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The potential for nonlinear conversion between two laser pulses in a three-level V-type medium with assistance

of an auxiliary microwave resonant radiation is studied. The results show that microwave driven field can lead to the

parametric generation of a new laser pulse with high conversion efficiency when a weak pump laser pulse is applied.
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1. Introduction

Effects of atomic coherence and interference are
currently becoming an important and intensive tool

a.[1=21 By use of atomic co-

in highly resonant medi
herence, the problem of developing resonant nonlinear
optics with high efficiency has attracted a lot of in-
terest recently. The conventional system used for this
purpose is a four-level double-A system, or a four-level
cascade-type system based on the effects of atomic
coherence and interference. The relevant represen-
tative papers are cited in Refs.[1-13]. For example,
Zibrov et al investigated an efficient nonlinear pro-
cess in a four-level medium coherently prepared by
resonant, counterpropagating fields and showed that
such a process could be used for generation of pairs
of Stokes and anti-Stokes fields.[!! Very recently, Wu
et al performed a time-dependent analysis of four-
wave mixing (FWM) in a double-A system in an ultra-
slow propagation regime and obtained the analytical
expressions of pulsed probe lasers, FWM-generated
pulses, phase shifts and absorption coefficients, group
velocities, and FWM efficiency.?l At the same time,
they also analysed and discussed a lifetime-broadened
cascade-type four-wave-mixing scheme in the ultra-

slow propagation regime and showed that the gener-

ated FWM field could acquire the same group veloc-
ity and pulse shape as those obtained by an ultraslow
pump field.>4 On the other hand, some interesting
experiments using these systems have been success-
fully carried out, which may open up new opportu-
nities for technological applications of these predicted
phenomena.l'#~18] Kang and co-workers reported an
experimental study of resonant six-wave mixing in
coherently prepared four-level double-A Rb atomic
media.'®] Alternatively, they also reported an exper-
imental observation of resonantly enhanced slow-light
four-wave mixing in such cold Rb atomic media.l'”]
For the three-level atomic system, Wang and Yang
pointed out that, in the transfer of the quantum
state of two signal fields, both the frequency down-

conversion and up-conversion were possible.!!*]

In this paper, we demonstrate the efficient gener-
ation of coherent light in a V-type system by a low-
intensity pump pulsed laser radiation assisted by a
microwave driven field. We derive the corresponding
explicit analytical expressions for the generated three-
wave mixing (TWM) field. Dependences of the inten-
sity of the generated TWM field on the microwave
driven field, on the propagation distance, and on the
photon detuning are investigated. To conclude, we

also give a brief discussion on the experimental real-
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ization of the proposed scheme.

This paper is organized as follows. In Section
2, the theoretical model is described and the coupled
Schrodinger-Maxwell equations of motion that govern
the dynamics of such a three-level system are solved
analytically. In Section 3, we analyse and discuss the
influence of the microwave driven field, the propaga-
tion distance, and the photon detuning on the inten-
sity of the generated TWM field, and present the ana-
lytical expression of TWM efficiency as well. Finally,
we conclude with a brief summary in Section 4.

2.TWM scheme and solutions
of the coupled Schrodinger—

Maxwell equations of motion

Let us consider a lifetime broadened three-level
V-type atomic system for the TWM generation, as de-
picted in Fig.1. The atomic levels are denoted by |1),
|2), and |3). A pump pulsed laser field E, (angular fre-
quency w, and Rabi frequency 22,) is applied to the
dipole-allowed transition |1) «++ |2). In order to gen-
erate a TWM field (angular frequency w,, and Rabi
frequency 2{2,,), an assisting microwave driven field
E4 (angular frequency wq and Rabi frequency 2(24) is
used to couple Zeeman sublevels |2) and |3) through
an allowed magnetic dipole transition and produce dy-
namically induced maximum coherence between sub-
levels |2) and |3).

