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the paraxial approximation. This propagation equation usually represents part of Maxwell-
Bloch system of equations. Method is semi-analytical and semi-numerical. We use analyti-
cal solution of the Fourier transform of the envelope equation, for a given initial condition,
to find numerical solutions on grid nodes in 3+1 dimensions. We have tested our numer-
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is important for modelling many phenomena in areas of quantum and nonlinear optics
dealing with the propagation of light through an active optical medium.
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1. Introduction

The coherent field-matter interaction lies at the heart of many phenomena in quantum and nonlinear optics. Propagation
of light through active optical medium is usually modelled with Maxwell-Bloch equations (MBE) [1-3], which have been
proven adequate as a theoretical background for description of many phenomena regarding interaction between light and
matter. MBE have been used to describe and simulate various effects like electromagnetically induced transparency [4,5],
soliton propagation [6,7], self-induced transparency [8-10], propagation of rogue waves [11,12], photon-echo [13,14] etc.

The system of MBE represent system of partial differential equations. They are equations of semi-classical models of
resonant interactions between light and an active optical medium consisting of discrete internal states, like atoms, quantum
dots [15], impurity atoms or ions doped in host crystals [16], etc. With MBE one assumes that one or more electromagnetic
(EM) fields are treated classically and quantum system with discrete internal states is treated quantum mechanically, by
using the density matrix formalism. In this context, the evolution of EM field is given with the Maxwell equations, coupled
to the set of optical Bloch equations (OBE) [17], via an expression for the macroscopic polarization, which mathematically
represents non-homogenous part of EM field propagation equation and physically the source term of Maxwell equations.

There are variations of MBE in the literature like generalized MBE [18,19] or reduced MBE [11,20,21]. MBE are often
solved for ultrashort pulses (shorter than 1ps) [22-28], by using spectral [24]| and pseudo-spectral [22,25] methods. Other
techniques to solve MBE, for ultrafast dynamics of electric field, have been proposed with the help of various finite difference
schemes [26,27], where Yee scheme [29] or its modifications are often cited in literature.
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For applications when the dynamics of electric field is slower, one can employ slowly varying envelope approximation
(SVEA) [3]. MBE with SVEA are usually solved by approximating electric field with plane wave, which yields 1+1 D partial
equations with first derivatives, over both time and propagation direction. If transverse effects cannot be neglected, one
has to solve 3+1 D MBE, where “3” refers to three spatial dimensions, two transverse x and y and longitudinal, along the
propagation z direction, and “1” refers to time t. This set of equations is significantly different by the form and therefore
difficulty to solve than 1+1 D case, due to second derivatives over transverse coordinates, in the EM field propagation
equation. To our knowledge, there are only few proposals for solving 3+1 D MBE with the SVEA applied. Hang and Huang
[30] recently employed the method of multiple scales [31] to analyse the propagation of Airy wave packet in a resonant
A-type three-level atomic gas.

In this work, we present novel method for solving 3+1 D electric field envelope scalar propagation equation obtained
from the Maxwell equations under the paraxial and the slowly varying envelope approximations [3]. In the following text,
we will refer to this equation as envelope equation. The method can easily be implemented for solution of decoupled MBE
[32]. Since OBE represents system of ordinary partial equations, the solution of which can be obtained by standard methods,
we assume that right-hand-side (RHS) of the envelope equation is known function and do not deal further with solutions
of OBE. Our semi analytical and semi-numerical method takes double Fourier transform (FT) of the envelope equation over
transverse coordinates and we obtain analytical solutions of envelope equation in the frequency domain for two initial
conditions, for t =ty or z=zy. By implementing analytical solutions and discrete FT, we applied the method to discrete
points separated by increments of time and space, or to nodes of grids. Finally, we compared results of this method with
the exact particular solutions of the envelope equation for two examples, and discuss differences when we vary values of
density for nodes on grids.

2. Spectral method for solving envelope equation

With transverse component of the electric field in the form:
E(t,7) = &(t, P)e %9 y cc., (1)

the envelope equation obtained by using the Maxwell equations, under the slowly varying envelope approximation and the
paraxial approximation is:

ic AE(t, 7)Y 1 0&(L,T)

—V2&(t,F - = * 2 = R(t,7), 2

SoVIEWD) + ==+ - = R(ET) )
where £(t,7) is the scalar electric field envelope, R(t, ) is the source term of the envelope equation, w is the electric field
angular frequency and c is the speed of light. Here we assumed absence of free electric charges, free electric currents and
magnetization, and the mean magnetic field has been eliminated. By using:
02 02
V2= =+ —, 3
LT o oy (3)
Eq. (2) can be explicitly written as:

AE(L, X, Y, AE(L, X, , 3%2E(t, X, Y, 3%2E(t, X, ,
(Xy2)+c (Xy2)+cx (Xy2)+cy (t,x,y,2)

0z ! ot %2 3y2 =R(t, Xy, 2), 4)
where ¢; = 1 and ¢y = ¢y = 4.

Eq. (4) presents second order non-homogeneous partial differential equation with 4 independent variables. With given
R(t, x, ¥, z) and two initial conditions (given functions depending on 3 variables £(t, x, y, zg) with z = zy fixed and £ (tg, x,y, )
with t =ty fixed), we solve Eq. (4) at the finite space domain [X,in, Xmax] X [Vmin» Ymax] x [20, Zmax] and the time interval [tg,
tmax], and obtain solution on Nx x Ny x N; x N grid nodes, where each node is defined by its x, y, z, and t values.

2.1. Analytical solution of the envelope equation in the frequency domain

We next show that Eq. (4) can be solved analytically in the frequency domain. We used the following definition and
notation for the double FT of the £(¢,x,y,z), over transverse coordinates x and y:

+00 +00 i
Sy (t, ky, ky, 2) = FIE(t, %, ¥, 2)](t, ky, ky, 2) = %/ dX/ dyE(t, x, y, z)elkxthy) (5)

and for double FT of R(t, x, y, z), which we note as ﬁxy (t, kx. ky,z). FT of the second derivative over x- (and analogously over
y-) coordinate in Eq. (4) is in the form:

02£(t,x,y,2)
}-|: 0x2

By using Eqs. (5) and (6), we obtain equation for double FT of Eq. (4), over two coordinates x and y, as:

0y (t, ky, ky,2) 10 (L, ky, Ky, 2)
+ —_
0z c ot

:| = —Kk2&y (t, ky, Ky, 2). (6)

— fky, ky)Exy (L, ky, Ky, 2) = ﬁxy(t, ky, ky,2), (7)
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where f(ky, ky) = (cxkg + cyk2).
Eq. (7) can be solved analytically with given either one of the two initial conditions, £(t, x,y,zg) or £(tg, X, y,z). With
given initial condition for z = zy, £(t,X,Y. zp), the solution of Eq. (7) stands:

gxy(t? k)u ky’ Z) = eif(kx’ky)(2720)gxy (t =Gt (Z - 20)7 k)u ky, ZO)

t 1 k@0 —tacz+t
+ / L =g (e e ky, 22T ) gy 8)
t—c(z—z9) Ct Ct
For given initial condition for t = ty, £(tg, X, y, z), the solution of Eq. (7) is:
~ Sflkx ky)(tg=t) —t + t —+ CtZ
Byt ) = Gyt ke ky, = 2%
t
£ 1 rekya-n . —t+4cz+t
[ LT T Ry ¢ ke ky, ST gy, 9)
ty Ct Ct

In Egs. (8) and (9), first terms correspond to the solution of the homogenous Eq. (7), while second terms are particular
solutions, for the corresponding initial conditions. Both Egs. (8) and (9) can be used to solve Eq. (7) and consequently
Eq. (4), by finding FT of the solution of Eq. (7), as long as t- and z-arguments obey t >ty and z>z,. Eq. (8) is applicable
when the condition:

t—c(z—20) 2 to (10)
is satisfied, while Eq. (9) requires the condition:
—t + ¢
w > 2 (11)
t

to be fulfilled.

Usually solutions to physical problems modelled with MBE require both initial conditions, and our method is suitable
for solving these problems. In the following, we start with initial condition for t = ty. Evolution over time is performed by
using Eq. (9) and we implement initial condition for z = z; at each time-step. This ensures applications to realistic physical
problems when EM fields (with given initial conditions t =ty and z = z) propagate through media, with response from
media at each time-step, as given with solutions of decoupled MBE [32]. Eq. (8), where one would use evolution of electric
field envelope over the propagation distance, can also be used for solving Eq. (7), but we here use Eq. (9).

2.2. Implementing the spectral method on grid nodes

We next explain how Eq. (9) is implemented at nodes of a grid. The solution given with Eq. (9) is applied at successive
moments separated with the time interval At which we choose as:

At = Az = % (12)

By choosing this time-step, calculated values of the electric field envelope at the previous moment £(t — At, X, Y,z — CAt)
are at grid nodes, time interval between them being At. Also, with this time-step, we don’t have constraint on using Eq. (9).
By setting t =ty + At and z=2zy+n;Az, n,=0,1,...,N; — 1, constraint given by Eq. (11) indicates that Eq. (9) can be
applied at all z-steps besides n, = 0, when we use initial condition for z = z;.

Eq. (9) is calculated at nodes by setting ty = t; and t = t,,1 =ty + ¢t Az, and by making substitution in the integral (see
Eq. (9)) such that t’ = t; + T¢; Az, which changes integration limits to 0 <t < 1. Solution as given in (9) can then be written
as:

By (tasn, ke, Ky, 2) = e[ keknAz (5xy(tn, k. ky.z — AZ) + AzIR), (13)

where I stands for:
1
Ir = / e/ ek TAZR () + T AZ, Ky, ky, 2+ (T — 1) Az)dT. (14)
0

The first term in parentheses in Eq. (13) is the numerical solution of Eq. (9) from the previous moment t,. Since values
of the integrand function in Eq. (14) are known only on grid nodes, that is for 7 € Z, we approximate Ryy (tn. kx. ky, z + (T —
1)Az) with the linear function through two points, for values t =0 and 7 = 1:

Rey(tn + Tt AZ, ky, ky, 2+ (T — 1) Az) ~ (15)
T[(Ry (ta + ct AZ, ky, ky, Z) — Ryy (tn, Ky, ky, 2 — AZ)] + Ry (tn, ke, ky, 2 — AZ).

If steps given in Eq. (12) are small enough, it is justifiable to assume that ny(tn + T Az ky, ky, z+ (T — 1)Az) does not
depend on time during At:

Ry (tn + Tt AZ, ky, Ky, 2 + (T — 1) AZ) ~ Ry (tn, ky, ky, 2+ (T — 1) A2), (16)
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which yields to the following expression for Eq. (14):

1
Ik~ / el k) TAZ[ T [ (Ryy (tn, Ky, Ky, Z) — Ry (b, ks Ky, 2 — AZ)] + Ryy (tn, Ky, ky, 2 — Az)]dT. (17)
0
1
0}

{(Ryy (tn, kx, ky, 2) — Ryy (tn, kx, Ky, Z — AZ)[ f(ky, ky) Azel kek)dz _pftkek)Bz 4 1]

We calculate integral in Eq. (17) by using partial integration as:

of (k) Az 1 of k)T Az

1
fky, ky) Az — (flky, ky) Az)2

1

Iz ~ (Ryy(tn, kx, Ky, 2) — Ryy (tn, ky, ky, 2 — AZ) [

. 1
+ Ruy (tn, kx, Ky, z — Az)mef(kx'ky)rm
xs Ky

0
1

T (fke k) AZ)?
+ny(tn, ky, ky,z — Az) f (kx, ky)Az((ef("X~"y>AZ - D]} (18)
Finally, the expression that we use to calculate Iz in Eq. (13) stands:

1
T (ke ky) AZ2
+ (eF kB2 — f(ky, ky) Az — 1) Ryy (tn, ky, ky, 2 — AZ)], (19)

Ir [(1+ e/ ®RIR2(f(ky, ky) Az — 1)) Ry (En. ke, Ky, 2)

while for f(ky, ky) =0 we use the trapezoidal rule:

1
Ik zf Ry (tn. ke ky. 2+ (T — 1) AZ)dT
0

1,5 <
~ E(ny(t,,, ke, ky. 2) + Ry (tn. ky. ky, 2 — AZ)). (20)

In short, procedure described above gives formula that we use to propagate numerical solution of the electric field en-
velope €N(t,.1,x.y,2) in the frequency domain, from t, to t, ., as:

g)’(\j/(tn+lv sz ky’ Z) — e_f(kx,ky)AZ <5~g](tn, sz ky, zZ— AZ) —+ AZIR), (21)

where one has to use either Eq. (19) or Eq. (20) for calculating I, depending on the value of fky, ky).

2.3. Numerical procedure

We give here brief summary of steps used in the calculations. Discrete FT at grid nodes in our method are achieved by
using the fast-Fourier-transform algorithm according to Press [33]. The definition of FT and grid discretization, used for the
results presented in the next Section, are given in Appendix A.

Each step of the procedure is performed for Vky, ky as follows:

At the initial moment ¢y:

 For each z value on the grid calculate 5,’5’,(t0, kx, ky,z) (from the initial condition for t = tp) and ny(to, kx, ky, 2).

Evolution of the envelope between t, and t,,; =ty + At, n=0,1,2,... is then successively calculated through the fol-
lowing steps:

e For z = z; calculate 5,’?)’,({“1, kx. ky. zp) from the initial condition.

e For each z calculate ﬁxy(tn, kx. ky. 2).
 For each z> z; obtain f,’(\;, (tns1, kx, ky, z) from Eq. (21).

Inverse FT of gg(tn+],kx,ky,z) is calculated only for the times when we collect results for &N(t,,1,%,y,2), since
Eq. (21) is calculated in the frequency domain.

3. Results and discussion

In this section we test validity of our method by comparing results of the method with the exact solutions of Eq. (2). We
discuss behaviour of numerical errors for different grid densities and also behaviour of numerical solutions at the boundaries
of the interaction region.
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Fig. 1. (a)-(c): Dependence of absolute values of exact solution of Eq. (4) given with Eq. (22), |U(t, x, ¥, z)|, (black line), and of numerical solution |UN(t, x,
¥, )| on the x-coordinate. (d)-(f): Dependence of absolute values of the difference between the exact solution and the numerical solution, |AU(t, x,y,2)| =
|U(t,x,y,z) —UN(t,x,y,2)|, on the x-coordinate. Results are presented for three values of the period of oscillations, (a) and (d) T =3 t,, (b) and (e) T =9 t.
and (c) and (f) T = 60 t., where t; = Zmax/c. Results in all figures are given for 6 values of grid densities, for Ny = Ny = 32,64 and N, = 5, 10, 15, as indicated
in the legend. Initial coordinates are ty = zo = 0 and results are presented for the position z =z =0.1m, y = 0 and for t =30 -t = 1.00069 10-8 s. Other
parameters are a = 3.10448 - 10-° m? and w = 27 384.23 THz.

3.1. Example I

The first example is the following particular solution of the envelope equation:
U(t,x,y,z) = eUy(x,y,2), (22)
where Ug(x, y, 2):
a P 23)
N me @2a0 @ v (
Eq. (4) then has the form:

u(t,x,y,2) ou(t,x,y,2) 92U(t.x.y.2) 92U(t.x.y.2)
0z ta ot + & 0x2 o 9y2

which shows that RHS is proportional to the unknown function U(t, x, y, z) with complex constant i2c;. This example
corresponds to the case when the polarization is proportional to the electric field, the case in the MBE with nonlinearities
excluded. The evolution of U(t, x, y, z) is given with the phase factor i, where 2 represents angular frequency of evolution,
with the period of oscillations T = 27 /2.

Results in Fig. 1 show comparison of numerical solutions of Eq. (24) obtained by the method described in the previ-
ous section with the exact solution given with Eq. (22). The difference between the two results, or numerical errors are
presented in the bottom row. Fig. 1(a)-(c) show dependence of absolute values of the exact solution |U(t, x, y, z)| and of
numerical solutions |[UN(t, x, y, z)| on the x-coordinate. Fig. 1(d)—(f) show dependence of absolute values of the difference
between the exact and the numerical solution, |AU(t, x,y,z)| = |U(t,x,y,z) —UN(t,x,y,z)|, on the x-coordinate. Results are
presented for three values of the period of oscillations T = 3 t. (Fig. 1(a) and (d)), T =9 t. (Fig. 1(b) and (e)) and T = 60 t,
(Fig. 1(c) and (f)). These periods correspond to angular frequencies 2 = 6.279, 2.093 and 0.314 GHz respectively. t; = zmax/C
stands for the time required for wave to pass the integration distance zpgx = 0.1 m. Initial coordinates are ty = zg = 0 and re-
sults are presented at z = Zmqy, ¥ = 0 and for t = 30 - t. = 1.00069 10~8 s. Values of other parameters are a = 3.10448 - 102
m? and w = 27 384.23 THz, which is the Rb D2 line frequency. Results are given for 6 choices of grid densities, which is
for two Ny = Ny = 32, 64, combined with three values N, = 5, 10, 15, as indicated in the figure legend.

