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Four-wave-mixing (FWM) process is examined by using density matrix formalism in a periodically-driven atomic
medium. Numerical result shows that FWM signals can be controlled by selecting different dynamic parameters of the
probe field and strengths of the inner-dressing fields. It is also shown that the controllable FWM process is dominantly
influenced by the evolution of atomic population difference and two-photon coherence. This dynamic and inner-dressing
control of FWM is probably used for optimizing the optical nonlinear process and information processing.
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1. Introduction

The suppression and enhancement of four-wave-mixing
(FWM) process in electromagnetically induced transparency
(EIT) windows!'-®! can be implemented in many multi-level
systems, such as ladder-type,[>>19 Y-type,[®! and double
lambda-type[*%!1-13] level configurations. In a ladder-type
system with hyperfine ground states, the magnitude of FWM
signal is found to be dependent on the transition route, and
dominantly related to the residual two-photon coherence ac-
cording to the degree of optical pumping to the other ground
state.[”) While these features in the cycling transition are dra-
matically influenced by ladder-type and V-type two-photon
coherence components, respectively.!”! Highly efficient FWM
and six-wave mixing (SWM) signals coexisting in EIT win-
dows were reported in an open four-level Y-type atomic
system, in which the interplay between these two nonlin-
ear processes is due to three- and five-photon destructive
interferences.®! Recently, in a backward double-lambda sys-
tem, the conversion efficient in cold rubidium atoms was ob-
served to be 63%, and the conversion efficient was predicted
to be 96% by using a medium with a large optical depth.!?!

The control of FWM process can be achieved by changing
several parameters of the fields applied to the system, e.g., the
detuning and the strengths, 314! the relative phases, '] and the
pulse dynamics.!'®! This control of FWM process can be ap-
plied to the quantum entanglement,!'”! the fabrication of scal-
able multimode quantum resources, '8! and the enhancement
of bright-seeded SU(1,1) interferometer.'>?°! In the present
work, we consider a reverse Y-type atomic system driven by
one probe and two coupling fields. The probe field is periodi-
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cally modulated by a phase function. The two coupling fields
are involved in both FWM and dressing process, thus we term
the coupling fields inner-dressing fields hereafter. We will
show that the FWM process can be successfully controlled by
selecting different dynamic parameters of the probe field, and
strengths of the inner-dressing fields. We will also show that
the controllable FWM process is dominantly influenced by the
evolution of atomic population difference and two-photon co-
herence. This type of dynamic and inner-dressing control of

FWM can be probably used in optical information processing.

2. Theoretical model

A reverse Y-type four-level atomic system is shown in
Fig. 1(a), where |0) and |3) are selected as hyperfine lev-
els with a splitting difference A; |1) and |2) are the in-
termediate and the excited states of the atom, respectively.
Beams diagram is shown in Fig. 1(b), where beam 1 repre-
sents a weak probe field &1, while beams 2 and 2’ propagat-
ing with a small angle difference (~ 0.5°) represent strong
inner-dressing fields & and &)}, respectively. The transition
frequency of |0)—|1), |1)—|2), and |3)—|1) are £;, 5, and Q23
respectively. The frequency, the detuning, the Rabi frequency

and the wave vector of the field & (g

!) are denoted as w;,
A= 0;— Q;, gi (g)), and k;(k}) (i = 1,2,3) respectively. The
€ is assumed to be periodically modulated by a phase func-
tion ¢(¢) = Asin(vr), where A and v are the modulation am-

(211 If the phase-matching

plitude and frequency, respectively.
condition kr = ki + ko — kb is satisfied, the FWM signal prop-
agating in the direction almost opposite to the beam 2’ can be

generated.
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Fig. 1. Diagram of (a) energy levels and (b) beam configuration in re-
verse Y-type four-level system.

The FWM signal is governed by the third-order density

matrix elements 61<(3)> and GS'). Considering that GS) exhibits

(3)

almost the same feature as 0, » we calculate only the den-

sity matrix element 61(8) by using the following coupling equa-

tions:
doyy) /ot = —Awoyy +igilog — o)
+ig2ol) +igioyy), ()
doy [0t = —igi[oy) — ol + Noo|}
+ 73063(? - }’300&2)), ()

dol) o1 = igiloy) — ol +igaloy,) — oly)]

+igslol — oM +mel? —rc?, 3)

