlg to decrease. From Eqs. (3) and (7) it can be
seen that n, is directly proportional to ﬁl(g)a and Ang" is directly
proportional to ng" . Therefore, the nonlinear Kerr refractive
index decreases by a certain degree at A = —400 MHz. From
the perspective of the nonlinear refractive index change, the
change in the spot can be quantitatively described to investi-
gate the variations of the spatial images of both signals. The
nonlinear Kerr refractive index Ang' is calibrated to be zero
at the scanning frequency detuning of A; = 0 MHz, where
the light field E; is at the resonant position of the atomic
energy level. Figure 2(bl) shows the spatial image varia-
tion of the probe transmission signal. When the scanning
frequency detuning is A; < 0 MHz, the nonlinear Kerr refrac-
tive index Anj is greater than zero, as shown in Fig. 2(a3).

The theoretical expression of the nonlinear refractive index

according to Eq. (7) shows that the transverse propagation
wave vector 5k; 1¢ always points to the center of the laser
beam at this moment, so the spatial spot of the probe trans-
mission signal exhibits a focused state. When the scanning
frequency detuning A; changes, the nonlinear Kerr refractive
index also increases. When the scanning frequency detuning is
A; = —100 MHz, the nonlinear Kerr refractive index reaches
its maximum. From Fig. 2(b1), it can be learned that with the
progression of the above process, the focusing phenomenon
in the spatial image of the probe transmission signal also in-
creases and peaks when A; = —100 MHz. When the scanning
frequency detuning is A; > 0 MHz, the value of the nonlin-
ear Kerr refractive index Any becomes less than zero, and the
point denoted by 6k;] 1¢ gradually deviates from the center
of the beam. At this moment, the spatial image of the probe
transmission signal is gradually transformed from focused to
defocused. When the scanning frequency detuning A; is in-
creased, the absolute value of the nonlinear Kerr refractive
index appears to first increase before gradually decreasing. At
the same time, the corresponding spot of the probe transmis-
sion signal remains defocused. Figure 2(b2) shows the spatial
image variation of the four-wave mixing signal. Compared
with the probe transmission signal in Fig. 2(b1), the four-wave
mixing signal shows the same spot focus as the probe trans-
mission signal when the scanning frequency detuning A; < 0.
This phenomenon appears because the generation of the four-
wave mixing signal mainly depends on Ej. In addition, its
focusing and defocusing phenomena also depend on the non-
linear refractive index Anlzs1 caused by E|. When the scanning
frequency detuning is A; > 0 MHz, the nonlinear Kerr refrac-
tive index is less than zero. Meanwhile, the four-wave mixing
signal is similarly gradually transformed from focused to de-
focused. The four-wave mixing signal differs from the probe
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Fig. 2. Probe transmission spectra (al), four-wave mixing spectra (a2), and
refractive index (a3) with scanning detuning A; in the range of —800 MHz to
800 MHz. Spatial image of the probe transmission signal (b1) and a spatial
image of the four-wave mixing signal (b2) with scanning detuning A; in the
range of —800 MHz to 800 MHz. In the above figures, the coupling field
detuning A3 and the dressing field detuning A, are both 400 MHz, the power
of E is 1.5 mW, the power of Ej3 is 15 mW, the power of Eg is 15 mW, and
the power of E, is 30 mW.

124209-4



Chin. Phys. B 31, 124209 (2022)

transmission signal in that the spatial image of the four-wave
mixing signal undergoes a significant spatial shift in the y di-
rection. This difference is caused by the nonlinear phase shift
resulting from the effect of the vertical component of the light
field E| on the medium. The results show that the self-Kerr ef-
fect caused by the probe field E; can modulate the spatial light
spot of the probe transmission signal and the four-wave mix-
ing signal in a certain range by changing the nonlinear Kerr
refractive index.

We now focus on the modulation of the spatial images by
narrowing A; in the vicinity of the generated EIT and four-
wave mixing under the cross-Kerr effect of the four beams in-
teracting with each other. To ensure the symmetry of the study,
we change the frequency detuning Az to —400 MHz and ob-
serve the variation of both signals under different experimental

conditions by controlling a single variable. Figure 3(al) shows
the spectrum of the probe transmission signal for the scanning
frequency detuning A;. On comparing this with Fig. 2(al), it
can clearly be observed that when Az changes from positive to
negative, the spectrum of the probe signal generates electro-
magnetically induced transparency at the scanning frequency
detuning of A; =430 MHz. Figure 3(a2) shows the spectrum
of the four-wave mixing signal for the scanning frequency de-
tuning A;. Similarly, comparing Fig. 3(a2) with Fig. 2(a2),
one can see that the spectra of both figures show basically the
same pattern at symmetric frequencies. The theoretical vari-
ation curve of the Kerr nonlinear refractive index under the
effect of light field E; alone is shown in Fig. 3(a3), which
demonstrates that the variation in the Kerr nonlinear refractive
index only occurs with the scanning frequency detuning.