Fig. 1 demonstrates how sensitive the method is to different choices of Ny, Ny and N, (and consequently N;). We note
that we intentionally made grid densities to be rather sparse, in order to demonstrate the source of numerical errors. Since
T represents period of time-evolution of the function given with Eq. (22), three different values of the period T correspond
to the “speed” of evolution. Results show that shorter period and therefore faster oscillations require smaller steps between
nodes, while for the longest period (T = 60 t.), even with the smallest density of nodes, we achieved very high precision,
with relative error less than 1% in the central regions of x- and y- intervals. Results in Fig. 1(a) and (d), for the shortest

Up(x.y.2) =

=iQcU(t, x,y,2), (24)
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Table 1

Values for Az and At for different N,, used in calculations for results
in Fig. 1. Last three column show ratios of different values of periods T
(3t, 9t. and 60¢t,.), to different time-steps for the corresponding N;.

N,  Az[m] At[ns] Atltc] 3t /At 9t /At 60t /At

5 0.025 0.0834 0.25 12 36 240
10 0.0111 0.0371 0.1111 27 81 540
15 0.0071 0.0238 0.0714 42 126 840
Nx=Ny=16 Nx=Ny=32 Nx=Ny=64
|AU| |AU| |AU|
(a) 0.12 (b) ()
05 0.000015
0.000010
0.00! 5.x107°
X[m] ; X[m] X[m]
-0.0010 -0.0005 0.0005  0.0010 -0.0010  -0.0005 0.0005  0.0010 -0.0010  -0.0005 0.0005  0.0010

Fig. 2. Dependence of absolute values of the difference between the exact solution and the numerical solution, |AU(t,x,y.z)| = [U(t,x,y.z) —UN(t,x,y.2)|,
on the x-coordinate, for the case when the exact solution is given in Eq. (23). We vary grid densities: Ny = 16 (a), Ny = 32 (b) and Ny = 64 (c). N, = 15,
while other parameters are the same as for results in Fig. 1.

period T = 3t, also indicate that increase of Ny and N, from 32 to 64 does not further improve precision, since At and Az
are not sufficiently small.

In Table 1, we give ratios of different values of periods to different values of At (for corresponding N;), used in calcula-
tions for results presented in Fig. 1. Values in the Table 1 reflect tendency of results in Fig. 1, that At have to be sufficiently
small, At« T; in the case of fast oscillating functions with t, this steps have to be smaller, while for slowly varying func-
tions tAhe bigger steps are allowed. With At and Az related by Eq. (12), we find the condition for the size of z—step as
Az = C—[‘ « cT.

3.2. Example II

In this example we use function Up(x, ¥, z), given in Eq. (23), which is the exact solution of Eq. (2), when R(t, X, y,
z) is zero. In this way we analyze effects of different node densities, Ny and Ny, for the case that is independent of t. In
Fig. 2 we present dependence of absolute values of the differences between exact and numerical solutions, |AU(t, X, y, z)|
on x-coordinate, for values of grid densities: Ny = Ny = 16 (a), Ny = Ny = 32 (a) and Ny = Ny = 64 (c). Results are for N; = 15,
while other parameters are the same as for results in Fig. 1. As Fig. 2 shows, absolute value of numerical error is reduced for
about two-orders of magnitude when number of grid nodes, Ny and Ny, are doubled. With increasing Ny and Ny, differences
between exact and numerical solutions become negligible except at edges of the interval.

In reality, domain over transverse coordinates is not finite i.e. light disperse. This lack of boundary conditions often
presents problems in numerical methods. Due to the fact that we use discrete FT over x and y coordinate, the domain
of integration is periodic in these two directions, meaning that effectively periodic boundary conditions are applied. The
solution which physically would leave the domain, reenters the computational domain at the opposite side. This well-known
numerical difficulty in numerical methods when using the discrete FT, known as wraparound effect, can be rectified by
using method like perfectly matched layers [34]. Another possibility to escape wraparound effect is to zero-pad all around
the boundaries, which can be realized by multiplying solutions obtained in the interaction region with super-Gaussian of
higher order or with some other appropriate function.

4. Conclusions

We presented novel method for solving the electric field envelope propagation equation. The method is based upon using
the analytical solution of the envelope equation in the frequency domain for the given initial time condition. Numerical
procedure is developed to implement this solution on the equally spaced nodes of the numerical grid, where each node is
defined by the set of four coordinates, x, ¥, z and t. Validity of the method is tested by comparing numerical solutions to
the particular analytical solutions of the envelope equation for different values of grid densities. The tests were done for the
exact solutions of the envelope equation with different time behaviour, therefore yielding importance of properly choosing
time-step, and consequently the step over the propagation direction. As the second example, we compared our method with
time-independent function, which enabled analysis of numerical errors at transverse boundaries of the interaction region
due to applying discrete FT over the transverse coordinates. This method shows excellent agreement with exact solutions
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of the envelope equation when grid density is properly chosen. Method presented here can be applied to simulate various
phenomena of light-matter interactions when transverse effects of EM field are of interest. It can also be adjusted for the
case of multiple fields components in the decoupled MBE or in the class of self-induced transparency equations, and as well
be employed to solve simpler equations, which comprise distinct terms of the envelope equation, like the paraxial wave
equation or paraxial Helmholtz equation, etc.
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Appendix A. Spatial grid and two-dimensional Fourier transform

Integration intervals (over x and y coordinate) are first divided into Ny and N, nodes. We further shift and normalize
both intervals such that:
Ax = Ay =1, xq=aAx, y,=DbAy,
a=01,....N—-1, b=0,1,....,N, -1 (A1)

With this choice of X, and y,, we next choose ky; and ky; as:

27 2

i=——1, ky,=——]j A2

N NAxD YT NAy” (A.2)
where indices i and j take values:

. Nx Ny Ny Ny

l—*7,*74’1,...,0,...,772,771,

. NNy Ny Ny

j=-g e L0 S -2 S - (A3)

Here we have assumed that Ny and Ny are even numbers, that is integer powers of number 2 [33]. Next, set of ky (and
equivalently ky) has to be rearranged such that zero ky; corresponds to i = 0, positive ky; correspond to values 1 <i < % -1,
while negative ky; correspond to % +1<i<N-1.The value i = —g can be associated with both k, y, and ky _nj2.

With this choice of kyx and ky, we use following definition of two-dimensional discrete FT: Given a complex function h(kx,
ky) defined over the two-dimensional grid, its two-dimensional discrete Fourier transform as a complex function H(nx, ny),

is defined over the same grid as:

Ny—TNe—1 -k .
H(neny) = 30 3 &% 2™ h(ky, ky), (A4)
ky=0 ky=0

and accordingly inverse Fourier transform is given with:

1 NN

+ ky cky
Mk ky) = —— 3 3 e 2% e 2T H(ny, ny). (A5)
Ny 65 620
y=U Kx=
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ABSTRACT

We solve optical Bloch equations (OBEs) for the atomic scheme that consists of four atomic levels which
constitute double-lambda (DA) configuration i.e. two A systems sharing the same two ground levels. DA
atomic scheme has being used as a basis for many interesting applications in atomic physics and nonlin-
ear optics. It was studied in the context of electromagnetically induced transparency (EIT) Shpaisman
et al. (2005) [1], four-wave mixing Baolong et al. (1998) [2], lasers without inversion Kocharovskaya
et al. (1990) [3], etc. More recently, efficient application of DA scheme led to the development of phe-
nomena like slow and stored light Eilam et al. (2008) [4], quantum mechanical entanglement of two
beams of light Boyer et al. (2008) [5] and squeezed light Imad et al. (2011) [6].

Typically, a numerical solution of OBEs is used in the theoretical treatment of atomic system of two A
schemes. In this work, interactions of four laser fields driving a DA level scheme were analyzed by using
perturbative method to solve OBEs Dimitrijevi¢ et al. (2011) [7]. Perturbative method produces simpler
solutions such that analytical expressions can be obtained. The comparison of results obtained using
lower-order corrections of perturbative method, and the exact calculations using optical Bloch equations
is presented. Analytical expressions provide valuable information about processes that occur in the DA
atomic system. These informations cannot be deduced from the numerical solutions of the OBEs for

the same atomic scheme.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Interference of different excitation channels during atom-laser
excitations allows development of variety of interesting phenom-
ena. One can control and modify properties of coherently prepared
media by using different excitation channels in atomic schemes.
These include various multilevel atomic schemes like three-level
V, A and ladder systems. Four-level atomic systems have recently
attracted great attention. One of the most studied four-level atomic
scheme is a DA configuration. Of particular interest are DA sys-
tems in which four atomic or molecular states are coupled with
four near-resonant laser beams such that a closed loop is formed.
It has been indicated already that DA atomic systems have variety
of interesting applications [1-6].

In this paper, we obtain analytical expressions for the density
matrix elements by using the perturbative method [7] to solve
OBEs written for a DA system. This method was recently applied
to a different atomic system, one which allows electromagnetically
induced absorption [8] to be developed. The analytical expressions
for the lower-order corrections are often a source of valuable

* Corresponding author.
E-mail address: jelena.dimitrijevic@ipb.ac.rs (J. Dimitrijevi¢).

0168-583X/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
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information about processes that occur in a DA atomic scheme.
Such additional knowledge cannot be deduced from the numerical
solutions of the OBEs. We apply the perturbative method to the DA
atomic system when the conditions for observing electromagneti-
cally induced transparency [9] are present. We investigate the role
of narrow Lorentzian peak, found in the analytical expression of
ground-state coherences, for the development of EIT. The method
allows us to follow transfer of the narrow Lorentzian from the
second correction to higher order corrections of different density
matrix elements, optical coherences, populations.

2. Model for calculations of interaction of DA with lasers
2.1. Optical Bloch equations

We calculate elements of density matrix p for the DA interac-
tion scheme i.e. four continuous-wave lasers coupling four atomic
levels (see Fig. 1). We solve steady-state OBEs given by:

i . I o o N
g Ho. 91+ Hi. p]+ SE + 7 = 7. M

In Eq. (1) Hamiltonian H; describes the interaction of lasers with
atoms in a DA configuration, Ho represents the internal energy of
DA atomic levels, SE is abbreviated spontaneous emission operator


http://dx.doi.org/10.1016/j.nimb.2011.10.056
mailto:jelena.dimitrijevic@ipb.ac.rs
http://dx.doi.org/10.1016/j.nimb.2011.10.056
http://www.sciencedirect.com/science/journal/0168583X
http://www.elsevier.com/locate/nimb

J. Dimitrijevi¢ et al./Nuclear Instruments and Methods in Physics Research B 279 (2012) 20-23 21

|4)

1)

Fig. 1. Interaction scheme - DA configuration of levels that interacts with four laser
light fields A,B,C and D.

with the rate I" for both excited-state levels, 3 and 4. Term }p
describes the relaxation of all density matrix elements due to the
finite time that atom needs to cross the laser beam, typically much
shorter than the life time of investigated coherences. Term yp, de-
scribes the continuous flux of atoms to the laser beam, with equal
population of two ground-state levels. The detailed system of OBEs
for the 4-level atom is given in A.

The system of equations given by Eq. (1) introduces implicitly
several new quantities that will be used in the following text. Rabi
frequencies of lasers A,B,C and D in Fig. 1 are Qupcp. Laser light
detunings from the corresponding atomic frequencies are Aspcp.
Detuning between ground levels 1 and 2 is Ag=As —Ap =
Ac — Ap, and between excited levels is Af = Ac — Ay = Ap — Ag. Rel-
ative phase between lasers is ® = (¢, — @) — (¢ — ¢@p), Where
@apcp are lasers phases.

2.2. Perturbative method

Here we describe perturbative method [7] used to solve OBEs
for the four-level system. We start from OBEs in the matrix form,
Ax =y, where x represents the column of density matrix elements
{P11: P12 --- Paa}, A is the system’s matrix and y is a non-homoge-
nous part. In order to apply perturbative method, elements of ma-
trix A are separated into unperturbed and perturbed part,
A = A + Aperr. The elements of matrix Ay are taken as perturba-
tion and are much smaller than elements of Ag. Unperturbed part
and corrections of density matrix are solved in the iterative man-
ner as:

-1
Xo=-Ay Y, 2)
-1
Xnp1 = *Ao Apertxn-
Density matrix element obtained by perturbative method con-
sist of unperturbed part xp, and series of successive corrections
Xn, where n is the iteration number. As it turns out, a density-ma-
trix element does not have to be corrected by every-order correc-
tion. Instead, depending on the choice of perturbation, only it’s
certain-order corrections can be non-zero.

3. Results and discussion
3.1. Choice for perturbation

When elements of the matrix Ay, are much smaller than those
of Ap, the sum of corrections converge, after several iterations, to
the exact solution. By the exact solution we mean the numerical
solution of the system of equations, Eq. (1), written for the atomic
system given in Fig. 1. There are also other limitations of the

perturbative method [7]. First, the system of equations (Eq. (1))
has to be non-homogenous. This is ensured for OBEs given by
Eq. (1) because the relaxation with rate y is included. Also, as seen
from Eq. (2), the matrix Ao has to be invertible. Therefore, not all
choices of perturbation are possible.

We do not consider spontaneous emission as perturbation, be-
cause this would require that Rabi frequencies, as part of matrix
Ao, satisfy Qupcp > T. For very strong laser light fields system of
equations given by Eq. (1) needs to be modified to include other ef-
fects into OBEs. Relaxation with 7 is also not possible as the pertur-
bation, because y ensures non-homogeneity of the system of
equations. For the large enough Rabi frequencies Qupcp >
Aagcp, the choice of taking detunings Aspcp as perturbation is
possible.

Our analysis shows that interaction of DA with either one, two,
three or four lasers is also possible choice for perturbation for the
small enough magnitudes of Rabi frequencies Q,pcp. Besides
numerical solution of Eq. (2), we also calculate analytical expres-
sions of the lower-order corrections of density matrix elements.
Considering the interaction of DA atomic scheme with all four
lasers as perturbation yields the simplest analytical expressions
for the lower-order corrections. If the interaction with a laser is
not taken as perturbation, it is then a part of the unperturbed part,
matrix Ao. Perturbation method requires calculation of the inverse
matrix of Ap and increase of terms in Ay leads to too complex
expression for A;' which is not favorable for analytical calcula-
tions.

3.2. Example for EIT

We present results of the perturbation method applied to the
system of four lasers interacting with a four-level atom, consider-
ing all laser interactions as perturbations. We choose parameters
so that EIT can be observed. Mathematically, this requires the con-
dition H,|DS) = 0 (where |DS) is a dark state), which in turn yields
the specific relations to field phases, frequencies and amplitudes:
DO =0,Ar = 0,Q5Qc = QQp [10].

Results are obtained for Rabi frequencies Q4 = 0.001 I', Qg =
0.0001 I',Qc = 0.002 " and Qp = 0.0002 TI', detunings A4, Ac are
equal to zero. We vary Az = —Ag = —Ap around zero. Phases of
all four lasers are equal to zero ¢,z = 0 and their relative phase
too. We calculate steady-state OBEs by normalizing equations i.e.
parameters to I', where we take I = 1, while for the relaxation rate
we take y = 0.01 I'. With these parameters, we have that lasers A
and C are strong (pump lasers), while B and D are probe lasers
whose frequencies are varied around the corresponding atomic
resonance. Solutions of perturbative method, with the choice of
perturbation discussed here, are such that odd corrections contrib-
ute only to optical coherences, while even corrections affect other
elements of density matrix.

Fig. 2 shows results for the corrections (a) and sums of low-or-
der corrections (b) of the imaginary part of density matrix element
P35 as a function of the detuning Ag. This quantity is proportional
to the imaginary part of complex susceptibility i.e. the absorption
coefficient of laser B. The absorption of other lasers i.e. optical
coherences, which we do not present here, show similar dependen-
cies on Ag. From Fig. 2 (b), where we also presented p,; obtained
from the exact numerical solution of the OBEs, it is obvious that
the sum of corrections (plus unperturbed part) converges after sev-
eral iterations to the exact solution of OBEs and that the behavior
of density-matrix element is dominantly determined by its first
non-zero corrections.