20 19t = —Ayoll) +igol)) —igioll), )
80'3<(2))/8t = —A3063((2))—|—ig10'1((l)) —iglaép, 5)
9oy for = izl — o314+ macy)
- 73063(? + %30 cré?, (6)
90y, /01 = g0y — 03]~ mioyy . )
901501/t = —A10010150, = ig1[0g0 — 011 ]
+ ig262(8,)02 tig 03(87)03, @®)
802(812/& = _A21=1202(R12$ig1°'2(8,)02
F 182[05(2)) - 61((1))] Figi 02((3),)327 )
90135 /9t = —A3310135 +igi[o); — )]
+ ig262(2,)32 +igi 0(5(3)?30, (10)

where the complex detunings Ajg = yio — i[4A; + ¢'(¢)], A1z =
Yis — i[A3 + 9'(1)], Ao = p0 — i[A1 + A2 + 9'(1)], Axz =
Vo3 —i[A3+ Ay + ¢/ (1)], Ao = Y30 — 14, Ay = 31 — 142 with
Aij=A}; (4,j=0,1,2,3,i # j); the decay rate from level |§)
to |j) (i,j=0,1,2,3,i# j)is defined as ¥;; = yji = ([ +1;)/2
with I (I) being the decay rates of level |i) (| )).

To obtain the above coupling equations, we assume that
g3 = g1 and g» = g5. Itis obvious that the modification of 61((3))
is mainly influenced by the evolution of population difference
Ao = G(()é) - Gl(f), two-photon coherences 62((2)> and 63((2)). To
solve these coupling equations, Fourier expansion of the field
€ is usually used to find the resonant components involved in
the coupling of relative transitions.!!”) However, this method

is cumbersome and incomplete for solving the dynamic and

inner-dressing problem. In the following discussion, we nu-
merically solve the above coupling equations by using the al-
gorithm developed in Refs. [21] and [22].

To simplify the calculation, the atoms are assumed to

be initially populated at the ground state |0), i.e., G(gg) =1

and ijo): 0 (i =j=1,2,3), one can obtain immediately

61(221261(;.)31:(52%):62(?: 0. The coupling equations (3)—
(6), and (8) are reduced to Eqgs. (11)—(14), and (15) respec-

tively:

o} /a1 = igi[ol) — oy ] - Lial}, (11)
902 131 = — Aol +igroll), (12)
362 /91 — —Aes® 110Gl "

03y /0t 3003¢ +18107; (13)
303<§)/3f = }’1361(? - 73063(5) + }’300&2)), (14)
‘961%,)01/8[ = *A10701°'1%,)01 tigi. (15)

The FWM signal is proportional to the third-order den-
sity matrix element GI(S), which can be obtained by numeri-
cally solving Egs. (1), (2), and (11)—(15). In the following, we
analyze these numerical results of FWM signals modified by
dynamic parameters of the probe field, and the strength of the

inner-dressing fields.

3. Numerical results and discussion

Parameters of 3 Rb atom corresponding to possible exper-
iments are chosen in our numerical calculation, where 5S;
(F =2), 581, (F =3), 5P/, and 5Dy, levels are corre-
sponding to states |0), |3), |1), and |2), respectively. These
resonances at the structure are feasible to accomplish a chip-
scale setup, which have a great practical importance. At the
same time the harmonic phase modulation (frequency devia-
tion) of miniature semiconductor laser (so-called VICSEL) is
ordinarily used in practice.!>3! The decay rates are Y10,13=27 X
3MHz, 1 =27 x 0.8 MHz, 30 = 27 x 1 kHz, 5923 =0, and
IT1 =27 x 6 MHz, respectively. It is assumed that the probe
field g is always very weak, with taking g; = g3 = 0.01y,,
the strengths of the inner-dressing fields &, and €, are much
greater than that of the probe field. We also assume that the
dressing fields are detuned exactly to |1) — |2) transition, i.e.,
Ay = 0. Considering that A3 satisfies A3 = A; — A (Fig. 1(a)),
we are concerned about only the detuning A; in the following.
A typical modulation frequency is usually v = A/2, and the
FWM lines versus v around A /2 are examined in all cases.