. —4f (1) 1.0 I (b1)
E £ '
A g &
S 6 (a2)
=
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g E(ai%) %
£ —2 |
—500 0 500 300 400 410 420 430 440 450
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N o0 POOYPOOYYYYYDY
drrer2 5888838887
400 410 420 430 440
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Fig. 3. Probe transmission spectra (al), four-wave mixing spectra (a2), and refractive index (a3) with scanning frequency detuning A; in the range
of —500 MHz to 500 MHz. Spatial images of the probe transmission signal (bl) and the four-wave mixing signal (b2) with scanning frequency
detuning A in the range of 400 MHz to 440 MHz. In the above figures, the coupling field frequency detuning A3 and the dressing field frequency
detuning A, are both —400 MHz, the E| power is 1.5 mW, the E3 power is 15 mW, and the E power is 15 mW. All spectral vertical axis units are

normalized units (arb. units).

The reduced ranges of the spectral signals in Figs. 3(al)
and 3(a2) are further amplified, as shown in Figs. 3(b1) and
3(b2), respectively. Figures 3(c) and 3(d) show the spatial im-
age evolutions of the corresponding probe transmission sig-
nal and four-wave mixing signal after the range of scanning
frequency detunings A; is reduced to the defocus area. By
comparing Figs. 3(c) and 3(d), it can be seen that the spa-
tial images of both the probe transmission signal and the four-
wave mixing signal produce the splitting phenomenon in the
x- and y-axis directions, which is caused by different nonlin-
ear phase shifts between each light field and the medium. The
probe transmission signal is dressed in the x-axis direction by
E; and Ej. The effect of the two beams is caused by the

same light intensity, which results in ¢3 — ¢; = 0. Hence, in
the propagation of the corresponding signal light, the nonlin-
ear phase shift in the transverse or longitudinal components
of E and E, leads to changes in the propagation wave vec-

A A

tors 5k;’15 = (d¢;/d&)E and 3k;,2§ = (d¢n/0E)E, which
play important roles in the propagation process. As a re-
sult, the probe transmission signal images produce the split-
ting phenomenon in both the x- and y-axis directions. How-
ever, the light fields F;| and E, are oppositely incident, so
that part of the transverse component is balanced. Thus, in
the spatial image, the longitudinal splitting is more obvious
than the transverse splitting. By the same token, the four-

wave mixing signal is mainly affected by the light fields E
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and E,, which leads to splitting of the transverse and lon-
gitudinal spatial images. Due to the weaker four-wave mix-
ing signal, however, the nonlinear phase shift caused in the
four-wave mixing signal by each light field is larger than that
of the probe transmission signal. As such, the longitudinal
splitting is larger, so that the transverse splitting in Fig. 3(d)
is not sufficiently obvious. Based on the spatial images in
Figs. 3(c) and 3(d), it can be seen that when A; scans at about
410 MHz, the probe transmission signal is suppressed and
reaches a trough. Meanwhile, the spatial image of the probe
transmission signal splits by the maximum amount in the x-
axis direction. When A; scans at about 430 MHz, the four-
wave mixing signal reaches its peak value. At the same time,
the splitting of the four-wave mixing signal in the y-axis direc-
tion is slightly suppressed. By comparing these two signals,
it can be found that there is a difference of 20 MHz between
the positions where the spatial images change the most due
to the dressing effect. This is because when A} = 410 MHz,
the signal strength Ip of the probe transmission signal Ep is at
its minimum. Meanwhile, the corresponding nonlinear phase
shift ¢; = 2kp,1:zn)2(E"11e’(5’51)2/ 2/ (nolp ) is at its maximum.
Therefore, the splitting of the probe transmission signal here
is at its maximum along the x-axis. When A; = 430 MHz,
the signal intensity /r of the four-wave mixing signal EF is at
its maximum. Meanwhile, the corresponding nonlinear phase
shift ¢; = 2kp7pzn§E"Ile*(5*5I)2/2/(nolp,p) is at its minimum.
Therefore, the splitting of the four-wave mixing signal along
the y-axis direction is slightly suppressed here.