Results in Fig. 2 show that narrow EIT resonance appears after
including higher order (n > 3) corrections of p,;. The perturbation
method reveals that the narrow resonances first appear in the sec-
ond correction of the ground-state coherences, p’3 and p3;. Also,
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Fig. 2. Successive non-zero corrections (a) and sums of non-zero corrections (b) for
density matrix element p,,. In (b) exact solution is given by magenta curve.

these are the only density-matrix elements showing such narrow
resonance in the second correction. These two narrow resonances
found in p}3 and p3} are transferred, by the iterative procedure,
to higher-order corrections and lead to the development of EIT.
The analytical expression for the second correction of ground-
state coherence, p}3, is:
Xz 2(2y+T +iAg)
Po=——"1T"rx
Y+ iAg
ei((PA’(ﬂE)QAQB
2y + T +2iAx)(2y + T — 2iAs + 2iAg)
ei(‘/’c*wo)QCQD 3
2y +T +2iAc)(2y + T = 2iAc + 2iAg)]’ 3)

1

while p3} is the complex conjugate. Analytical expression for p’}
represents the sum of products of complex Lorentzians (CL). For val-
ues of parameters we used here, terms within square bracket in Eq.
(3) contain very wide CLs, since I >y and I" > As5cp. Next, we
approximate wide CLs with I and obtain simple analytical expres-
sion in the form of a single narrow complex Lorentzian (nCL):

2(ei(Pa=28)Q, Qp + €2~ P0)Q Q)
I'(y+iAg)

Real part of nCL(Ag) is the analytical expression of the narrow res-
onance which, as mentioned above, appears when p,; is plotted
against detuning Ag.

In Fig. 3 we compare dependence of the optical coherence p,,
and of the second correction of the ground-state coherence p},
on the relaxation rate y. Linewidths and amplitudes of two reso-
nances were obtained from fitting numerical results to the sum
of very wide and one narrow Lorentzian. Results given in Fig. 3
show that these two resonances have very similar dependence
with respect to y. From analytical expression given in Eq. (4) it
can be seen that, for DA system, dependence of EIT’s amplitude
on 7 can be approximated with N% Linewidths of EIT can be
approximated by ~ 7.

P 22 nCL(Ag) = — (4)

(a) e exact solution of p,,
0.000020-

second correction of p_,
0.000015-

0.000010+

Amplitudes

0.000005+

0.000000+

0002 0.004 0006 0.008 0.010
y

0.020+ (b)

0.015+

0.010-

FWHMs

0.005+

0.000+

0.002 0004 0.006 0.008 0.010
Y

Fig. 3. Comparison of amplitudes (a) and widths (b) on the relaxation rate y
obtained from profiles of the imaginary part of exact solution of p,, (black curves)
and the second correction of ground-state coherence p3} (red curves). Red curves is
figure (a) were normalized with constant number for the easier comparison with
black curves. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

For the comparison between the second correction of ground-
state coherences and the exact solution for EIT, given in Fig. 3,
we have fitted EIT to the sum of very wide and one narrow Lorentz-
ian. Results from Fig. 2 show that the narrow peak developed in the
third correction of p,; is numerically nearly equal to the EIT ob-
tained from the exact solution of the OBEs. We do not present
analytical expression of p3} here since it is just too long. Its form
also represents sum of product of CLs, such that some products
are only products of wide CLs, and only one is product of wide
and one narrow CL. It turns out that the only term showing narrow

2ie'?AQ,
2y T+2iA,—2iAg
analytical expression of p3} are responsible for the broad pedestal
around EIT resonance which can be seen in Fig. 2.

resonance is the term p52. All other terms (products) in

4. Conclusion

In conclusion, we have demonstrated how the interaction of a
DA atomic scheme with four laser light fields can be treated in a
perturbative manner. We presented the example for DA under
the conditions when EIT can be observed. Results show that the
narrow Lorentzian found in the second correction of ground-state
coherences represents an onset of the EIT in all latter corrections
and the final solution. We present simple analytical expression
for the second correction of ground-state coherences and discuss
in which way it affects the final solution for the EIT.
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Appendix A. Optical Bloch equations

Optical Bloch equation for the four-level atom are:
pij =iy _(PuRy — Ripy) + iDypy + G — 7p;
k

+ Loy +00), 15=1,23.4, (A1)

where matrices describing certain terms from Eq. (1) are intro-
duced. G is matrix with elements describing spontaneous emission:

%(933"‘.044) 0 _%91,3 _%91,4

C_T 0 3033+ Paa) —3P23 —3P24
- %p&,l 3032 —P33 —P34 7
%P1 —3Paz —Pa3z  —Pag

elements of matrix D are detunings of lasers from the corresponding
atomic frequencies:

0 —Ar —A —Ac

A O —-Ag —Ap

An Ag O —Ae |’

Ac Ap A O

R is matrix with Rabi frequencies describing the interaction part
of the Liouville equation:

0 0 eiraQ),  ercQe
R— 0 0 eivsQp e Qp

e 'y e 5Qp 0 0

e~ iocQe e i Qp 0 0

and p is density matrix.
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Abstract

In this work we study propagation dynamics of two counter-propagating lasers, a
continuous-wave (CW) laser and the pulse of another laser, when both lasers are tuned to the
Fg =2 — F. =1 transition in 87Rb, and can therefore develop Hanle electromagnetically
induced transparency (EIT) in Rb vapor. We calculate the transmission of both lasers as a
function of applied magnetic field, and investigate how the propagation of the pulse affects the
transmission of the CW laser. Vice versa, we have found conditions when the Gaussian pulse
can either pass unchanged, or be significantly absorbed in the vacuum Rb cell. This
configuration is therefore suitable for convenient control of the pulse propagation and the
system is of interest for optically switching the laser pulses. In terms of the corresponding
shapes of the coherent Hanle resonances, this is equivalent to turning the coherent resonance
from Hanle EIT into an electromagnetically induced absorption (EIA) peak. There is a range
of intensities of both the CW laser and the laser pulse when strong drives of atomic coherences
allow the two lasers to interact with each other through atomic coherence and can
simultaneously reverse the signs of the Hanle resonances of both.

Keywords: electromagnetically induced transparency, electromagnetically induced absorption,

pulse propagation

(Some figures may appear in colour only in the online journal)

1. Introduction

The interaction of atoms with lasers has been one of
the most studied subjects during the past few decades.
Coherent phenomena in atoms such as coherent population
trapping [1], the Hanle effect [2] and related phenomena,
electromagnetically induced transparency (EIT) [3] and
electromagnetically induced absorption (EIA) [4] have been
widely studied under various conditions. EIT and EIA can
be induced in different atomic schemes. This can be a
pump—probe configuration where two lasers couple two or
more hyperfine (or Zeeman) levels. The other way to probe the
distribution of atomic coherences is to apply a single optical
field, while the transmission of the field is measured as a

1054-660X/14/015201+08$33.00

function of the magnetic field that varies the energy of Zeeman
sublevels, so called Hanle configuration.

EIT and EIA narrow resonances and steep dispersion in
the narrow spectral bandwidth of their resonances represent
the unique properties of atomic systems. The ability to
switch from EIT to EIA could provide a new technique
to manipulate the properties of a medium. Yu er al [5]
demonstrated transformation from the EIT to the EIA in the
Hanle configuration when the polarization of a traveling wave
changed gradually from linear to circular. This sign reversal
was connected with the weak residual transverse magnetic
field perpendicular to laser propagation. Bae et al [6] recently
presented continuous control of the light group velocity
from subluminal to superluminal propagation by using the
standing-wave coupling field in the transition of the A-type

© 2014 Astro Ltd Printed in the UK
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system of 3’Rb atoms. When the coupling field changed from
a traveling wave to a standing wave by changing the power
of the counter-propagating laser field, the speed of the probe
pulse changed from subluminal to superluminal propagation.

The counter-propagating geometry and the resulting
variations of transmission and refractive index have also been
explored. Chanu et al [7] recently showed that it is possible
to reverse the sign of subnatural resonances in a (degenerate)
three-level system. They observed the D2 line of Rb, in a room
temperature vapor cell, and change was obtained by turning
on a second control beam counter-propagating with respect to
the first beam. The role of the different possible subsystems
created in this configuration was analyzed [8], together with
the possibility of tuning the strength of individual subsystems
by changing the polarization of the control lasers.

Counter-propagation dynamics for the Hanle configu-
ration has also been investigated [9—12]. Brazhnikov et al
[11, 12] recently analyzed the counter-propagating geometry
of two CW laser fields in the Hanle configuration. They
used the polarization method to reverse the sign of the
Hanle resonance of the CW field, and numerical and
analytical calculations were performed for simple three-level
schemes [11, 12].

In this paper, we present the development of Hanle
resonances of two counter-propagating lasers, the CW and
the Gaussian pulsed laser. Lasers having orthogonal linear
polarizations both couple the Fy = 2 — F. = 1 transition
in the 8Rb DI line. Analysis is performed by numerically
solving the set of Maxwell-Bloch equations for the same
transition including all the magnetic sublevels and for the
cold atoms. We have found a range of intensities for both
lasers such that they can influence transmission of each
other, that is, they can continuously reverse the sign of their
resonances from EIT to EIA and vice versa, while the pulse is
passing through the Rb cell. We are interested for dynamics
in two special cases: when the pulse of one laser reverses
the sign of the second, CW laser, and when both lasers can
simultaneously switch each other’s resonance signs.

2. Theoretical model

Here we describe the model that calculates the transmissions
of two lasers which act simultaneously on Rb atoms. Namely,
there is constant interaction with one laser, CW, and, at the
same time, also with the pulse of the second laser. The set of
Maxwell-Bloch equations (MBEs) is solved for all magnetic
sublevels of the F; =2 — F. =1 transition (see figure 1).
From the optical Bloch equations (OBEs):

dﬁ(t) . i I:I ~ i ]:I ~ SAEA
5 = _£[ 0, p(H)] — £[ 1, p(H)] — SEp(?)
—yp(®) +vpo )]

we calculate the evolution of density matrix p. The diagonal
elements of the density matrix, pg ¢, and pee;, are the
populations, Pgi.g; and Pe;e; are the Zeeman coherences, and
Pg;.e; and pe; o; are the optical coherences. Here, indices g and
e are for the ground and the excited levels, respectively.

m=-2 -1 0 1 2 &

g

Figure 1. F; = 2 and F. = 1 hyperfine levels with the notation of
magnetic sublevels.

MBE:s are solved for the Hanle configuration, i.e. when
the external magnetic field B is varied around the zero value,
as described by the Hamiltonian part Hy. The direction of
B is the direction of laser propagation and it is also the
quantization axis. The Zeeman splitting of the magnetic
sublevels is Ege) = uBng(e)mg(e)B, where mge) are the
magnetic quantum numbers of the ground and excited levels,
uB is the Bohr magneton and [g, . is the Landé gyromagnetic

factor for the hyperfine levels. In equation (1), SE is the
spontaneous emission operator, the rate of which is I', and in
our calculations we have taken into account that the transition
Fy =2 — F. =1 is open. The term yp describes the
relaxation of all density matrix elements, due to the finite time
that an atom spends in the laser beam. The continuous flux of
atoms entering the laser beams is described with the term y o).
We assume equal populations of the ground Zeeman sublevels
for these atoms. The role of the laser detuning (and Doppler
broadening) is not discussed.

Atoms are interacting with the CW laser, and, for
a limited time, they simultaneously also interact with
another, pulsed laser. These interactions are described with
Hamiltonian H;. The electric field vector represents the sum
of two fields:

E(t.2) = ) _[Eycos(o't — K'z + g},
1

+ E) cos(@'t — K'z + ¢})2,]. 2)

In equation (2), o' > 0 are the laser’s (1) angular frequencies
@' = +ck!, k! are wavevectors, where we take k! < 0 when the
propagation is in the negative direction of the z-axis, and c is
the speed of light. E}C, E; are the real Descartes components
of amplitudes of the electric field while gojlc, q)}v are associated
phases and also real quantities.

We introduce the following substitution:

ol i)
—Eletiox 4 1E;e+“”uV

E., = ,

A 272
_Ele—iel 4 iplemioy

g BT AiEe

- 272 3)
1o+ipl | s pl +iel

P Ee™% +iEe™™

- 22 ’
1,—igl | il ,—ig)
Ee ' - iEe™?

- 23/2
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With this substitution, the electric field vector stands:

i(w't—k'7)= 1
+e u_lE_+

E(t, 7) =

+ e—l(a) —k! Z);H—IE:__

SN P2 N
+e MR EL ), “
where 1111, i1 and i are spherical unit vectors [13].

For the case of the two counter-propagating lasers that
couple the same transition, we apply the multi-mode Floquet
theory [14]. We use the approximation with the zeroth-order
harmonics for the ground-state and excited-state density
matrices, and up to the first-order harmonics for the optical
coherences:

i(w't—klz) ~1
2 ey

—i(o't— k'z) ~1
Z € el g’

where the sum is taken over lasers that couple states g; and e;.

pgi,ej

&)
Peigi =

The macroscoplc polarization of the atomic medium
P(t z) = NCeTr[pr] is calculated as

=3 PN PEA | . N
P(t,2) = No » [ G Py +u Pl y)
1

S P N -
4 e i@r=k2) (M+1Pl+— + u_1Pl__)]a (6)

where we introduced new quantities:

1 _ ~1
Ply=-3" P ejtte.gi =15
g,—<—>ej
Pl _ ~1
+- pe],gjugi»(?ia—l’
€ <>gj
| o @)
P7+ = - Z Iog[,eju’ej’gi,+17
8i<>¢j
Pl _ ~1
- = pei,gjl’bgi»ej,-ﬁ-l'
Cigj

The sum is taken over the dipole-allowed transitions induced
by lasers (Is).

MBEs are solved for E{H_,E1 E1_+, EL (given by
equation (3)) which are complex amphtudes of the fields
taking into account the relations (El+ Df=-E__, (E )=
—E! 1~ MBEs for the propagation along the positive direction

of the z-axis are

0 1o\ _ klNCPI

az cor) tT 2¢eg -+

3 19 £ KN

9z cor) T 2e0 T ®)
0 10\ i klNcpl

dz  cot) T 2¢

9 N 149 £ _Hk Ne

9z cot) 2e0

0.8 1

0.6

0.4

Intensity [mW/cm?’]
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= - 1
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Time [us]

Figure 2. Figure shows the temporal waveforms of the laser
amplitudes that we used in our calculations. The dashed lines
indicate the amplitudes of the CW laser Igw and the solid lines are
temporal waveforms of pulses Ipyise-

while those for the propagation along the negative direction of
the z-axis are

R AV chpl
dz  cor) tT T T2 T
9 19 KN,
- -—)E', =—-i—P"
dz c Ot 2¢&0 ©)
010\ _klNCP1
[ —_— =1
9z cor) tT 2ep T
A KA P R
dz c ot 280

In the following text, we present results for the
transmission of lasers, that is for the averaged power of the
laser (1) electromagnetic fields:

- -

I' = ceo(E' - EY). (10)
From equation (4) we have
I' = ceo{iig [El, , @D 4 Bl _emi@i=K)
i [EL @R 4l emiehkay2,)
= —2ceo {EL E' _+E' E. }. (11)

3. Results and discussion

In this section we present effects on the Hanle EIT of the
CW laser when the counter-propagating laser pulse, tuned to
the same Fy = 2 — F, = 1 transition, passes the Rb cell,
overlapping the CW laser. Conversely, we present results
when the CW laser controls the transmission and the Hanle
EIT of the laser pulse.

Transmissions of lasers are calculated for the values
of the external magnetic field near zero, i.e. around the
EIT resonance. Polarizations of both lasers are linear and
orthogonal. We take the atom concentration in the cell N, =
10'* m~3, the length of the cell is 10 cm, y = 0.001 I" and
the spontaneous emission rate is I' = 27 5.75 MHz. The

_-rp)?
temporal shape of the laser pulse is Gaussian Ipulbe o2
(see figure 2), where o = 10 us/+/2In2 and 12 is the

pulse
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Figure 3. Transmission of the CW laser as a function of the magnetic field B at different times regarding the position of the pulse of the
second laser with respect to the Rb cell: # = 20 pus (a), t = 30 us (b), t = 36 us (c), t = 38 us (d), t =40 us (e), t = 42 us (f), t = 50 us
(g) and t = 60 us (h). The CW laser’s intensity is Igw = 1 mW cm~2 and the intensity of the pulse at the maximum is

10

pulse

= 0.3 mW cm~2 (solid black and dashed blue curves in figure 2). Note that the first curve is before the pulse even enters the cell, while

curve (g) is at the time when the pulse is at the highest intensity, as can be seen from figure 2.

intensity of the laser pulse, at the peak of the amplitude at
to = 50 us.