We consider first the case that the strengths of the
inner-dressing fields are far less than 7j9, with taking g, =
g5 = 0.3710. In this case, both coherent population trapping
(CPT)?* in lambda-type sub-system (|0)—|1)—|3)) and EIT
in ladder-type sub-system (|0)—|1)—|2)) contribute to the for-
mation of a dark state, and FWM signals can transmit in
the medium almost without any absorption. The FWM lines
are shown in Fig. 2 for the different probe detuning values:

104201-2
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A; =0.46, 0.48, 0.50, 0.52, and 0.54 (in units of A), respec-
tively, where the modulation index A = 1. The peaks of these
lines are at the resonant position of v = Ay, i.e., if @; is de-
tuned away from |0)—|1) transition with a value of A;, a probe
field with a modulation frequency v = A; can introduce an
enhanced FWM process at ® = w; + A;. When the modu-
lation frequency Vv is tuned to a fixed value A/2, the peak
values of these signals exhibit a damped oscillation behavior
(Fig. 3(a)), which indicates that the FWM process can be op-
timized by appropriately choosing modulation frequency and
indices. To verify this, FWM lines are plotted in Fig. 3(b)
for A =0.5,0.8, 1, 1.95, 2.5, and 3, respectively. It is shown

% —A;=0464 — A;=0.48A
2 3r 1
g A;=0.50A - -A;=0.52A
o) ’\ A;=0.54A
-
(]
~ 2r , 1
-
: ! :
@ '
“ 4t 1! i
s 1 ’ \ )l
= [
3 \ \
7z
0 = - 7 . S el
0.44 0.46 0.48 0.50 0.52 0.54 0.56
v/A

Fig. 2. Plots of FWM lines versus modulation frequency v near A/2 for
different probe detuning values: A;/A = 0.46, 0.48, 0.50, 0.52, and 0.54,
respectively. Other parameters are A = 1, go = g5 = 0.3%j0.

FWM signals/arb. units

n
R
2
5]
o)
-
3
~
2
q
2
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=
3
0
0.44 0.48 0.52 0.56
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apparently that the FWM signals can be controlled by choos-
ing different modulation parameters of the probe field.

9 T T T T

(a)

FWM signals/arb. units

FWM signals/arb. units

Fig. 3. (a) Modulation index-dependent peak amplitude of FWM lines
at v =A/2; (b) FWM lines varying with v for A = 0.5 (square), 0.8
(solid circle), 1 (upward triangle), 1.95 (downward triangle), 2.5 (rhombus),
and 3 (leftward triangle), respectively. Other parameters are A;/A = 0.5,

g2 =g =0.3710.

o aF : : .
= (b)
3
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= ——g2="Y10
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Fig. 4. Modulation-dependent FWM lines for relative larger inner-dressing strength: (a) and (b) for different dressing strengths g> /710 = g5/%i0 = 0.6
(square), 1 (solid circle), 1.5 (upward triangle), 2 (downward triangle), and 3 (rthombus), respectively; the probe detunings for panels (a) and (b)
are A;/A = 0.5 and 0.48, respectively; (c) for different modulation frequencies v/A = 0.46 (square), 0.48 (solid circle), 0.5 (upward triangle), 0.52
(downward triangle), and 0.54 (rhombus), respectively; and (d) for different modulation amplitudes A = 1 (square), 1.8 (solid circle), and 3 (upward

triangle), respectively. Other parameters are taken as A = 1 in panels (a),

respectively.

(b) and (c), g2/Yi0 = g5/¥i0 = 3 in panel (c), and v/A = 0.5 in panel (d),
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Next, we examine the modulation dependent FWM lines
for relative larger inner-dressing strength (Figs. 4(a)—4(d)).
In this case, the EIT in ladder-type sub-system (]0)—|1)—|2))
dominantly contributes to the formation of a dark state, and
FWM signals transmit in the EIT windows. Figures 4(a)
and 4(b) show FWM lines for the inner-dressing strengths
g2 =g,=06,1, 15, 2, and 3 (in ¥jo units), respectively,
where the modulation index A = 1, and the probe detuning
for Figs. 4(a) and 4(b) are A; = 0.5 and 0.48 (in units of A),
respectively. It can be found that an increasing dressing in-
tensity can suppress FWM signals at the resonant frequency
of v = A;. As the dressing strength becomes greater than ¥,
a largely suppression of FWM signal happens at v = Aj, and
several enhanced peaks can be observed at v = A =+ y19p/2
(p=1,2,3,...). As shown in Fig. 4(c), this type of suppres-
sion and enhancement of FWM signals can persist for differ-
ent probe detuning values: Ay = 0.46, 0.48, 0.50, 0.52, and
0.54 (in units of A). One can find that the red detuning of the
probe field can introduce a larger suppression of FWM signals
when the resonant condition v = A is satisfied. The modula-
tion index A can also dramatically modify FWM signals in a
strong coupling regime (Fig. 4(d)). The greater the peak am-
plitude, the larger the suppression at the resonant position will
be. We believe that this suppression of FWM signals results
dominantly from destructive interference between two chan-

14] while the enhance-

nels induced by inner-dressing fields,
ment of FWM signals is induced by both dynamic parameters
of the probe field and the strong inner-dressing effect.