This section describes the modulation effect of the non-
linear cross-Kerr effect on the signal, which was observed
by scanning the frequency detuning A, and altering the in-
tensity of the probe field. Fixing A; = 200 MHz allows the
frequency detuning A to be scanned while changes in the im-
ages are located within the defocused area, which facilitates a
more intuitive observation of the effect of the external dress-
ing field. Figures 4(al) and 4(a2) show the spectral variations
and the spatial images of the probe transmission signal for a
dressing field E, power of 30 mW. Theoretically, when the
probe transmission signal satisfies the resonance condition of
A1+ Ay = 0 MHz, it should generate an EIT peak. However,
when the probe field E| power is large, its interaction with the
dressing field E; is strong, so that E5 has a suppressing effect
on the energy level |1). Therefore, at a scanning frequency
detuning of Ay = 0 MHz, a suppression phenomenon occurs
in the middle of the EIT peak, because the |G,|?/d, term in
Eq. (5) causes the dressing field E» to produce a dressing ef-
fect on the probe transmission signal. As we can see from the
spatial image of the probe transmission signal in Fig. 4(a2), the
E, field has a clear suppressive effect on the probe transmis-
sion signal. Figures 4(al’) and 4(a2’) show this phenomenon
after only reducing the power of E and keeping all the other

conditions constant. The probe transmission signal at this time
shows a typical single-peak spectrum, because the field power
of FE is too small and the interaction with E» is weak. There-
fore, the suppressive effect of E, on E; cannot be reflected
in the figure. On comparing Fig. 4(a2") with Fig. 4(a2), it can
be seen more obviously that with a continuous change of the
scanning frequency detuning A, the intensities of the probe
transmission signal, spot area, and spot brightness decrease
when the intensity of the probe field diminishes. In addition,
hardly any obvious change can be seen in the spatial image
in the weak signal case. Correspondingly, the strong probe
field case shows significant transverse and longitudinal split-
ting of the probe transmission image, for the same reasons as
explained above.
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Fig. 4. (a) Scanning of the frequency detuning A; in the range of —300 MHz
to 300 MHz: the probe transmission spectrum (al) and the corresponding
spatial images (a2) at a probe field E; power of 2 mW; the probe transmission
spectrum (al’) and the corresponding spatial images (a2’) at an E| power of
1 mW, (b) scanning frequency detuning A; in the range of —300 MHz to
300 MHz: the four-wave mixing spectrum (b1) and the corresponding spatial
images (b2) at a probe field E; power of 2 mW; the four-wave mixing signal
spectrum (b1’) and the corresponding spatial images (b2') at an E; power of
1 mW. All spectral vertical axis units are normalized units (arb. units).

The spectral and spatial image changes of the four-wave
mixing signal are shown in Figs. 4(b1) and 4(b2), respectively,
for an E; field power of 2 mW. In the spectrum of the four-
wave mixing signal, it can clearly be seen that the four-wave
mixing signal is also affected by the dressing effect of E,
which results in a suppression pit at Ay = 0 MHz in the spec-
trum. From Fig. 4(b2), it can be observed that due to the coop-
erative effect of the nonlinear phase shifts ¢; and ¢, caused by
Ej and E,, the spatial image of the four-wave mixing signal
exhibits a splitting phenomenon. Additionally, the variation of
the frequency detuning of E; changes the combined nonlinear
refractive index of the two light fields. It turns out that if the
change in the intensity is weak, the degree of splitting does
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not change with A, indicating that the nonlinear modulation
is subject to a smaller E, effect.

The spectral and spatial image changes of the four-wave
mixing signal after decreasing the power of E; to 1 mW are
shown in Figs. 4(b1’) and 4(b2’), respectively. In comparison
with Fig. 4(bl), we still see a suppression pit, but its depth
is smaller than in Fig. 4(b1’). Figure 4(b2") shows the corre-
sponding spatial image of the four-wave mixing signal. On
compared this with Fig. 4(b2), it can be seen that the image
does not split longitudinally after the E; power is reduced.
This indicates that the image of the four-wave mixing sig-
nal splits longitudinally due to the high power of E|. Fur-
thermore, the main reason for this is the y-axis component of
the nonlinear phase shift caused by the interaction between
FE; and the atomic medium. This demonstrates that different
probe field powers play a crucial role in the splitting modula-
tion of the probe transmission and four-wave mixing images.