£ .
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Fig.1.
three-level atoms interacting with a pump pulsed laser

Schematic diagram of lifetime-broadened

field (angular frequency wp and Rabi frequency 2(2;)
and an assisting microwave driven field (angular fre-
quency wq and Rabi frequency 224) to generate a mix-
ing field (angular frequency wm and Rabi frequency
20m).

In the rotating-wave and electro-dipole approxi-

mations, the semiclassical Hamiltonian describing the
atom—field interaction for the system under study in
the Schrodinger’s picture is given by

3
H =" BM5)(] - (2,6 |2)(1]
7j=1
+ 24€9413)(2| + 2mel®|3)(1] + H.c.), (1)
where the symbol H.c. refers to the Hermitian conju-

gate, 0, = k,
frequency part of the respective optical field, §2,

r — wyt corresponds to the positive-

(n = p,d, m) are one-half Rabi frequencies for the rel-
evant laser-driven transitions, i.e. 2, = p21 E,/(2h),
24 = ps32Eq/(2h) and 2, = p31En/(2h), with
Kl = My - er (er is the unit polarization vector of
the corresponding laser field) denoting the dipole mo-
mzer;t for the transition between levels |k) and |l), and
B! a

state |7). For simplicity, in following analysis we will

hw;j(j = 1 — 3) is the energy of the atomic

take w; = 0 for the ground state |1) as the energy
origin. Turning to the interaction picture, the result-

ing Hamiltonian can be rewritten as follows (taking

h=1):

Ho =wp[2)(2] 4 wm|3)(3],
Hin =A)2)(2] + AJ3)(3]
— (2pexp (ikp - 7)[2)(1] + Laexp (ika - 7)[3)(2|
+ Qnexp (ikm - 7)[3){(1] + H.c.), (2)

where we have assumed that A, = A, = A is satis-

fied. A, =ws —wp and Ay,
sponding frequency detunings of the pump pulsed and
generated TWM fields, as shown in Fig.1.

= w3 — wy, are the corre-

Let us assume the wavefunction of the form

| ) =A4|1) + Agexp (ikp - 7)[2)
+ Agzexp (i(kp + ka) - 7)|3), (3)

where A;(j = 1 — 3) stand for the time-dependent
probability amplitudes of the atomic states.

Making use of the Schrodinger equation in the in-

o|w
[¥) H;, | ¥) and the Maxwell’s

teraction picture i =
equation that governs the propagation of the optical

pulse, the equations of motion for the probability am-
plitudes of the atomic wavefunctions and wave equa-

tions for electromagnetic fields (2, , can be readily
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obtained as follows:

% =i Ay + 12 As, (4a)
% = (7o +iA)Ag + i, A, + i A5, (4b)
% = —(y3 +iA)Az +i9A4z +i0nA;, (4c)
% n iaat — k12 As AL, (4d)
%sz n %88% — ik13 Az AL, (4e)

where 75 and 73 denote the decay rates of states
2) and [3),
27erp(m)|,u12(13)\2/(hc) is related to the frequently

respectively. The quantity kjp(13) =
used oscillator strength of the transition |1) <+«
12)(]1) +> |3}), with N being the atomic number den-
sity in the medium. Above we have utilized the k-
= kp + kd. In
the following discussion, retaining the first order of
the optical fields
system is initially in the ground state |1) (A; ~ 1)

wave-vector matching condition k,
2, m and assuming that the atomic

under the condition that the laser—atom interaction

is weak, then carrying out Fourier transformations

+oo
\/_/ )etdt and Apm(z,w) =
I
— 2, m(z,t)e“ dt for Eqs.(4b)—(4e), we have
ous /_oo "

the results

a;(w)

(w+y2)ae + 2oz = — Ay, (5a)
(w —|— i’h)’/3)043 —|— .QdOéQ = —Am, (5b)
oA Lw .
B—,ZP — IZAP = iKk12Q, (5¢)
oA, .w .