Since both lasers are resonant with the Fy =2 — Fe =1
transition in 8’Rb, each can independently induce EIT in
the atomic vapor. As the pulse enters the cell, its intensity
increases, reaches its maximal value Iguls . and then decreases.
At the very beginning of the pulse, atoms are interacting with
the CW laser only, and the transmission of the CW field shows
Hanle EIT. As the intensity of the pulse increases, atoms
begin to interact with both superimposed fields. The resultant
polarization, which is the sum of two orthogonal linear
polarizations, can yield very different shapes of transmission
resonances of both lasers.

As we see below, complete switching of the sign of the
transmission resonance, from transmission gain to absorption
gain, can happen depending on the ratio of the pulse’s peak
intensity [\, and the intensity of the CW field /2, We will

. . 0
next discuss two possible cases, 1pulse

0 0 0
< Iow and 1pulse > Iow-
3.1. Hanle EIT resonances of the CW laser field in the

presence of the weak laser pulse

In figure 3 we show changes of the CW laser Hanle EIT as
the counter-propagating and spatially overlapping laser pulse

changes its intensity in the Rb cell. Results are for laser
intensities Igw =1 mW cm? and IOulse = 0.3 mW cm™2
(solid black and dashed blue lines in figure 2). As the
laser pulse enters the cell the transmission of the CW laser
still shows the Hanle EIT. Such is the case with the front
of the pulse in the cell, that is for results presented in
figures 3(a)—(c). As the pulse intensity increases, this EIT
widens and structure begins to form at the resonance center.
During the transient period, when the pulse intensity is
increasing, there are instances when the CW transmission
at the zero value of the external magnetic field totally
switches its transmission behavior. Instead of the maximum
transmission, when the laser pulse is off, it is maximally
absorbed in the cell. It changes sign from EIT to EIA. With
the back side of the pulse left in the cell, at time r = 60 s,
the transmission of the CW laser again shows EIT, and
the resonance stays like this until there is no pulse laser
in the cell.

For the choice of laser intensities considered here, I <
1 mW cm™2, and with the condition Igulse < Igw, the
transmission of the pulse laser shows EIT at all times. Besides
intensity broadening, the transmission of the pulse, as a
function of the magnetic field, does not change significantly
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Figure 4. Transmissions of the CW laser for times when the pulse is entering the cell with three different intensities: Ipyie = 0.1 mW cm™2
(@), Ipuse = 0.15 mW cm~? (b) and Iyise = 0.2 mW cm™2 (c). For each Ipuise We present results for four different rise times of the
intensity, i.e., when the pulse has maximum intensities Igmse = 0.3 mW cm~2 (black curves), Igulse = 0.5 mW cm2 (red curves),

Igulse = 0.8 mW cm~2 (green curves) and Igulse = 1 mW cm~2 (blue curves). The intensity of the CW laser is Igw = 1 mW cm~2. The inset

graph shows these three chosen intensities from four pulses as horizontal black dashed lines.
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Figure 5. The transmissions of the CW laser, when the pulse laser takes four intensities from the rising (a) and falling (b) edges of the
pulse. A certain intensity is chosen from the symmetrical moments of the pulse: = 32 and 68 us (black curves), = 36 and 64 us (red
curves), t = 40 and 60 us (green curves) and ¢ = 44 and 56 pus (blue curves). The intensity of the CW laser is Igw = 1 mW cm~2 and that

of the pulse laser is 1% . = 0.3 mW cm™~? (solid black and dashed blue curves in figure 2).

pulse
as the pulse passes. Results for the pulse’s sign reversal are results when curves are compared. From figure 4 we see
presented in section 3.2. that evolution of the EIT/EIA passes through similar stages

In figure 4 we compare the transmissions of the CW as the pulse rises, but the speed of the evolution of the

laser when four pulses, with different maximum values, have  EIT/EIA depends on the pulse’s slope i.e. its first derivative.
the same intensity in the cell: that is, when pulses whose  This also means that sign reversal of the CW laser, for

maxima are Igulse = 0.3 mW cm™? (black curves), Igu]ge = different Gaussian pulses (different maximal intensities), does
0.5 mW cm™2 (red curves), Igulse = 0.8 mW cm~2 (green not happen simultaneously.
curves) and Igulse = 1 mW cm~2 (blue curves) (see figure 2), In figure 5 we show that the rising and falling edges of
have the same values of Iy = 0.1 mW em—2 (@), Ipuise = the laser pulses, with the same intensity, have different effects
0.15 mW cm~2 (b) and ]pur;e —0.2mW cm2 () P on the CW laser transmission. For the CW laser intensity
. s . . 0 o .
Results in figure 4 show that, besides the intensity, the of Icyy = 1 mW cm 2 and for the pulse laser maximum

slope of the rising front of the pulse also determines the intensity of Igulse = 0.3 mW cm~2, we present the CW laser

transmissions of the CW laser. Though atoms are affected transmission for four pairs of equal pulse laser intensity; each
by the same pulse intensity, as given in separate figures, pair has the same intensity on both sides of the laser pulse.
the transmission of the CW field does not show identical We choose the following pairs of intensities of the laser pulse,
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Figure 6. Transmissions of both the CW laser and the pulse as a function of the magnetic field: CW laser (black curves and black y-axis)

and pulse laser (blue curves and blue y-axis). The amplitude of the CW laser’s electric field is Igw =0.3mW cm™2

maximum value is Igulse

and the pulse’s

= 1 mW cm™2 (solid blue and dashed black curves in figure 2). Results are presented for six values of the intensity

of the Gaussian laser pulse as it passes through the cell, from # = 20 to 70 s in steps of 10 us: t = 20 us (a), t = 30 us (b), t = 40 us (c),

t =50 us (d), t = 60 us (e) and t = 70 us (f).

i.e., for the pulse instants r = 32 and 68 us (black curves),
t =36 and 64 us (red curves), t = 40 and 60 us (green curves)
and t = 44 and 56 us (blue curves).

The results given in figure 5 indicate that the
transmissions of the CW field are not symmetrical with
respect to the pulse maximum intensity. Depending on
whether the CW laser is overlapped with the rising
(figure 5(a)) or the falling (figure 5(b)) edge of the pulse,
the profiles have different waveforms, although the intensities
are the same. A similar result of this ‘memory effect’ has
also been discussed by Ignesti et al [15]. It was theoretically
predicted that spectral enlargement or compression process
occurs when the probe pulse is overlapped by a coupling
pulse field with a positive or negative temporal slope,
and experimental confirmation was obtained for a scheme
in sodium atomic vapor [15]. At the rising edge of the
pulse, while the dark-state is being formed, there are rapid
changes in the transmission of the CW laser. The profiles
at the falling edge of the pulse are due to long-lived
ground-state coherences, created at the earlier time of the
pulse propagation. After a certain time the dark-state is
established and further decrease of the pulse’s intensity does
not affect the formed dark-state.

3.2. Switching signs of both laser transmissions

Our analysis indicates that the simultaneous switching of
signs of transmission resonances of both CW and pulse laser

fields is when the intensity of the CW field is comparable to
the pulse laser intensity, that is Igw < Igulse' For this ratio of
intensities, when the pulse laser intensity after a certain time
reaches the intensity of the CW laser, the intensities of the two
lasers are comparable (see figure 2) and reversals of the signs
of both are possible.

In figure 6 we present the transmissions of both lasers on

the corresponding sides of the cell. For the case Igulse > Igw

(we analyzed range of intensities / < 1 mW cm™2) both lasers
are switching each other’s resonance signs. The switching
happens only at the time when the pulse intensity varies near
its maximum; therefore, it is a very fast and short optical
switch. Results in figures 6(d) and (e) show that both lasers
have completely changed the sign of resonance from EIT/EIA
to EIA/EIT. Results also show that there is a mirror symmetry
between the transmission of the CW and pulse lasers. Both
lasers change the sign of resonance simultaneously. The only
exception to this is around ¢ = 40 us, when both lasers show
EIA, when there are also most drastic changes in the evolution
of the atomic ensemble.

We also calculated the transmission of the laser pulse
for four values of the CW laser intensities. Results are given
in figure 7 for Igw = 0.3 mW cm~2 (black curves), Igw =
0.5 mW cm~2 (red curves), Igw = 0.8 mW cm2 (green
curves) and Igw = 1 mW cm~2 (blue curves). The intensity
use = 1 mW cm™2. We observe the

of the pulse laser is Ig
pulse’s Hanle resonance in transmissions for three different
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Figure 7. Transmissions of the pulse fields, when the CW laser takes different intensities: Igw = 0.3 mW cm~2 (black curves),

Igw = 0.5 mW cm2 (red curves), Igw = 0.8 mW cm~2 (green curves) and Igw =1 mW cm~2 (blue curves). We observe transmissions at
three different moments in time: r = 40 us (a), t = 50 us (b) and r = 60 us (c). The maximum intensity of the pulse laser is kept constant,

Igulse =1mWcm2.
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Figure 8. Real part of the ground-state coherences py_, |, (a) and transmissions of the CW laser (b) and pulse laser (c) for six times during

the time development of the pulse, from ¢ = 20 to 70 us in steps of 10 us. Results for the coherences are calculated in the middle of the cell,
z = 0.05 m. The curves in all three graphs are y-shifted such that they coincide in B = 0.

times: r = 40 us (a), t = 50 us (b) and r = 60 us (c). Results
show that when the intensity of the CW field is varied, the
transmission of the pulse laser at the zero magnetic field, for
B = 0, remains constant at all times. The condition for CPT
in the Hanle configuration is fulfilled at zero magnetic field,
and is, in this case, well established by the pulse’s stronger
laser. As can be seen in figures 7(b) and (c), the rest of the
pulse transmission profile, which violates the exact condition
for the dark-state fulfilled at zero magnetic field, can show
either EIT or EIA depending on the strength of the CW field
intensity.

In figure 8 we present the real part of the ground-
state coherences pg_, ., (a) and compare them with the
transmissions of the CW laser (b) and pulse laser (c). Different
colors indicate different intensities applied, i.e. different
moments of the pulse propagation, from ¢ = 20 to 70 us
in steps of 10 us, whereas the intensity of the CW laser is
constant, Igw = 0.3 mW cm~2. Curves in all three graphs
are shifted along the y-axis for easier comparison. We present

results in the middle of the cell, since changes along the cell
are negligible. In this configuration, the transmission of the
CW laser matches the sign of the ground-state coherences,
while that of the pulse laser is of the opposite sign. Results
presented in figure 8 confirm that the behavior of the
transmissions of both lasers closely follows the behavior of
the ground-state coherences.

4. Conclusion

We have analyzed the propagation dynamics of two
counter-propagating laser fields with Rb atoms in the Hanle
configuration, one of which is a Gaussian pulse and the other
is CW. We demonstrated continuous sign reversal of both
lasers in the Hanle configuration. Sign reversal was obtained
in two ways, of only the CW laser field and of both lasers.
The choice lies in the ratio of the lasers’ intensities. We have
also analyzed peculiarities of these two cases, different slopes
of pulses, the effect of different intensities and the behavior
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of the ground-state coherences. The results obtained in this
work may provide a useful reference for further research
and interesting applications of EIT and EIA ultranarrow
resonances.
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Abstract

We study numerically the nonlinear magneto-optical rotation of polarization (NMOR) of the
laser pulse during its propagation through a cold Rb cloud with induced Zeeman coherences
and electromagnetically induced transparency. Evolution of NMOR is calculated by solving
the Maxwell-Bloch equations. We consider a linearly polarized Gaussian pulse with different
pulse peak amplitudes and widths. For an intensity peak of 5 mW cm™2 and full-width at
half-maximum of 10 us, transient behaviour of NMOR does not follow the pulse intensity
variation: NMOR begins to decrease as the pulse’s intensity nears its peak value. When the
pulse has a smaller peak intensity, NMOR behaves qualitatively differently: the angle of
rotation constantly increases during the pulse propagation. Observed differences are explained
by the optical pumping into the dark state and the behaviour of the ground-state coherences
subjected to coherent population trapping. The same pulse intensity, from different sides of the
pulse, during rising and falling sides, produces qualitatively different NMOR shapes, its
amplitudes and widths which result can be explained by the successive excitation of atoms
during the pulse propagation. It was shown that increasing the relaxation rates of the
ground-state coherences, shifts the maximum of the NMOR to higher magnetic field, while the

atomic density strongly influences the magnitude of the NMOR.

Keywords: magneto-optical effects, electromagnetically induced transparency,

electromagnetic pulses, light propagation

(Some figures may appear in colour only in the online journal)

1. Introduction

Rotation of the polarization plane of light travelling through an
atomic vapour, subjected to magnetic field, has been studied
for more than a century. The main characteristic of the linear
resonant Faraday effect is that, for Larmor frequencies smaller
than the resonance line width, the magnitude of the rotation
is proportional to a magnetic field. For nonlinear magneto-
optical rotation (NMOR) [1, 2], nonlinear contributions appear
in characteristic, dispersively shaped dependence on the
magnetic field.

The origin of magneto-optical rotation lies in the fact that
the medium behaves differently for the two components of
the field, displaying what is known as circular birefringence

0953-4075/14/045503+08%$33.00

or linear dichroism. The magnetic field, when applied to
an initially isotropic medium, creates asymmetry between
medium susceptibilities, corresponding to two circularly
polarized components of the field. Asymmetry can happen
when the magnetic field is longitudinal with respect to light
propagation (Faraday effect, causing circular birefringence)
or is transverse to k (Voigt effect, causing linear dichroism).
Resultant circular birefringence and linear dichroism induce
magneto-optical rotation, i.e. the polarization plane of the light
emerging out of the medium is rotated with respect to that of
the incident.

It is however interesting to relate NMOR to the combined
effects of the laser field and the magnetic field in the context
of coherent control of the polarization rotation [3-5]. Namely,

© 2014 0P Publishing Ltd  Printed in the UK
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NMOR is associated with the light-generated redistribution of
populations by optical pumping, and also by the creation of
coherences between magnetic sublevels of atomic or molecular
ground and/or excited states. This makes NMOR closely
related to other coherence effects, like electromagnetically
induced transparency (EIT) [6, 7], coherence population
trapping (CPT) [8, 9] and the slow propagation of light
[10, I11].

NMOR is typically studied as a function of light detuning
from atomic resonance, in the presence of the constant
magnetic field or as a function of the magnetic field for the light
tuned to the resonance. When both laser field and the external
magnetic field are present, transmission line shapes show
interplay between two fields resulting with suppressed and
enhanced rotation signals. Also, NMOR is typically studied
for the continuous-wave fields when it is of interest to know
the amount of rotation in the steady state. However, in the case
of amplitude modulated electromagnetic field propagating
through the resonant gaseous media, the presence of magnetic
field leads to time-dependent magneto-optical rotation.

Interest in laser pulse NMOR is focused on achieving a
better understanding of the relation between polarization of
the medium during the pulse propagation, and the subsequent
effects on the polarization of the light pulse. Investigation
of pulse NMOR behaviour is then directly related to studies
of pulse propagation through atomic medium [11], slow and
stored light [12, 13] and optical switching [14]. The NMOR
of pulsed light has been analysed in the context of slow light
[15-17]. BudKer et al [15] demonstrated the relation between
the reduced light group velocity and nonlinear magneto-optics.
It was shown that the time-dependent optical rotation can mask
the storage of light signal [16]. Ruseckas et al [17] have shown
that the orbital angular momentum of slow light manifests in
a rotation of the polarization plane of linearly polarized light.

In this paper we study theoretically the transient NMOR
behaviour of the light pulse propagating through the atomic
medium in the presence of longitudinal magnetic field.
Frequency of the linearly polarized light is tuned to the
F, = 2 — F, = 1 hyperfine transition in the Rb, D1 line.
Therefore, the pulse is inducing EIT in the atomic medium
as it propagates. The properties of NMOR are obtained by
solving density matrix equations for the atomic coherences
and populations along with the Maxwell equations describing
pulse propagation of the electromagnetic field through the
cold gas. We assume the Gaussian shape for the light pulse
and perform calculations for different pulse amplitudes and
widths. Transient behaviour of NMOR is compared to that of
ground-state coherences subjected to CPT, and their relation
is discussed. Influence of ground-states relaxation and atomic
density on the magnetic field dependence of rotation angle, as
the pulse propagates through the atomic medium, is presented.