The controllable FWM signals can be explained by
analysing the evolution of atomic level population difference

and two-photon coherences. As stated, this evolution of FWM

4 (a)
AA
T A \
S 0
=~
@;{:“’_4_ i —92=0.6710]]
Q P m92="710
&= i+ ga=15v0
iioeo-92= 270
—8F | S g2 = 3710
0.48 0.49 0.50 0.51 0.52
v/A

Re[p(2] /10~

0.50
v/A

0.48 0.49 0.51 0.52

Fig. 5. Plots of real and imaginary part of 62%)
(a)—(d) are corresponding to those in Figs. 4(a)—4(d) respectively.

signals is mainly influenced by population difference A o, two-

62((2)) and 63%)

(2)

order and less than o,

photon coherences . However, 63((2)) is of third

in our calculation, thus the modifi-

cation of FWM process is influenced dominantly by Ac and

2
62(0)

signals at resonant position, while an enhanced contribution

. An increasing coupling intensity will suppress the FWM

induced by the population change can counteract part of the
suppression, e.g., the peak amplitude for g» = 0.6y is larger
than that for g, = 9.

As the dressing strength is greater than 79, o 1((3)) is domi-

nantly determined by two-photon coherence 62((2)), since g1AC

)

is far less than g>0,;". In this case, the signal features can

62(3). The real
is shown in Figs. 5(a) (5(b)) and 5(c)
(5(d)) for different coupling strengths and modulation indices,

be explained by analysing the evolution of

(imaginary) part of 62%)

respectively. Where the parameters used in Figs. 5(a) (5(b))
and 5(c) (5(d)) are corresponding to Figs. 4(a) and 4(d), re-
spectively. At v = Ay, the imaginary part of 0'2(3) is zero, and
the FWM process is governed mainly by the real part of (72%) ,
which gives rise to a largely suppression of FWM signals for
an increasing dressing strength. As the modulation frequency
is detuned away from the resonant position, the real part of
this coherence decreases fast to zero, and then changes to a
gain region with a damped oscillation behaviour, both the real
part and imaginary part contribute to the splitting of peaks and
the oscillation fringes. A similar evolution process can also
be observed in the change of modulation index A as shown in
Figs. 5(c) and 5(d). Thus, the control of FWM process can be
achieved by tuning the dynamic parameters of the probe field
and strengths of the inner-dressing fields.

8 T T T
(b)
| A
o
—
~
- O
= —92=0.6710
g W = =g2="710
= —4r Vi -ga=1.5710 1
Voo 92=2710
....... 92:3710
0.48 0.49 0.50 0.51 0.52
v/A

—A=1 1
\ Yy --A=1.8
\,  ---A=3 1
— 5 1 1 1
0.48 0.49 0.50 0.51 0.52
v/A

versus v for different values of ((a), (b)) g» and ((c), (d)) A. Parameters in panels
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Here we should point out that this dynamic and inner-
dressing controlling method suffers the competition between
EIT and CPT induced by probe and coupling fields, and by
the modulation of the probe field as well, respectively. It is
different from the process in the out-dressing system investi-
gated in Refs. [25]{28] where the control process is achieved
mainly by the modulation of electromagnetically induced grat-
ings (EIG) formed by the dressing fields via switching be-
tween bright and dark states.

4. Conclusions

We theoretically investigate the FWM process in a
periodically-driven atomic system. It is shown that an increas-
ing dressing intensity can suppress FWM signal at the resonant
position of v = A;. As the dressing strength becomes greater
than 79, the almost totally suppression of FWM signals can
happen at the resonant position, accompanied by several en-
hanced peaks at v = A; £ ¥19p/2. This dynamic and inner-
dressing control of FWM process is influenced dominantly by
the evolution of atomic population difference and two-photon
coherence, and can be probably used in optical information
processing. By comparing with the advantages of the closed
lambda-type system, N-type system and ladder-type system,
the advantage of a reverse Y-type system in our discussion can
be used to accomplish the coexistence of FWM and SWM pro-
cesses since the former can be suppressed and the latter can be

enhanced. 314
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