5, 12‘/1m = ik1303, (5d)

where we have introduced the definitions 45 = 5 +1A4
and 43 = 3 + 14, respectively.
The solutions to Egs.(5a) and (5b) can be found
to be
2 D3

= Ay A
Qg D, + = D, (6a)
24 Dy
=——A1 — A, 6b
as D, p T D ( )

where we have introduced the notations D; =
DsD3, Dy = w4173 and D3 = w + i73.

Substituting Egs.(6a) and (6b) into Egs.(5¢) and
(5d), we then obtain directly the coupled wave equa-
tions for the pump and TWM fields as follows:

|Q2a]? —

o4, . D w 3
—32 — 1<n12D—j —+ c>Ap fmlzD A, (7a)
oA, . D w 2
W — 1<513Dj + >Am lfilgD A . (7b)

After some algebra but with no further assump-
,0) and TMW emission process
A (w,0) = 0, the analytical solutions to Egs.(7a) and
(7b) are

tions, for a given A, (w

Ap(w, 2) :Ap(w,O)(S+ei)‘* _Sfei/\+z)7 (8a)

A (w, 2) :Ap(w7 O)S(ev‘*z _ ei)\+z)’

with

G =G (w) = v/(k12D3 — k13D3)% + dk12k13| 2],

w  KigDs + k13D2 + G
A =Ap(w) = — + ;

2D,
A =2 (w) = ";-’ + k12D3 —I—Qj)llng — G’
S, =8, (w) = k1302 _2’22D3 +G
S_ =5_(w) = M2 _2’22D3 <)

S =S(w) = "lgﬁd

where Egs.(8a) and (8b) are the main results of the
present study. If we use a Gaussian pulse shape for
the pump pulsed laser at the entrance to the medium,
ie. £2,(0,t) = (Zp(O,O)ef(t/T)2 (7 is the pulse width),
then by carrying out Fourier transformation we can

T 2
find 4,(0,w) = 2,(0,0)—=e~(@7)"/4,
V2

3. Analysis and discussion for the
generated TWM field

In Fig.2, we plot the relative intensity of the gen-
A (w, L)
712,(0,0)/v/2
w /72 for different values of the microwave driven field
£24. We find from Fig.2 that the TWM signal inten-
sity is quite sensitive to the slight change of the mi-

erated TWM field

as a function of

crowave driven field. As a matter of fact, it can be eas-
ily seen from Eq.(7b) that the generated TWM field is
closely associated with the microwave driven field be-

cause the driving source of the generated TWM field
R 7% B ..
is “—ikq3 D—Ap in the wave-mixing process.

When
1

no microwave driven field occurs and only a pump
pulsed laser field is applied, no TWM field is gener-
ated in such a system. Consequently, the coherence
between Zeeman sublevels |2) and |3) produced by the
microwave driven field plays an important role in gen-
erating a coherent TWM field. The relative intensity
An (w,L)

of the generated TWM field
& 702,(0,0)/v2

versus
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0.08

0.04

Relative TWM intensity/arb. units

Fig.2. The relative intensity of the generated TWM

A L
M as a function of w/y2 for dif-
782,(0,0)/v/2
ferent values of 2q, with 29 = 272 (solid curve),

24 = 1.5v2 (dashed curve), and 29 = 72 (dot-
ted curve). The initial incident pulse is 2,(z =
0,t) = £25(0,0)exp(—t2/72).
are: K12 = K13 = 2 X 109cm’1-s’1, v2 = 0.6 X 1085717
v3 =1.25x 10871, A =0, 7 = 107%s, and L = 1mm.