2. Theoretical model

We solve the Maxwell-Bloch equations for the F, = 2 —
F, = 1 transition (see figure 1) in the 87Rb, D1 line, for
different longitudinal magnetic fields. Evolution of the density
matrix 0 (¢, z) is obtained from the optical-Bloch equations:

mg:

Figure 1. F, = 2 and F, = 1 hyperfine levels with the notation of
magnetic sublevels.

4 _ i
- . = -z H9 1,7 __H9 1,7
& h[ 0, P(2,2)] h[ 1, p(t,2)]

—SAEﬁ(t, 2) —ypE,2) + v po. ey

From equation (1) we calculate the evolution of the density
matrix 0. Indexes g and e stand for the ground and excited
levels, respectively. The diagonal elements of the density
matrix, pg e and p. . are the populations, while elements
Pgig; and Peye; are Zeeman coherences, and Pgie; and Per.g;
are optical coherences. The usual substitution for optical
coherences has been introduced:
Pgre; = elwtﬂkz ~g;,e/’

—iwt+ikz ~ (2)

1061,8/‘ =e pei,gj'

In equation (1), ﬁg describes the interaction of Rb atoms
with magnetic field B. The direction of the magnetic field is
also the direction of the pulse propagation and is taken to
be the quantization axis. Magnetic sublevels are split due to
the Zeeman effect by Eg.) = walr,, mge)B, where mg) are
magnetic quantum numbers of the ground and excited levels,
up is the Bohr magneton and [, is the Lande gyromagnetic
factor for the hyperfine level. The interaction of atoms with
electromagnetic pulse, with electric field vector E(t,7), is
given with Hamiltonian H,. SE is the spontaneous emission
operator with the rate I'. Due to a finite time that an atom
spends in the laser beam, all density matrix elements are
relaxing with the same rate y. The term y gy describes the
continuous flux of atoms entering the laser beam, where we
take equal population of the ground Zeeman sublevels for these
atoms. The role of the laser detuning is not discussed.

The electric field vector is

E(t,2) = &E,(t, 7) cos(wt — kz + ¢.(t, 2))
+&,Ey(t, 7) cos(wt — kz + ¢y(t, 2)), (3)

where w > 0 is the laser angular frequency, v = =ck, K is
the wave vector (we take k > 0 for the propagation towards
the positive direction of the z-axis) and c is the speed of
light. E,(z,z) and E,(¢, z) are real Cartesian components of
the electric field amplitude, while real quantities ¢, (¢, z) and
@y(t, z) are associated phases. In the following text we omit
dependence of all quantities on ¢ and z.

The angle of rotation ¢ is introduced here, when Cartesian
unit vectors are rotated like

€y — excos¢ +&,sing, €, — e,cos¢p — e sing.  (4)

The electric field vector E, when cosine functions in
equation (3) are written in exponential form, is
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E = %Ex(e} cos ¢ + &, sin ¢p)el ikt
+ %Ex(e"} cos ¢ + &) sin ¢)eteotik—io,
+ %Ey(e—; COS(p _ e—; Sin¢)eiwt—ikz+iq0‘,
+ %Ey (€ycos ¢ — &, sin ¢)e etik—igy, 5)

After we make transformation to the complex spherical unit

vectors basis:
—_ 4 P —4
o~ —0 . 1(0” +0 o o
—— &= ; &=3a% (6
V2 V2
the electric field vector is given in terms of complex
amplitudes, £, E._,E_, and E__ as

E=c""8 G E_ +6TE.,)
+e otk gmE 4 GYE, ). (7

e =

In equation (7) the following substitution has been made:

e ip ip
E._ = —(—Exe_l 4+ iEe™" "'),
+ 2\/5 y
e ip ip
E__=—(Ee " +iEe ),
2V2 g
eiiqj ip. : iy
Ei = 2—ﬁ(—Exe * +iEe'?),
el i S
E_, = m(Exe P +iEe'?). ®)
From equation (8) we see that complex amplitudes of electric
field are not mutually independent i.e. (E;4)* = —E__ and
(Ey_)* = —E_,.

Maxwell-Bloch equations representing equations of
motion for the complex amplitudes E,, Ey ,E_, and E__
(given in equation (8)) are solved for the propagation along
the z-axis:

(i + li>E+_ =+ ikNCP+_
9z cot 2e0 ’
(i + li)E__ =+ ikN"P__
9z cot 2e0 ’
<i+lE>E - _'kN"p
9z L car) T T g
(i + li>E+ = — ikNCP,+. )
dz c ot 2¢&o

In equation (9) we introduced the following quantities:

Py = — E PeigjMgj.ei,—1
eiog;
P_= - § Pe;,gi Mg ei+15
€i<>8;
Py = - E Pgi.ejMe;j.gi,—15
8gi<>ej
P*Jr = - § pgi,ejﬂej,gi,+lv (10)
gi<—>ej

where summation is taken over dipole-allowed transitions
induced by the laser. These four variables represent
components of the macroscopic polarization of the atomic
medium:

P(t,2) = NeeTr[ pr]
=N, [eiwzfikz ((?7P_+ + 5+P++)
+ efia)tJrikz(EfP__ + O?+P+_)]’ (11)

where N, is the concentration of Rb atoms.
To obtain the angle of rotation ¢ we take the third and
fourth lines of equation (8) and set ¢, = ¢, + 7:

(Ex+Ey) 4,
E.. —— el#x 1<z>7
o 22
(Ex - Ey) i i
E_, = —— "¢t (12)
W)
ie.,
|E |_M arg(Eyy) = o — ¢ + 1 + 27n
LV, )
(E)c - E\)
[Ey| = ——=—, arg(E_y) = ¢x + ¢ +2mnp.  (13)

23/2

From equation (13) we obtain
¢ = j(arg(E_y) —arg(Eyy) — 2w (ny —m) + 7). (14)

For the results presented in the next section we have ¢ (0, 0) =
0 and from equation (14) we calculate the polarization rotation
along the atomic medium and for different times during the
pulse propagation ¢ (¢, z).

Results for the transmission of the laser will also be
presented in the next section. They represent the power average
of the laser electromagnetic field, I = cso(f - E ). From
equation (7) we have

I = cep{{d™ (E,JreiwtfikZ + E,,efiwtﬂkz)
+ o—t+ (E++eiwtfikz + E+_efiwl+ikz)}2>

= —2ceo (Ex E__+E_LE ). (15)

3. Results and discussion

In this section we present results for the evolution of the
NMOR for the linearly polarized light pulse as the pulse
propagates through the L = 0.1 m long Rb atomic cloud. The
pulse laser frequency is tuned to the F, = 2 — F, = 1
transition of the ¥’Rb, DI line. Results are calculated for
magnetic fields corresponding to the EIT resonance. The
spontaneous emission rate is I' = 27 5.750 06 MHz and the
concentration of Rb atoms, if not emphasized differently, is
N, = 10" x 1 m~3. The rate of relaxation due to time of flight
y = 0.001 I". Temporal wave-form of the propagating laser
pulse is Gaussian (see figure 2):
2
I1(t) =I°exp ——(t _ZIC) ,
Ay
4log(2)

16)

where I° is the pulse peak intensity at the centre of the pulse
t. and Ay is the full-width at half-maximum. We point out
that transmission and NMOR signals can readily be obtained
experimentally from transient wave-forms of a transmitted
laser pulse, at large number of magnetic field values within
the EIT spectral bandwidth.
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Figure 2. Gaussian wave-form of the light pulse used in the
calculations. The pulse peak intensity is I° = 5 mW cm~2, centred
atf. = 50 us and Ay = 10 us.
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The origin of EIT lies in the CPT i.e. the existence of a
so-called dark state which represents coherent superposition
among the ground-state Zeeman sublevels. Mathematically,
the dark state is given with the condition H, |dark state) = O.
For the scheme F, =2 — F, = 1 (see figure 1) there are two
dark states, one among |m, = —1) and |m, = +1) Zeeman
sublevels, thus induced by the A interacting scheme. The other
dark state represents linear combination of other ground-state
sublevels, being part of the M scheme. Due to the existence of
these dark states, EIT resonances are closely related to the
ground-state Zeeman sublevels and the coherences created
between them. Formation of coherences, dark states and
optical pumping processes for different CPT schemes among
the Zeeman sublevels was analysed by Renzoni er al [18]
for the sodium D1 line. The role of ground-state coherences
in the NMOR effect was also discussed [19, 20]. Matsko et al
[19] analysed ellipticity-dependent nonlinear magneto-optic
rotation of elliptically polarized light propagating in a medium
with atomic coherence. It was shown that this rotation can be
described by means of A, M and higher-chain A schemes.
Drampyan et al [20] presented a theoretical description based
on the inverted Y model (combination of the A and ladder
systems).

In figure 3 we compare behaviour of the pulse
transmission and the rotation angle ¢ versus the magnetic field
B with the behaviour of the ground-state coherence pg_, o,. We
present results for three moments of the pulse propagation
corresponding to different intensities of the pulse in the
medium: during rising of the pulse intensity ((a) and (d)), when
the pulse is at the maximum intensity ((b) and (e)) and during
falling of the pulse intensity ((c) and (f)). More precisely, these
three instances correspond to times t = 40 us, t = 50 us and
t = 64 us of the linearly polarized Gaussian pulse presented
in figure 2. Results presented in figures 3(a)—(c) show that
evolution of both EIT and NMOR show various dependences
on B while the pulse intensity varies. Both magnitude of the
polarization rotation angle and the shape of its dependence
on B is very sensitive on the pulse intensity in the medium.
There are also significant differences of both EIT and NMOR
depending on whether the pulse intensity is rising or falling.
Results for the dependence of the NMOR on B in figure 3(c),

calculated for the time when the pulse is ‘leaving’ the medium,
t = 64 us, show oscillatory behaviour of rotation angle ¢, that
can be related to the Ramsey effect. Polarization of atoms
created at the peak of the pulse is probed during the weaker
pulse intensity at the time when the pulse exits the medium
[21, 22]. For the same moments of the pulse propagation,
results for the behaviour of the ground-state coherence p,_, 4,
presented in figures 3(d)—(f) reveal a close relation between
transmission of the pulse and the real part of p, , ., and
between the dispersive shape of the rotation angle and the
imaginary part of pg_, o .

To further confirm the relation between NMOR and
ground-state coherences, in figure 4 we compare amplitudes
(a) and widths (b) of the angle of rotation ¢ (green curves) and
of the imaginary part of p, , .., (blue curves) as a function
of the magnetic field B, for different times during the pulse
propagates through the medium. Amplitudes and widths were
obtained from dispersively shaped dependence on B (green and
blue curves in figure 3) i.e. from their minimum (B < 0) and
maximum (B > 0) values. The NMOR amplitude represents
the difference between these two extreme values of the rotation
angle, while the NMOR width is the difference between
the corresponding values of the magnetic field. Widths and
amplitudes of the magnetic field dependence of p, , .., are
calculated in an analogous way. Results show that the transient
behaviour of the amplitudes and widths of NMOR and the
imaginary part of coherence p,_, ,,, closely follow each other.
Discrepancy between widths at the time when the pulse begins
to enter the medium is due to the fact that formation of NMOR
signal is slower than the coherence buildup.

Results presented in figure 4 reflect diversity of the
magnetic field dependence of rotation angle ¢ (B) during pulse
propagation through the medium of Rb atoms. During the
rising of the pulse intensity, when the pulse starts to enter
the medium, there is a linear-like dependence of the NMOR
amplitude with increasing intensity. With rising of the pulse
intensity, atoms are exposed to larger energy per unit surface
area, as given with the integral of the pulse intensity over time
i.e. the area of the pulse. Results presented in figure 4(a) show
the effect of saturation at around # = 43 us, that is before the
pulse peak intensity enters the medium. Further increase of
the intensity leads to smaller amplitudes of ¢ (B) at the pulse
peak intensity. Results in figure 4 show that, for times when
pulse intensity is falling, the resonances are becoming steeper
i.e. the width of ¢ (B) is decreasing and amplitude is becoming
larger.

Next, we analyse the effect of the pulse peak intensity and
width on the behaviour of NMOR. In figure 5(a) we present
the amplitude of ¢(B) versus time for three light pulses of
the same width Ay = 10 us, centred at 7. = 50 us and
with different peak intensities 1 = 0.1 mW cm™? (magenta
curve), I = 0.5 mW cm™2 (green curve) and I =1mWcm2
(black curve). In figure 5(b) the NMOR amplitude is presented
for three pulses with peak intensity 1 = 0.3 mW cm~? and
different widths, Ay = 10 us (magenta curve), Ay = 20 us
(green curve) and Ay = 40 us (black curve). For results
presented in figure 5(b), the pulses were centred atz, = 100 s
to ensure that for t+ = 0 pulse intensity represents numerical
Zero.
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Figure 3. Results for the magnetic field dependence of transmission (magenta curves), rotation angle ¢ (green curves), real (black curves)
and imaginary (blue curves) parts of the ground-state coherence p,_, ,., for three different moments of the pulse propagation: t = 40 us ((a)
and (d)), t = 50 us ((b) and (e)) and t = 64 us ((c) and (f)). Results are presented for the linearly polarized pulse with the peak intensity
I°=5mW cm™2, 7, = 50 us and Ay = 10 ps shown in figure 2. y-scales for the rotation angle and the imaginary part of p,_, , L, are given

on the right sides.
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Figure 4. Results for amplitude (a) and width (b) of NMOR (green curves) and imaginary part of the ground-state coherence p,_, ., (blue
curves) during the light pulse passing through the medium. Results for the amplitude of the imaginary part of coherence were multiplied
with the constant to coincide with amplitudes of ¢ (B). Also presented with black dashed lines are normalized wave-forms of the pulse.

Parameters are the same as in figure 3.

The effect of the pulse peak intensity and width on the
NMOR has to be related to the light absorbed by the atomic
medium since the beginning of the interaction of the atomic
ensemble with the light pulses. Dependences of amplitudes
with the time of the pulse propagation, presented in figure 5,
show their increase when pulse intensity is rising. However,
while the magenta curves in both figures 5(a) and (b) constantly
increase even when the pulse is leaving the medium, the results
for higher pulse peak intensities and larger pulse width show
that there are critical moments when the amplitude of the
¢ (B) starts to decrease. This results in smaller polarization
rotation although the pulse intensity is rising. Exposing the
atoms to higher pulse energy, either by the increase of the pulse
peak intensity or with wider Ay, leads to saturation and even
decrease of NMOR amplitudes during high pulse intensities.

This effect is relaxed with the lower intensity when the pulse is
leaving the medium, leading to even higher amplitudes than for
pulse intensities during the rising side of the pulse. This kind of
dependence of the NMOR amplitude with time is characteristic
for much larger intensities, as presented in figure 4.

Our analysis shows that a decrease of polarization
rotation, while pulse intensity is still increasing, is related
to the optical pumping into the dark state. Here we analyse
the dark state formed only by the A scheme, while the
analysis of the other dark state (M-scheme) brings very similar
results. In figure 6(a) we present results for the behaviour
of the population of the dark state as a function of time
for three values of the magnetic fields B = 0 (magenta
curves), B = 0.1 G (green curves) and B = 0.2 G (black
curves). Presented in figure 6(b) is the imaginary part of the
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Figure 5. NMOR amplitudes at different times during the light pulse propagation through the medium. In (a) we present results for the pulse
with Ay = 10 us, t, = 50 ps and for three different pulse peak intensities: 7° = 0.1 mW cm~2 (magenta curve), I° = 0.5 mW cm~2 (green
curve) and I° = 1 mW cm™2 (black curve). In (b) we present results for the pulse with I = 0.3 mW cm~2, . = 100 us and for three
different widths of the pulse: Ay = 10 us (magenta curve), Ay = 20 us (green curve) and Ay = 40 us (black curve). Also presented with
dashed lines of matching colours are the wave-forms of the corresponding light pulses.
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Figure 6. Time-dependence of the population of the A-scheme dark
state (a) and imaginary part of the ground-state coherence p, | .,
(b) for three magnetic fields: B = 0 G (magenta curves), B=0.1 G
(green curves) and B = 0.2 G (black curves). Results are for the
linearly polarized pulse presented in figure 2: I = 5 mW cm~2,
centred at 7. = 50 us and Ay = 10 us. Normalized wave-forms of
the pulse are presented with black dashed lines.

coherence p,_, .., Which constitutes the dark state from the A-
scheme. Results are for the linearly polarized pulse presented
in figure 2.