Finally, we further investigated the relationship between
the intensity of the external dressing field and the nonlinear re-
fractive index by fixing A; = 200 MHz in the defocused area.
The spatial evolution patterns of the four-wave mixing images
are shown in Fig. 5(a). Spatial images are shown in detail in
Figs. 5(al), 5(a2), and 5(a3), for different powers of the ex-
ternal dressing field E» of 30 mW, 20 mW, and 10 mW, re-
spectively. In the transverse view, the optical spot area of the
four-wave mixing decreases near Ay = 0 MHz, which is con-
sistent with the intensity magnitude of the spectral signals in
Figs. 5(b1), 5(b2), and 5(b3). In the longitudinal view, the sup-
pression effect of the light field £, on the four-wave mixing
signal is smaller away from the resonant frequency of 0 MHz.
In the other words, for the same scanning frequency detun-
ing, the smaller the power, the smaller the area of the optical
spot that appears. Moreover, the farther A, is from 0 MHz,
the more apparent this pattern becomes. When A; is closer
to resonant frequency of 0 MHz, the larger the E, power be-
comes, and the spot area shows the opposite pattern. To be
precise, the closer A; is to 0 MHz, the larger the E, light-field
power becomes, and the smaller the spot appears due to the
suppression effect. This is because when A; = 0 MHz, the res-
onance effect between E; and the atomic energy level is at its
strongest, and the dressing effect of E, on the four-wave mix-
ing signal exhibits stronger suppression. Figure 5(b) shows the
pattern of variation in the spectrum intensity of the four-wave
mixing signal for various powers. The larger the E, power,
the more significant the suppression effect on the four-wave
mixing spectrum becomes, and the deeper the suppression pit.
In Figs. 5(al) and 5(bl), it can be seen that the power of E»
is 30 mW. Under these conditions, with a changing scanning
frequency detuning A, the suppression pit created by the four-
wave mixing signal at A = 0 MHz corresponds to the smallest
spot in Fig. 5(al). As the power of E» decreases, the suppres-

sion of the four-wave mixing signal by FE» diminishes, and the
suppression pit depth becomes smaller, as shown in Figs. 5(b2)
and 5(b3). In Figs. 5(a2) and 5(a3), when Ay = 0 MHz and the
dressing effect is the strongest, the smaller the power of E,
the larger the optical spot. For a more intuitive observation of
the relationship between the intensity of the dressing field and
the variation of the optical spot, we have added a red dashed
line as a reference in Fig. 5(a). The dashed line corresponds
to the location of the maximum intensity of the dressing field.
It can be seen that when the E, power is constant, the area
of the optical spot shrinks to its minimum when the dressing
effect reaches its maximum. Moreover, the optical spot is in-
creasingly less suppressed by E» as the E, power decreases.
At the same time, the spot area gradually increases at the same
scanning frequency detuning. Figure 5(c) shows the trend of
the nonlinear Kerr refractive index at different dressing inten-
sities. As the scanning frequency detuning A, changes, the
refractive index gradually changes from zero to less than zero
and then back to its initial position. In addition, the larger the
power of E, the larger the change in the Kerr refractive index
becomes, and the greater the variations of the curves corre-
sponding to Fig. 5(cl), 5(c2), and 5(c3).

FWM

FWM

ng (107°)

A, (MHz)

Fig. 5. (a) Spatial images of the four-wave mixing signal with a scanning fre-
quency detuning A, range of —50 MHz to 50 MHz, an E| power of 1.5 mW,
and dressing field intensities of (al) 30 mW, (a2) 20 mW, and (a3) 10 mW,
respectively. (b) Spectra of the four-wave mixing with a scanning frequency
detuning A, range of —50 MHz to 50 MHz and dressing field intensities of
(b1) 30 mW, (b2) 20 mW, and (b3) 10 mW, respectively. (c) Nonlinear refrac-
tive index variation for a scanning frequency detuning A, range of —50 MHz
to 50 MHz and dressing field intensities of (c1) 30 mW, (c2) 20 mW, and
(c3) 10 mW, respectively. The power of E3 is 15 mW, and the power of E
is 15 mW.

Based on Figs. 5(a)-5(c) it can be seen that the external
dressing field has a modulating effect on the nonlinear Kerr
refractive index. Furthermore, it may also modulate the in-
tensity and spatial spot area of the four-wave mixing signal.
When the intensity of the external dressing field is larger, the
nonlinear Kerr refractive index changes at a faster rate, and
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the nonlinear modulating effect of the four-wave mixing sig-
nal becomes stronger. Conversely, when the intensity of the
external dressing field is smaller, the nonlinear Kerr refractive
index changes more slowly, and the modulating effect of the
four-wave mixing signal becomes weaker.

5. Conclusion

In summary, we have presented a theoretical and exper-
imental study of the spatial image and spectral signal evo-
lution patterns of the probe transmission and the four-wave
mixing signal based on an inverted Y-type four-energy level
atomic system by changing the adjustable parameters of the
light field. The refractive index of the medium was modulated
by the nonlinear Kerr effect of the interaction between the light
field and the atomic medium. In addition, the nonlinear phase
shift of the probe transmission and the four-wave mixing sig-
nal was modulated. Spatial shifting and splitting patterns of
the probe transmission and the four-wave mixing signals were
obtained by manipulating the light fields. In this process, it
was observed that frequency detuning and the power of the
light fields play a decisive role in the spatial image change of
the probe transmission and four-wave mixing signals. These
modulating patterns provide experimental technology support
for all-optical communications and open up potential research
prospects for nonlinear optical communications networks.
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