The fitting parameters

the amplitude of the microwave driven field 24 is
shown in Fig.3, in which we find that the intensity of
the generated TWM field first increases to a maximum
point, then decreases with the increase of the ampli-
tude of the microwave driven field, finally down to a

negligible steady value. In Fig.4, we plot the relative
Ap (w, 2)
712,(0,0)/v2

as a function of propagation distance z. We observe
that the intensity of the generated TWM field firstly

increases dramatically to a maximum value, then de-

intensity of the generated TWM field

creases gradually and approaches rapidly to a zero
It is

easy to see from the expression (8b)(also see the ex-

value with propagation distance z increasing.

pression (11b) below) that this decrease with propa-
gation distance z in Fig. 4 results from the atomic de-
cay of two upper levels |2) and |3). This means that
the generated TWM field has a better conversion effi-
ciency in an optically thin medium (which can always
take place at a sufficiently low density) and for a longer
interaction length the TWM field A, (w,z) is com-
pletely absorbed. In order to analyse the influence of
the photon detuning on the generated TWM field, the
corresponding curve in Fig.5 is clearly presented. We
find that the relative intensity of the generated TWM
A (w, L)
~%(0,0)/v2

a double-wing profile. This result can be understood

field

versus the detuning A exhibits

by employing dressed atomic states. The coupling of
the atom to the microwave driven field 23 gives rise to

the splitting of the upper level |3) into two sublevels
1 1

3£) (|3+) = —=(|3) +12)) and |3—) = —(|3) —2))).

3+) (I3+) ﬁ(|>\>) 3-) ﬁ(|>\>))

The two TWM peaks correspond to the dressed-state

transitions [3+) <> |1) and |3—) <> |1). The hollow

0.10

0.05

Relative TWM intensity/arb. units

0.00

23 /72

Fig.3. The relative intensity of the generated TWM
Am (w, L)
925(0,0)/V2
driven field 2q/~2. The initial incident pulse is 2, (z =
0,t) = 25(0,0)exp(—t2/72).
are: K12 = K13 = 2 X 109cm_1-s_1, v2 = 0.6 X 1085_1,
v3 = 1.25 x 108571, A =0, 7 = 107 %, w = 0.01~2,

and L = lmm.

as a function of the microwave

The fitting parameters
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Fig.4. The relative intensity of the generated TWM
Am (wr Z)
T02,(0,0)/v2

distance z.

as a function of propagation

The initial incident pulse is 2,(z =
0,t) = 2,(0,0)exp(—t2/72).
ters: 24 = 27v2, k12 = K13 = 2 x 10%m
v2 = 0.6 x 108s~1, v3 = 1.25 x 108s~1, A = 0,
7=10"%s, and w = 0.012.

The fitting parame-
141
)
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valley near the resonant point A = 0 (see Fig.5) ap-
pears due to quantum interference between the two
different quantum pathways: |3+) <> |1) and |3—) <
|1), yet this interference makes a negative contribution
to the generated TWM field.

0.04
Py
g
=
4 003f
8
~
2
g
o
4 o002}
=
s
H
.g 001}
k)
°
[
0.00 E N L N L L 1
-12 -8 -4 0 4 8 12
A/
Fig.5. The relative intensity of the generated
Am L
TWM field Mm@, L) as a function of A/~a.
742(0,0)/v2
The initial incident pulse is 2,(z = 0,t) =

2:(0, 0)exp(—t2/72).
24 = v2, K12 = K13 = 2 X 109(:1‘1171'5717 v2 = 0.6 X
108571, 43 = 1.25 x 108571, 7 = 107 %s, w = 0.01~2,

and L = lmm.

The fitting parameters are:

In what follows, we will turn our attention to an
adiabatic regime, where A4, S+ and S can be ex-
pressed by a rapidly converging power series of w.
This permits analytical evaluation of Eqs.(8a) and
(8b) so that a clear physical picture of the process
can be gained. Specifically, we take that Ai(w) =
B+(0) + BL(0)w + O(w), St (w) = W(0) + O(w) and
S(w) = W(0) + O(w).
the approximation of neglecting both O(w) in Sy (w)
and S(w) and O(w?) in A4 (w). It is shown that under

these conditions, the linearized treatment introduced

That is to say, we can make

above is well justified. This treatment can accurately
describe the process at hand. Applying the inverse

Fourier transformation to Eqgs.(8a) and (8b), i.e.