For the considered configuration, the condition for the
dark state is satisfied only for the zero magnetic field, while
for other magnetic fields, inside the EIT resonance, the EIT
profile represents the ‘grey zone’ where the absorption is
less suppressed. Results in figure 6(a) show that for B = 0
the population of the dark state is constantly trapped during
most of the time of the pulse propagation, while the non-zero
magnetic fields yield a less populated dark state. For non-zero

magnetic fields and times when the population of the dark state
shows a flat dependence of maximally trapped atoms in the
dark state, the magnitude of the imaginary part of the coherence
Pg_1,5..1» decreases during the rising of the pulse intensity, and
recovers after the pulse peak intensity. Maximally populated
dark states lead to suppressed absorption which in turn leads to
depolarization of atoms and less rotation. The decrease of ¢ (B)
amplitudes during the pulse maximum intensity is the result of
optical pumping into the dark states, followed by simultaneous
decrease of coherences with time, but also dependent on the
value of the magnetic field B.

The subject of many studies is the width of EIT
[18,23-26]. Being both related to the ground-state coherences,
EIT and NMOR also depend on the lifetimes of ground-state
coherences created between ground-state Zeeman sublevels.
In our model, we have taken into account relaxation of all
density matrix elements with rate y, due to the finite time that
atoms spend in the laser beam. While the lifetimes of excited
state and optical coherences are limited by the spontaneous
emission rates, the lifetime of the ground-states is much longer
and is determined with y.

In figure 7 we present dependences of the NMOR
amplitude (a) and the NMOR width (b) on the time-dependent
intensity of the linearly polarized laser pulse (shown in
figure 2) for three values of relaxation rates: y = 0.0001 I
(magenta curve), y = 0.001 I" (green curve) and y = 0.01 I
(black curve). The presented results show that the value of
the relaxation rate y = 0.01 T" (black curves in figure 7)
yields qualitatively and quantitatively different behaviour of
both NMOR amplitude and width, compared to the smaller
relaxation rates. During rising of the pulse intensity, while
the dark states are not yet populated, the influence of large
y means greater dissipation of the ground-state populations
and the coherences and thus slower formation of the dark
states. For times when saturation of NMOR is present, the
rate of relaxation of the ground-states strongly influences
the widths of the rotation angles. The width of ¢(B) for
y = 0.01 " (black curve in figure 7(b)) is significantly larger
compared to the results with smaller y. Also, the black curve
in figure 7(a) shows a decrease of the amplitude when the pulse
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Figure 7. Time-dependence of the amplitude (a) and the width (b) of ¢ (B), for the ground-state relaxation rates: y = 0.0001 I" (magenta
curve), y = 0.001 I (green curve) and y = 0.01 I (black curve). Results are for the linearly polarized pulse and the peak intensity is I = 5
mW cm~2, centred at £. = 50 us and with the Ay = 10 us, presented in figure 2. Normalized wave-forms of the pulse are presented with
black dashed lines.
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Figure 8. Dependence of the amplitude (a) and the width (b) of the ¢ (B) on the time of pulse propagation for three different concentrations
of Rb atoms in the medium: N, = 5 x 10" x 1 m~* (magenta curves), N, = 10'* x 1 m™3 (green curves) and N, = 5 x 10'* x 1 m~3
(black curves). Results are presented for the linearly polarized pulse with the peak intensity I = 5 mW cm™2, . = 50 us and Ay = 10 us
as shown in figure 2. Normalized pulse wave-forms are presented with black dashed lines.

is leaving the medium. During this period, intensities of the
pulse are insufficient to sustain created coherences due to great
dissipation with the rate y = 0.01 I'. Effect of decoherence
on the NMOR was previously studied by Wang et al [27]. It
was pointed out that an increase of decoherence rate leads to
the behaviour typical for a linear Faraday rotator because the
EIT effect tends to be eliminated. The shift of the peak of the
Faraday rotation angle to higher magnetic fields was observed
[27], which can be related to an increased width of ¢(B) in
our analysis for the case of pulsed light.

Results presented in figure 8 demonstrate the influence
of the optical thickness of the atomic gas on the NMOR.
We present results for the amplitude (a) and width (b) of
the calculated ¢(B) as a function of time-dependent laser
intensity. Results are for the linearly polarized pulse presented
in figure 2. Calculations were performed for three values of
the atomic density N, = 5 x 10'3 x 1 m~3 (magenta curves),
N, = 10" x 1 m~3 (green curves) and N, = 5 x 10" x 1 m~3
(black curves). Results presented in figure 8 show that atomic
density does not influence the width of NMOR significantly.
Conversely, amplitudes are strongly affected with the change
of atomic density yielding approximately an order of
magnitude greater rotation when the concentration is changed
by an order of magnitude. The effect of the atomic density
in our theoretical model is in the macroscopic polarization
of atomic medium (see equation (11)), which depends linearly

on the atomic concentration. Atomic concentration determines
the number of polarized atoms whose atomic polarization
is precessing in the magnetic field, and therefore changes
the properties of the optical medium. The change of atomic
density also strongly affects polarization of the pulse itself,
since components of the atomic polarization are in the right-
hand sides of equation (9) and represent source terms of the
Maxwell-Bloch equations. The effect of atomic density on the
nonlinear Faraday effect with intense linearly polarized light
in an optically thick atomic rubidium vapour was previously
studied by Hsu er al [28] for the CW field. They show that
the polarization rotation rate, which is rotation angle per unit
magnetic field d¢/dB, in the limit of low field has a maximum
value as the density is increased.

4. Conclusions

We analysed NMOR of the linearly polarized Gaussian pulse
while propagating through the cold atomic gas. The frequency
of the laser pulse is tuned to the F, = 2 — F, = 1
transition in ’Rb, D1 line, and the pulse induces EIT. Transient
non-monotonic dependence of the rotation angle is obtained,
with enhancement and suppression of magneto-optical rotation
during different phases of the pulse propagation. Throughout
the pulse propagation, NMOR (EIT) behaves similarly to the
imaginary (real) part of the ground-state Zeeman coherences.
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NMOR depends on optical pumping into the dark states and
on the behaviour of ground-state coherences subjected to CPT.
Behaviour of pulse NMOR qualitatively changes for different
values of the pulse peak intensity. For the pulse with peak
intensity of I = 5 mW cm™2, the initial increase of the
NMOR is followed by the decrease when the pulse intensity
increases and nears its peak value. For pulses of much smaller
peak intensity, the magnitude of NMOR increases all the time
during the pulse propagation. It was shown that the relaxation
of the ground-states affects the width of the dispersive-shaped
magnetic field dependence of polarization rotation angle—
the maximum of NMOR shifts to higher magnetic field as
the relaxation increases. Our results have shown the effect
of the density of Rb atoms, i.e., for the range of considered
parameters, the magnitude of the NMOR scales nearly linearly
with the concentration of atoms. Results presented in this paper
are of interest in all studies of the propagation of a Gaussian
pulse through the media under the conditions of EIT and in
the presence of external magnetic field.
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Abstract
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We analyse one-dimensional (1D) subwavelength atom localisation in a cold atomic medium
under the action of two optical fields, the standing-wave and travelling probe fields, in the
presence of a magnetic field. Optical Bloch equations are solved numerically for the hyperfine
atomic transition F; = 2 = F, = 1 of the 87Rb D1 line. All Zeeman sublevels are included in
the calculations. This atomic scheme allows electromagnetically induced transparency (EIT)
if the applied magnetic field is zero or small. The results for the position-dependent probe
absorption are presented for two configurations, depending on the orientation of the magnetic
field with respect to the optical fields’ polarisations. The efficiency of the atom localisation

is analysed for a large range of field intensities and applied magnetic fields. The observed
behaviour of the probe absorption is analysed through the effects of EIT induced by two fields
of various strengths and its dependence on the applied magnetic fields.

Keywords: 1D atom localisation, electromagnetically induced transparency, Zeeman effect

(Some figures may appear in colour only in the online journal)

1. Introduction

During the past two decades there has been considerable atten-
tion in developing various techniques for precision position
measurements of an atom moving through a standing-wave
field [1]. Due to the fact that the dynamics of the atomic sys-
tems is position dependent within a standing-wave, by mea-
suring the position-dependent quantities of the system, one
can attain information on the position of the atom in the sub-
wavelength domain. Interest in studying the atom localisation
effect lies in potential applications for the precise measure-
ment of atom position in laser cooling and trapping of atoms
[2, 3], Bose-Einstein condensation [4, 5], atom nanolithogra-
phy [6-8], the measurement of the centre-of-mass wave func-
tion of moving atoms [9, 10] etc.

Early developed methods for atom localisation were
based on measurements of the phase shifts of standing waves
[11, 12], or atomic dipole [13, 14], resonance imaging methods
[15, 16] entanglement between the atom position and its internal
state [17], Ramsey interferometry [18] etc. Recent techniques
to achieve atom localisation are mainly based on the atomic
coherence of internal states and quantum-interference effects.

1612-2011/16/045202+8$33.00

Considerable interest is in realising atom localisation by coher-
ent population trapping [19] and electromagnetically induced
transparency (EIT) [20], also phase-dependent EIT in closed-
loop atomic schemes, Autler—Townes microscopy [21], STIRAP
(stimulated Raman adiabatic passage) [22] etc. Studies were per-
formed by utilising position-dependent quantities like probe field
absorption [23, 24], atom excited state population [25-27], spon-
taneously emitted photon [21, 28-31] and Raman gain [32, 33].

While early studies on atom localisation were mainly for
one-dimensional localisation, recent studies also analyse real-
isations of two-dimensional localisation [24, 30, 31], since
they provide more information on the atom position, better
spatial resolution and could potentially find more applica-
tions. Moreover, recent studies [34, 35] suggest the realisation
of three-dimensional atom localisation. The newly established
domain of subwavelength localisation, named sub-half-wave-
length localisation, analyses techniques that give informa-
tion on the atom position within the half wavelength distance
[29, 36, 37]. Only a few experimental realisations of the atom
localisation effect have been performed [34, 38—40] so far.

In studies of atom localisation, an atom is considered
to be localised if narrow structures can be observed in the

© 2016 Astro Ltd Printed in the UK
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localisation pattern, i.e. a position dependence of measur-
able quantity. The number of narrow structures in one sub-
wavelength domain shows the detecting probability, the width
shows the localisation precision, while the positions indicate
where the atom is localised. Most theoretical studies on atom
localisation use simple atomic schemes constituted of sev-
eral atomic levels. This enables analytical expressions to be
obtained from which one can read the choice of parameters
(field strengths, detunings, relative phase etc) which yields the
most efficient atom localisation.

We perform a numerical study and analyse the efficiency
of one-dimensional (1D) atom localisation by using two
orthogonal optical fields, the standing-wave and travelling
probe fields. Atom localisation studies often use the detuning
of the optical field from the resonance for control of localisa-
tion. Here, we assume that both fields are on the resonance of
F, =2 — F, = ltransition, DI line in 87Rb, while the shift of
energy levels from the resonances is done by applying a magn-
etic field. This atomic scheme is known to support Zeeman
EIT, a quantum phenomenon due to the coherent superposi-
tion of magnetic sublevels, manifested in the reduced absorp-
tion of the optical field if zero or a small magnetic field is
applied. The numerical calculations are done by solving
Optical Bloch equations for a multiple-level atomic scheme
with all the Zeeman sublevels taken into consideration. Two
configurations, with different orientations of magnetic field,
along the standing-wave or along the probe field polarisa-
tion, are analysed. The advantage of numerical analysis is
that we can apply arbitrary strengths of optical and magn-
etic fields. The optical fields’ intensities range from 10~ to
10> mW cm 2, the while magnetic fields range from 0 to 5 G.
We analyse the behaviour of the localisation patterns obtained
from the probe field absorption, investigating the effects of
standing-wave and probe intensities, and also the influence of
magnetic fields on the efficiency of 1D atom localisation.

2. 1D atom localisation schemes and theoretical
model

We analyse a scheme with two optical fields, standing-wave
and travelling probe fields interacting with cold atoms, in the
presence of a magnetic field. Both fields are linearly polarised
with mutually orthogonal polarisations and propagation direc-
tions. We analyse two configurations, i.e. the directions of the
standing-wave and probe field polarisation with respect to the
applied magnetic field:

e Configuration A: The optical standing-wave is linearly
polarised along the magnetic field direction and aligned
along the y-direction. The probe field is linearly polarised
in the y-direction and propagates along the z-axis (see
figure 1(a)).

e Configuration B: The probe field electric vector is col-
linear with the magnetic field, while the standing-wave is
polarised in the y-direction and aligned along the x-axis
(see figure 1(b)).

Steady-state optical Bloch equations (OBE) are solved for

the F, = 2 — F, = 1 transition (see figure 2) in 8'Rb, D1 line,

k

probe

k

probe

probe

y y

Figure 1. The geometry of the experiment, with applied magnetic
field B and two linearly polarised, mutually orthogonal optical

fields, standing-wave and probe fields with electric vectors ESW(K 1)
and Epmbe(?, 1). I;l[,mbe is the probe field wave-vector. (a) shows the
configuration A: ESW||§ 1 Eprobe ; (b) is the scheme for configuration
B: EpmbeHE 1 E,, where we omit the dependence on t and 7.

Figure 2. F, =2 and F, = 1 hyperfine levels, with notation of
magnetic sublevels and dipole allowed transitions due to selection
rules Am = 0 (green lines) and Am = +1 (blue lines).

for different applied magnetic fields and magnitudes of optical
fields’ intensities. From OBE:

i~ 1.~ . Aa . «
E[Ho,p] + g[Hl, Pl —SEp 4+ vp = 7Py, )]

we calculate the elements of density matrix p. The diagonal
elements of the density matrix, Pg.s and p, , are the popula-

tions, the elements Pe. g and Pey.e; ATC the Zeeman coherences,
.8 .
and Pg.c and p, g Are the optical coherences. Here, indexes g

and e stand for the ground and the excited levels, respectively.
In equation (1), H, is a Hamiltonian describing Rb atoms
in magnetic field B:

2R+ 2h+1
Hy = Z hwgi|gl~><g,~|+ Z ﬁu)ei|€i><€i|. )
i=1 i=1
The magnetic sublevels are split due to the Zeeman effect by
Eq = hwg = Ef—2 + pplpmgB for ground-state sublevels and
&, = hw,, = Eg—1+ pglpm,B for excited, where my(,) are the
magnetic quantum numbers of the ground and excited levels,
g is the Bohr magneton and If,,, are Lande the gyromagnetic
factors for the hyperfine levels. £r,—» and Ef—; are the ener-
gies of hyperfine levels F; =2 and F, = 1 of the free atom,
respectively.
The interaction of atoms with two optical fields is given
with the Hamiltonian:

. A 2F+12F+1
H=—d EF =Y. > Vilg><e|+hc, (3)

i=1 j=1
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mB=0G

mB=2G mB=4G

Figure 3. Results for configuration A: three-dimensional representation of the FWHM (a), base-level (b) and contrast (c) of the localisation
pattern structures obtained from the probe absorption App. dependence on the normalised position kgy. The magnitudes of both optical
field intensities take values from 10~ to 10> mW cm~2 and are given on the logarithmic scale. Several surfaces correspond to several values

of the magnetic field B =0, 2 and 4 G.

where d is the electric dipole operator and E(F,f) is the

total electric field oscillating with angular frequency
Ep=1— Ep=2
W=

F,=2— F, = 1 transition, the DI line in ®'Rb. V, ,, are the

, i.e. both fields are on the resonance of

matrix elements of the electric dipole interaction. SE stands
for the spontaneous emission operator with rate I'. We assume
relaxation of all the density matrix elements with small rate
v < I due to the mechanism like the finite time of flight or
collisional decay [41]. The term ~yj, describes the repopula-
tion of the atomic sample at the same rate, where p,, describes
atoms in their initial state, equal population of the ground
Zeeman sublevels. As we are considering cold atomic sample,
the role of Doppler broadening is not discussed.

We apply a Raman—Nath approximation [42], i.e. the
centre-of-mass position of an atom along the direction of the
standing-wave field is nearly constant and therefore we neglect
the atom’s kinetic energy in the Hamiltonian. An electric
dipole and rotating-wave approximations were applied. The
quantisation axis is taken along magnetic field vector B, and
equations (1) are solved in the rotated coordinate system for all
Zeeman sublevels of the F, = 2 and F, = 1 hyperfine levels.

With the quantisation axis along magnetic field vector,
two configurations allow different dipole-allowed transitions
between the Zeeman magnetic sublevels in the considered
atomic scheme (see figure 2 and the indicated different col-
ours). For the first configuration A, the standing-wave field is
m-polarised and Am = 0 transitions are allowed, while the lin-
early polarised probe field introduces multiple A-schemes with
ot and o~ light components of equal strength. Conversely,
for the configuration B, for the probe field the selection rule
Am = 0 stands, while for the standing-wave field the selec-
tion rules are Am = £1.

We calculate the probe absorption coefficient Apope as an
imaginary part of the complex susceptibility tensor diagonal
elements. For the configuration A, with the probe field along
the y-axis, the probe absorption is calculated from:

ieRN,
6 \/5 & OE probe

N304 F N300+ 30500+ 320 )] (D)

Aprobe = Im(Xprobe) = Im([ (3\/5/)872’2—1 + 3pg—1v90

and for the configuration B and Eprobe along the x-axis is given
as:

¢RN,
Aprobe = Im(Xope) = IM[————
probe (Xp obe) 660 Epmbe
X Bpy g 23000+ 3000 (9)

where N, is the atom concentration, e is the elementary charge,
go is the permittivity of the vacuum and R = < J,||F||J, > is the
transition dipole matrix element.

3. Results and discussion

We calculate the localisation patterns, that is, the probe absorp-
tion versus the normalised positions (kswx Or kgyy) within the

standing-wave range {—%,3}. To calculate the localisation

structures we use the same values of parameters for both con-
figurations: the concentration of Rb atoms in the sample is

N, = 10'° %, the relaxation rate is v = 0.001 I and the spon-

taneous emission rate is I' = 275.750 06 MHz. The results are
analysed for the range of applied standing-wave and probe
field intensities (Jgw and Ipobe, respectively) from 107* to
10> mW cm~2. We vary the magnetic field between 0 and 5 G,
staying in the vicinity of the EIT resonance.

Besides obtaining narrow structures in the localisation
pattern, important for an experimental realisation of atom
localisation is the ability to resolve the absorption levels in the
localisation pattern. Therefore, we analysed the behaviour of
the base-level, contrast and also full width at half maximum
(FWHM) of the narrow peaks shown in the localisation pat-
terns. In order to determine the structures in the localisation
pattern, we calculated extrema of the Apohe Versus kgyx (or
kswy) curve. The structure is defined by one of these extrema,
as its middle point, and its two adjacent extrema. The base-
level represents the minimal absorption of the structure and
the contrast is taken between the central and border extrema,
where we take the smaller value if the peak is asymmetric.
The FWHM is calculated as the width of the peak at half of
the contrast height.
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Figure 4. Configuration A: Apgpe VErsus kgy,y (a) and Aprope versus B (b) for fields’ intensities / WX =100 mW cm % and Lorobe = 1073 mW

cm™2. The results in (a) are for magnetic fields B = 0, 2 and 4 G and in (b) for standing-wave intensities Iy, = 0, 0.061, 0.26 and 1

max
e

The dashed line in (a) shows normalised standing-wave intensity Iy, = Ino* sin?(kgy). The curves in (b) for I, = 0.061and 0.26 I

SW

correspond to the positions of four peaks in (a) for B = 2 and 4 G, respectively.

3.1. Configuration A

In configuration A, as shown in figure 1(a), standing-wave
electric vector ESW is parallel to the magnetic field B. In
figure 3 we present the results for the FWHM (a), base-level
(b) and contrast (c) of the localisation pattern structures for
intensities, Zprobe and Iy, from 107* to 10> mW cm~? given
on the logarithmic scale. The results presented here are for
three values of the magnetic field, B = 0, 2 and 4 G, while our
analysis includes more values. The results for the widths of
the structures show that, for Im>* < 1072 mW cm™2, informa-
tion on the atom position is available in a very broad region,
i.e. the localisation structures have FWHM =~ 3, which indi-
cates poor localisation precision. With the increase in I5* the
widths reduce and for Iyope < 1 mW cm™? extremely narrow
structures can be obtained. The base level of the structures
strongly depends on the probe field intensity and is low for
Lyrobe > 1 mW cm 2. The contrast of the localisation structures
is higher if Ig,™ is large and Iyrone s small. In the following,
we present some results from the previously discussed range
of intensities, which show efficient localisation and also the
effects of the magnetic field on the atom localisation.

In figure 4 we present the results for the probe absorption
versus normalised position (a) and versus magnetic field (b)
for fields’ intensities /f.* = 100 mW cm ™2 and yrope = 1073

mW cm~2. The localisation pattern in figure 4(a) for B = 0
shows highly efficient localisation with two peaks within one
wavelength of the standing-wave, at the nodes of the stand-
ing-wave. With the increase in the magnetic field, one peak at
the node splits into two overlapped peaks, which reduces the
detection probability by half. More importantly, the results for
B == 0 show that for this range of intensities the magnetic field
can be used to control the peak positions within the standing-
wave, i.e. the increase in magnetic field uniformly shifts the
positions of the four peaks from nodes towards the anti-nodes
of the standing-wave.

The behaviour of the probe absorption within the standing-
wave for different magnetic fields can be understood from
the dependence of the Zeeman EIT profile on the applied
standing-wave intensities. The results in figure 4(b) show the
dependence of probe absorption on the magnetic field at sev-
eral positions within the standing-wave. The splitting of the
localisation peak for B = 0 (figure 4(a)) is due to two overlap-
ping EIT profiles and higher values of the probe absorption
away from the nodes, as shown in figure 4(b). The shift of the
localisation peaks towards the anti-nodes, the with increase
in magnetic field, can be attributed to EIT broadening. As
depicted in figure 4(b), as kg,y approaches the anti-node, the
amplitude of EIT remains nearly constant, while the width of
EIT constantly increases with maximal absorption moving
towards higher magnetic fields.

The effects of the stronger probe field are given in fig-
ure 5 for Ine* = 100 mW cm 2 and Iyope = 0.5 mW cm 2.
In figure 5(a) we present Apohe Versus kgyy for magnetic
fields B =0, 0.04, 0.2 and 1.8 G. The presented results sug-
gest ways to control the localisation peaks’ contrast by small
magnetic fields. The localisation peaks are at the nodes of the
standing-wave and the peaks’ height gradually increases by
about five times as the magnetic field changes from B = 0 to
B = 0.2 G. The observed increase in contrast is explained by
the high-contrast of EIT for Iy, = 0 (shown in figure 5(b)).
The contrast of the localisation peaks in figure 5(a) increases
as long as the magnetic field is ‘inside’ the EIT transparency
window (B £ 0.2 G), i.e. the increase of B weakens EIT, which
leads to higher absorption at the nodes of the standing-wave.

A further increase in the magnetic field leads to broaden-
ing of the localisation peaks in figure 5(a), while the result
for B = 1.8 G shows the formation of a much narrower peak
on top of the wider peak. The results in figure 5(b) for I, > 0
show a similar effect to the results in figure 4(b), i.e. the EIT
amplitudes are at the same level and the width of the EIT peak
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Figure 5. Configuration A: Apope Versus kyy (a) and Apope versus B (b) for fields’ intensities / WX =100 mW cm 2 and Lyrobe = 0.5 mW
cm 2. The results in (a) are for magnetic fields B = 0, 0.04, 0.2 and 1.8 G and in (b) for standing-wave intensities I, = 0, 0.015, 0.06 and
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Figure 6. Results for configuration B: FWHM (a), base-level (b) and contrast (c) of the localisation patterns. The surfaces are drawn
for 3 values of the magnetic fields B = 0, 2 and 4 G, while the maximal standing wave and probe field intensities are from 10~ to
10> mW cm ™2
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Figure 7. Configuration B: Apope versus kg, x (a) and Apope versus B (b) for fields’ intensities Iprope = 10*mW cm 2 and / WX =10 mW cm 2.
The results in (a) are for magnetic fields B = 0, 1and 2 G and in (b) for standing-wave intensities Iy, = 0, 0.2 and 1 I3"*. The dashed line
in (a) shows the normalised standing-wave intensity Iy, = Ign Sin? (kg X).

increases with the standing-wave intensity. For a small range  peaks indicating that the standing-wave intensity reached
of standing-wave intensities, the dependence of Appe ver- — saturation intensity [43], i.e. a further increase in Iy, does not
sus B shows overlapping for values of B outside of the EIT lead to higher one-photon absorption. The above explains the
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Figure 9. Configuration B: Ajope Versus kg, x (a) and Apobe versus B (b) for fields’ intensities fyrobe = 20 mW cm Zand ] WX =100 mW cm %
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Results in (a) are for magnetic fields B = 0, 1and 3 G and in (b) for standing-wave intensities l, = 0, 0.025, 0.5and 1 I,,".

nearly constant probe absorption around the nodes for value
B = 1.8 G in figure 5(a) and the formation of another narrow
peak.

3.2. Configuration B

In configuration B, as presented in figure 1(b), the probe field
is oriented along the magnetic field and the quantisation axis.
Figure 6 shows the results for the FWHMs (a), base-contrast
(b) and contrast (c) of the localisation pattern structures. The
results for the structure widths show that the precision for atom
localisation increases when intensity /o> 1072 mW cm 2.
The base-level of the localisation structures is low if either
the field intensity is larger than 1 mW c¢cm~2. The results for
the contrast suggest that the range Iyope <1 mW cm 2 and
Im% > 1072 mW cm~? induces a higher contrast of locali-
sation structures. In short, the results in figure 6 show good
localisation with high precision, low base-level and high con-
trast for small Zprobe and large Iy~ .

In figure 7(a) we present the localisation patterns for
Lyrobe = 107*mW cm ™2 and 13X = 10 mW cm ™2 and for three
values of the magnetic field B =0, 1 and 2 G. The results
show excellent atom localisation at the nodes of the standing-
wave. At and around the anti-nodes positions’ absorption is
completely suppressed due to high standing-wave intensities
exceeding the saturation intensity. The wide absorption maxi-
mum for Ly = 0 in figure 7(b) corresponds to one-photon
absorption since m-polarised light cannot induce EIT [41, 44].
The height of ther localisation peaks in figure 7(a) at the nodes
decreases slightly with the increase in B due to the shifts of
magnetic levels and lower absorption due to detuning from
the resonance. The localisation peaks are broadened for small
values of I, or near the nodes, where EIT is weaker for larger
B (see figure 7(b)) resulting in a slight reduction in localisa-
tion efficiency.

Figure 8 shows the results when the probe field intensity is
higher than the standing-wave intensities, i.e. for Iyope = 20
mW cm 2 and I = 1 mW cm 2. The results in figure 8(a)
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show that for B = 0 the localisation pattern represents a sinu-
soidal curve with poor localisation precision. The results pre-
sented here and for similar intensities indicate that an increase
in magnetic field can improve localisation due to a significant
increase in the structure’s contrast. At the nodes of the stand-
ing-wave, about 80% of the population is optically pumped to
the edge levels, g_; and g by the m-polarised probe field’s.
The standing-wave field allows Am = +1 transitions too,
which causes redistribution among the Zeeman sublevels and
allows an increase in absorption at the positions between the
nodes.

In figure 9 we present the results for a much stronger stand-
ing-wave field, e = 20mW cm 2 and I = 100 mW cm 2.
As shown in figure 8(a), the peaks in the localisation pattern
for B =0 are very wide. The increase in magnetic field also
leads to the formation of narrow dips at the nodes’ position,
but a much stronger standing-wave creates four localisation
peaks near the nodes. Compared to the results in figure 8
probe absorption at the anti-nodes’ positions is at a lower level
(see figure 9(b)) due to a considerably stronger standing-wave
field which exceeds saturation intensity. The result when the
peak splits if the magnetic field is applied is similar to the
results in figure 4(a), although the presence of a magnetic field
here significantly improves localisation due to better detection
precision and the increase in the peaks’ contrast.

4. Conclusion

We studied the efficiency of 1D subwavelength atom locali-
sation via the EIT phenomenon in a degenerate two-level
system, by using two orthogonal optical fields and small
magnetic fields. The localisation efficiency is analysed for
two configurations, when the applied magnetic field is along
the standing-wave or along the probe field polarisation.
Two configurations enable different transitions between the
Zeeman magnetic sublevels, the behaviour of the EIT and
consequently the localisation patterns. The properties of the
position-dependent probe absorption are studied for a large
range of field intensities and different values of magnetic
field. The range of intensities giving efficient subwavelength
resolution localisation was obtained numerically by calculat-
ing the widths and contrasts of the narrow structures shown in
the localisation patterns.

Our results show that both configurations can be used
for obtaining narrow localisation structures with widths less
than 0.5% A. The results for configuration A reveal conditions
where one can manipulate both the position and contrast of
the localisation peaks by a small magnetic fields. If a strong
standing-wave and weak probe field are applied, the results
for configuration B show very efficient atom localisation for
a large range of applied magnetic fields. The results for con-
figuration B also indicate a range of optical field intensities
when a magnetic field can be used to improve localisation.
The behaviour of the position-dependent probe absorption is
analysed through the mutual effects of the induced EIT, two
optical fields of various strengths, below or above saturation,
and the dependence on the applied magnetic field.
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CrossMark
Abstract
Results are presented for the conservation laws (CLs) for the optical Bloch
equations (OBEs) for the A scheme under action of two light fields. The method
of multipliers (variational derivative method) is used to obtain CLs which are
dependent on the density-matrix elements. Results are classified and discussed
by the phenomenological parameters and processes characteristic for OBEs,
like the relaxation and decoherence, and the detunings of light fields. CLs for the
Liouville von Neumann equation, as a special case of OBEs, without relaxation
and decoherence terms, are presented and it is shown that traces, characteristic
polynomials and their coefficients, eigen-values and determinants of class of
matrices represent CLs. We also presented method, which used CLs obtained
by the method of multipliers, to construct another set of CLs, which have the
explicit time dependence and are valid for the larger set of parameters, with
relaxation due to time of flight and spontaneous emission. Presented results
could yield better understanding of the processes in the A scheme modeled by
the OBEs, and as well have practical applications in various solution methods.

Keywords: conservation laws, optical Bloch equations, method of multipliers

(Some figures may appear in colour only in the online journal)

1. Introduction

Optical Bloch equations (OBEs) [1, 2] are widely used to describe the time evolution of
the optically resonant dynamics of an ensemble of discrete-energy systems, those in atoms,
molecules, semiconductor hetero-structures, molecular magnets etc. They model semiclassi-
cal case of a quantized physical system interacting with a classical optical fields, as given by
the density matrix formalism for the mixed state. OBEs are ordinary differential equations
over time of the first order. So far, OBEs have shown plentiful of applications in laser physics,
spectroscopy, quantum and nonlinear optics.
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The A scheme represents the light—matter interacting scheme with three levels, two ground
levels coupled to same excited level by the excitation fields. It has been exhaustively stud-
ied in quantum optics, for studding phenomena like electromagnetically induced transparency
[3, 4] and coherent population trapping [5, 6]. Both phenomena can be considered to be the
consequence of so called ‘dark-state’, developed as coherent superposition of the ground-state
levels, non-interacting with the light fields [7].

Conservation laws (CLs) represent intrinsic properties of differential equations. They are
quantities, we indicate as 7, satisfying divergence condition VT = 0, on the solution of
equation or the system of differential equations. CLs may not have physical interpretation, but
are important for the practical applications in the mathematical physics and for better under-
standing processes that are described by the equations. For example, CLs can be used to control
numerical errors in the numerical integration of various differential equations [8]. Knowledge
of CLs can also be useful as a tool to develop new techniques for the solutions of some dif-
ferential equations [9]. Various approaches [10, 11] have been developed to obtain CLs, like
direct [12], Noether theorem [13], symmetry [14, 15] or multipliers [16].

CLs for the A scheme (or arbitrary scheme with N discrete levels) have been studied previ-
ously for a special case of OBEs without relaxation and decoherence terms, that is, Liouville
von Neumann equation for density matrix. So-called pseudospin vector model enabled Hioe
and Eberly [17, 18], Hioe [19] and Gottlieb [20, 21] to identify constants of motion for the
scheme with N-levels. General expressions for the CLs for the N-level system, expressed in
terms of traces of matrix products of density matrix and Hamiltonian, were given by Hioe
[22]. Ravishankar [23] has found even more CLs of this type. Mallesh and Ramachandran [24]
have found alternative way to express a set of equivalent CLs and to prove that the number of
functionally independent among them equals N> — N + 1, when interacting with N — 1 optical
fields.

In this paper, we present results for CLs for the OBEs for the A scheme. The first set of
results are CLs which depend only on the density matrix elements and obtained by using the
variational derivative method of multipliers [10, 25, 26]. We imposed ansatz for the multipliers
in the form of quadratic polynomial of the density matrix elements. Obtained results for the
non-trivial and functionally independent CLs are classified by the various phenomenological
parameters used in OBEs. These results were further used to develop method to obtain another
set of CLs. This set of CLs have explicit time-dependence and is valid with the relaxation due
to time of flight and/or the spontaneous emission in OBEs.