+oo
90 == [ 4,0

x (Sye?-* — S e Wy, (9a)

+oo
2 (2,1) :\/%/7 A,(w,0)

x S(ei)\,z _ ei)urz)efiwtdw’ (9b)

under the above-described conditions, we can obtain

‘QP(Za t) :W+ ‘Qp (777) eiﬁf (0)z

— W_2, (n3) eP+(0)= (10a)
D (z,t) =W 2,(n_)eP- (02
— W2, (ny)elP+ (0= (10b)

where ny = t — z/Vy4. The physical interpreta-
tion of the expansion expression Ay (w) is quite clear.
The group velocity V.4 is determined by Vyi =
Re[1/6/.(0)]. ¢+ = Re[B+(0)] denote the phase shifts
per unit length, and oy = Im[B4(0)] are absorption
coefficients. For a detailed discussion on the meaning
of these parameters on the right-hand side of Ay (w),
it can be found in Ref.[21]. For the typical parameters
and conditions for hyperfine-split alkaline-earth-metal
atom D lines (e.g. the parameters given in Fig.2,), it
is found that the absorption coefficient o is usually
much larger than another coefficient ao_. This sug-
gests that the component 74 in Eqgs.(10a) and (10b)
decays much faster than another coefficient n_. Con-
sequently, after a characteristic propagation distance
z we have

25(2,t) =W4 102, <t — Vi> elP-272=2 " (11a)

o
Ou(z,t) =W 12, <t - i) eld-Fmoz  (11h)
Ve

Equations (11) demonstrate that the generated
TWM field and the pump pulsed field can, after a
characteristic propagation distance, travel through the
cold atom medium with the same temporal profile
and group velocity. We define the TWM efficiency
€ as the intensity ratio between the output generated-
TWM field and the input pump pulsed field, i.e.

+oo
/ B (L, 1)]Pde

€= 70_:00 . Here Er(r?ut) is the electric
/ [E(™(0,t)[%dt

field By (|Ewl? = 48%|2u]? /|us1]?) of the TWM-
generated field at the exit of the medium z = L and
ES™ is the electric field B, (|E,|* = 4k [2,]? / |u21]%)
of the pump pulsed field at the entrance to the medium
z = 0. According to Egs.(11), the efficiency € takes

the form

+oo
. / 2lem) (L, 1) 2dt

€ =

+o0 .
K13Wp / 20 (0,)[2dt

—o0
~ Ki12Wm |W\2 -I'L

= 5€
Friswp W |

; (12)
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In the derivation of the above ex-

. K1z _ wplp|?
pression €, we have used the relation — = ————.
K13 wm|ﬂ13‘

Now we give a brief discussion on the experimen-

where I' = 2a_.

tal realization of our scheme. We consider a system
in which the decay rates are I'y = 2y, ~ 1.2 x 108s~!
and I's = 2y3 ~ 2.5 x 103s~1, typical for transitions in
hyperfine-split ’Rb— — D; line (nuclear spin I = 3/2)
of cold atoms with the designated states chosen as fol-
lows: [1) = [56S1/5,F = 1,m = 1), |2) = |5P1)3, F =
1,m = 0), and |3) = |5Py /5, F' = 2,m = 0), all acces-
sible with diode lasers. Firstly, an assisting microwave
driven field 24 is applied to coupled Zeeman sub-
levels |3) and |2), between which there will appear a
quantum coherence. Subsequently, the incident pump
pulse is applied to the |1) — |2) transition and prop-

agates in a relatively thin Rb atomic medium. Then

the TWM field between levels |3) <+ |1) is generated

spontaneously in such a three-level medium.

4. Conclusions

In conclusion, using the coupled Schrodinger—
Maxwell equations of a three-level atomic system and
a pulsed laser field with assistance of a stationary mi-
crowave driven field, we have proposed and analysed
a new scheme to achieve the parametric generation of
a new laser pulse with high conversion efficiency in
highly resonant media. Our scheme may provide new

possibilities for technological applications.
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