We show that when frequencies of light fields, coupling two transitions in the A scheme, are
at the resonance frequencies, Liouville von Neumann equation for density matrix has one more
additional CL, compared to the number given by Mallesh and Ramachandran [24]. We repre-
sent set of functionally independent CLs for Liouville von Neumann equation for A scheme, by
using trace of matrix product containing higher derivatives of density matrix. In addition, we
analyzed CLs for the Liouville von Neumann equation for arbitrary N-level scheme. We intro-
duced class of matrix quantities given as arbitrary product of density matrix and the interaction
Hamiltonian under the rotating-wave approximation, and have shown that traces, determinants,
eigen-values, coefficients in the characteristic polynomials of these quantities are all CLs.

2. Optical Bloch equations

We construct CLs of the OBEs for the A scheme (see figure 1), consisting of three energy
levels, two ground levels, 1 and 2, and one excited level, 3. We consider ensemble of quantum
systems interacting with two optical fields, the probe E}, which drives transition 1 <+ 3 and
the control field E, for 2 <+ 3 transition, with light frequencies w, and w, respectively, and

2
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— )

Figure 1. A scheme with three discrete energy levels in the Dirac notation and two light
fields E, and E. with their detunings from the resonance frequencies, A, and A..

corresponding detunings of two fields:

Ap = w3 — wi + wp,

(D
Ac = w3 — wr + we,
where hw; (i = 1,2, 3) are energies of three levels. The total electric field is given with:
E=E,e "™ +E e ™ tcc, (2)

where E,, and E. are time-independent amplitudes of two fields.

OBEs are equations for the solution of the time-dependent density matrix elements p; (1),
where p;;(7) are populations of the ground (i = 1, 2) and excited (i = 3) states. p; j(t), fori # j,
are ground-state and optical coherences. In the following text, we will write density matrix
elements and other time-dependent quantities without explicit time-dependence. Considering
various cases of OBEs that can be found in the literature, we present here equations that we
used in their explicit form:

0 . .
2oLl _ ip3,182," —ip13Q, +1'1pas + 1 VP11
ot 2
0 . . . .
glt’z = ip3oQ" — ip13h + i (Ac — Ap) pra —Vp12
dp13 . . o . 1
o —ip12Q" = ipa Q"+ ipssyt — iApp1s — 3 T+ T2 pi3 —mpis —vp13
P21 = PT,z
0 ) .
P22 _ ip329" — ip23Q + Tapss + T VP22
ot 2
3[)2,3 . . . « . . . 1
a - —ip2280" + ip3 30" — ip2 " — iAcprz — 2 Tt +T12) p23 — 12023 — VP23
P31 = Pis
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P32 = p;3
gi,s = —ip32 Q0" +ip23Qe — ip31 " +ipi 3 — (U1 +12) p3z — vp33. 3)

2, and ). are complex Rabi frequencies:

E.
Qp = p;;3l s
4)
0 — Ecpiz
C h b

where ji3; and f3, are electric dipole moments for the corresponding transitions. We have
assumed complex Rabi frequencies, although it is not necessary for this scheme, like it is
for the closed-loop schemes or for the Maxwell-Bloch equations. Note that with purely real
Rabi frequencies, we obtained the same number of functionally independent CLs. Results we
present in the following, but with complex Rabi frequencies replaced with real ones, represent
functionally independent CLs for OBE with real Rabi frequencies.

Equation (3) also comprise relaxation and decoherence mechanisms. Terms with sponta-
neous emission can be obtained from the master equation [27], while relaxation due to the time
of flight [28] and decoherence of optical coherences [29] are commonly added phenomenolog-
ically. I'; and I'; are the spontaneous emission rates from states 3 to 1 and 3 to 2, respectively.
v, and y, are decay rates of coherences between those two pairs of states, caused by the elastic
collisions. y is rate of relaxation due to the time of flight.

3. Methodology of finding CLs

We search for possible CLs, denoted by T and satisfying equation:

dT;
) 5
dr )

on the solution of equation (3), by using method of multipliers. T’ represent quantities invariant
in time, as such determined from the imposed initial condition. System of equation (3) is a
system of nine independent equations with nine independent complex variables:

TP = P11, P12, -, P33, i=1,...,9. (6)

The procedure [25] of finding CLs starts from equation:

RV -
5= ;Q,@, R). ™
Q; are multipliers, functions of r; and their derivatives over time, which should be found.
L; and R; are left and right-hand sides of OBEs (equation (3)). On the solutions of the
equation (3), the left-hand side of equation (7) equals zero because T, is the CL, while
right-hand side becomes zero because equation (3) are identities.

We assume that 7'y depends only on the density-matrix elements r;:

T, = T, (p11, 125 P13, P21 P22, P23 P315 P32, P33) 5 (8)

4
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since their time derivatives can be expressed in terms of r;, from equation (3). With this
assumption, left-hand side of equation (7) stands:

th Z 3Tt dr, (9)

Or; dt

‘We next introduce ansatz for each Q; as the sum of density matrix elements and their products:

ZC FJ+ZZC T, (10)

j=1 k<j

where ¢/ and c{’k are arbitrary time-independent coefficients. In order to determine those

coefficients we first apply the ansatz for the right-hand side of equation (7):

9
M= QiLi—Ry) (11)
i=1
and then take variational derivative of equation (11) over T¢’s independent variables r;,
i=1,...,9. The standard Euler operator (or variational derivative) over function r; is given
with:
0 0 0 0
— == - D? 12
ori O "Ori + YOria (12)
where D is the total derivative operator:
0 0 0
D = — E,': it Z,': it 13
t ot + it o + i ari,t + (13)

and r;; and r;, are first and second derivatives of r; with respect to ¢.
Equations which are used to determine multipliers Q; are obtained by taking variational
derivatives of equation (11) over nine variables r;:

oM
or;

These equations must be satisfied identically and not only on the solution of equation (3).
In order to determine multipliers Q;, we equalize coefficients next to different products of 7;
and their derivatives to 0. In this way we obtained linear system of equations over coefficients
¢l and ¢! * . This system is generally underdetermined and solution brings dependence of subset
of coefficients, from equation (10), on other coefficients and the OBEs parameters.

We insert the solution for the multipliers Q; into equation (7) obtaining as the result a lengthy
equation. We group terms in equation next to first derivatives of variables r; as:

9
dr
ST,

i=1

=0. (14)

+fz) = (15)

J are polynomials in variables r;, where coefficients in polynomials depend on the coefficients
from ansatz in equation (10) and on various time-independent parameters from OBEs. From
there we obtained system of nine partial differential equations:

oT,
Or;

=0, i=1,...,9, (16)
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which we solve and obtain exact solution for 7;. By collecting terms in the solution with the
remaining coefficients from equation (10), we obtain separate CLs. We note that 7 could be
also obtained after multipliers are determined, by integrating M over time. However M is very
lengthy expression containing products of CLs, whose integration represents computationally
demanding task. We however have tested and compared both methods and obtained the same
results.

4. Results for CLs obtained by the method of multipliers

We analyzed existence of CLs assuming that different phenomenological parameters in OBEs
are non-zero. Results will be given for cases with or without relaxation and decoherence terms
and for both detunings being either zero or different from zero. In the latter case we consider
cases with different or equal detunings.

Since CLs can be combined to yield another CLs, we selected subset of functionally inde-
pendent, among CLs with short form. Functional dependence of the obtained results was
checked by using Jacobian matrix [30]. For a complex CL, both real and imaginary parts are
separate CLs, therefore we have chosen purely real CLs in the set of functionally indepen-
dent. We also present results only for the non-trivial CLs. There are two types of triviality
[31]: when trivial CL vanishes for all solutions of the given system and when the divergence
condition VT = 0 holds identically and not only on the solutions of the equation or system of
equations in use.

4.1. CLs when OBEs are without relaxation and decoherence terms

We first consider the absence of relaxation and decoherenceie. I'y =1y =, =, =7 =0.
There are seven functionally independent CLs with ansatz (equation (10)):

T! = pi1 + pas + P33 (17
T? = prapan + P13pas + P2a3psa — PLiP22 — PLIPIS — P22P33s (18)

Tt3 = P12P23P3,1 T P13P2,1032 + P1,1P22033
— P13P2203,1 — P1L1P23P32 — P12P2,1033 (19)

TH = Qupis + P38 + Qepas + p32fde — Dppra — Acpra,

1 1
T, = pui <|Qc|2 + 58 (A - Ap)) + P22 (Qp2 + 58 (Ap - Ac))
= Qpp128% — Qep218Y (20)

1
—3 (Ac = Ap) (=p328% = Qepas + p3a G + Qpi3)

T8 = Q, (p12p23 — p1apaz) + (p1p3z — p22p3i) Qo+
+ Qe (p13pas — pripas) + (prapsa — prapsa) Q
+ 4, (02,303,2 - p2,2p3,3) + A, (01,3p3,1 - p1,103,3) (21)

6
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and

T] = Qp (pr1p3z — p13psn) Qs+ Q (pr12p33 — prapaz) X
+ Qe (p21p33 — p23030) Q + Qe (22033 — p23paz) Qi

1
+ 5 (Ac - Ap) (Qp (Pl,3p2,2 - pl,zpz,3) + Qe (pl,spz,l - 01,1p2,3)

+ (02,2p3,1 - p2,1p3,2) Q+ (01,2p3,1 - p1,103,2) Q0
+ Ap (p22033 — p23p32) + A (p13p31 — P1ap33)) - (22)

4.2. CLs when relaxation, decoherence and detunings in OBEs are zero

Although one could expect additional symmetry for the case of equal detunings of light fields
in the A scheme (figure 1), we obtained the same seven CLs, Tll, o, Tt7 | Ap=A.- However for
the case of light fields at the resonance frequencies, besides T/, ..., T]|a we obtained
additional CL:

p.c =0

TP = (Qpp1282% — Qcpz,@;)z - |Qc\2(P3,1QI§ + Qppl,s)2 — 12 (3292 + Qc/’2,3)2~ (23)

4.3. CLs with relaxation and decoherence terms in OBEs

For any combination of the parameters, I';, I';, 7, and v, being non-zero, we obtained
expected result—conservation of density-matrix trace 7. For non-zero decoherence rates,
7, # 0 and/or 7, # 0, and for equal light-fields detunings, A, = A, besides T} we obtained
CL:

70 = pralQl* + p22l* — Qp12Q — Qep2i 2. (24)

This CL is the same as 77 for equal detunings. For the case of different detunings and non-zero
decoherence rates v, and ,, we obtained only T}'.

5. Discussion of results obtained by the method of multipliers

OBEs without relaxation and decoherence terms are equivalent to the Liouville von Neumann
equation for the density matrix:

dp i~

o =l (25)
CLs, or constants of motion, of the Liouville von Neumann equation have been previously stud-
ied in the literature. Highest number of CLs has been determined by Mallesh and Ramachan-
dran [24] who have shown that for the arbitrary scheme with N levels, interacting with N — 1
optical fields, there exist in general N> — N + 1 independent invariants of motion, when the
Hamiltonian assumes a time-independent form under a suitable unitary transformation.

As we have presented in the previous Section, our search for CLs gave more than
N? — N + 1 functionally independent CLs when the light fields are resonant, Ap=A, =0.
We have checked, compared and found that our results for CLs, T! — 7} are functionally depen-
dent on the ones obtained by the procedure given in [24] and vice versa. Compared to CLs
obtained by their formulas [24], our CLs generally have shorter form (less number of addends)

7
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and our expressions are invariant in respect to exchange of levels 1 and 2 and the corresponding
coupling fields (see figure 1).

Mallesh and Ramachandran [24] gave two procedures for obtaining N> — N + 1 function-
ally independent CLs, one of which is by using trace of matrix product:

Ch = Tr (pHY,
DP = Tr(p"HY),
o 26)
qgq=0, p=1,2,...,N,
g=12,....N—-1, p=1,2,...,N—1.
Either C or D can be used to calculate set of functionally independent CLs. H is the time-

independent Hamiltonian in the interaction picture and under the rotating wave approximation.
For the A scheme with notation of levels and optical fields given in figure 1, it stands:

0 0 — R
H=| 0 hnA.—nA, —h ). 27)
—hQ,  —hQ.  —hA,

By further analyzing approach given by Mallesh, we found shorter expressions for CLs,
obtained by the products of Hamiltonian and derivatives of density matrix. With the first three
CLs same as in Mallesh formula, the following set also forms seven functionally independent
CLs of Liouville von Neumann equation for the A scheme:

X =Tr p,, i=1,23,

: d . (28)
X =Tdl(p) - H-pl i=0,1,2,3.
These expressions are results of products of maximum three matrices, whereas equation (26)
represent product of maximum six matrices in C/ or four matrices in D). Another form which
can be used, instead of the last four CLs in the previous equation is:

- d . d/
X =Tr[(—=p)-H-(—p)]l, i,j=0,1,2,... 29
: r[(dt,p) (dﬂp)] i, ] (29)
among which the set of functionally-independent CLs can be selected.
We also further analyzed properties of matrix products of density matrix and Hamilto-
nian for arbitrary N-level scheme. We made generalization of equation (26) by introducing
the following quantities:

T(a1,az,...,ak) = ﬁallﬁlazﬁda .. .ﬁ“k—l[ﬁ[“k’ (30)

which represent products of any powers of density matrix p and interaction Hamiltonian H,
regardless of order, since powers aj, ay, . . ., a; can take values of natural numbers including
zero. As we show in appendix A it evolves according to Liouville von Neumann equation:

d . .

1 R
&T(al,az 44444 ak) - %[Ha T(al,a2 ,,,,, ak)]- (31)

8
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Due to this property, quantities given with equation (30) yield infinitely many CLs. By taking
trace of equation (31) we have:

d_ - 1 A
&Tr T(al,az 44444 ay) - % Tr[H, T(al,az 44444 ak)]

= OO Ty )~ Ty =0, (32)
due to invariance of trace under cyclic permutations of matrices.

Since our analysis is for equations with only one independent variable, any function of
CLs also represent CL due to property of a composite function 9 (th(’)) = % dﬁ(TTé;)) . We show
that as a consequence of equation (32), characteristic polynomials and their coefficients, deter-
minants and eigen-values of matrices Ty, 4,....q;), are also CLs for Liouville von Neumann
equation for arbitrary N-level scheme, not just for A.

Coefficients of characteristic polynomial:

pO) =detOy —A) = AV + ey N e+ o, (33)

of arbitrary square matrix A can be calculated from traces of various powers of A [32]. There-
fore, each coefficient cg, ¢, . . ., cy—; in equation (33) represents CL. Consequently, eigenval-
ues of matrices T(al,az ,,,, ap» Which are the solution for A when equation (33) equals to zero,
are the functions of the coefficients ¢, ¢, ..., cy—1 and represent CLs. It follows that whole
characteristic polynomial is CL. Determinant of quantities given with equation (30) is also CL
due to the property Det(A) = (—1)Y ¢y or Det(A) = vazl E; for the arbitrary square matrix A,
where E; are its eigenvalues.

Another quantity which is conserved in time and whose value is determined from the initial
condition is von Neumann entropy:

S=-Tr(pInp)=—>» EilnE (34)

expressed thought the eigen-values of density matrix p.

As we have presented in the previous section, for the case when light fields are at the
resonance frequency, A, = A, = 0, there are total of eight functionally independent CLs,
T!,...,TS. Result given with T? can not be calculated by using methods previously presented
in the literature [22, 24]. The presented form depends on the coherences only, and can be
expressed through the real and imaginary parts as:

Ttg(A) = j(Qppl,z(Qc)*)z + ‘Qc‘zm(gpplﬁ)z + |Qp|2m(900273)2' (33)

T8 combined with trivial CLs (which are equations from equation (3)) yields CL which depends
on the optical coherences and their derivatives only:

* 2 * 2
v = \Qc|2(03,19p + Qpp13)” + |Qp|2(P3,2QC + Qepa3)

1/ Op3. Ops\" 1 (02 92\’
L(Op310e g 9P, S (920 9023
Jr2( o Ty ) T\ Ty e T ey, (36)

In addition, we analyzed CLs valid only for pure states, which are subset of all mixed
states. The set of functionally independent CLs for pure states can be represented by CLs
T!, T} and T?, with additional T¥ when detunings are zero. It shows that for pure states the

9
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number of functionally independent CLs can also be larger than N = 3, as given by Mallesh
and Ramachandran [24]. We will investigate existence of additional CLs for the Lioville von
Neumann equation for other level-schemes, before bringing any conclusion on the physical
interpretation of 78 or the methodology to obtain them, besides the method we used.

Results given with expression 7} is well known in the literature, although it is not referred
as CL. It represents population of dark-state [7]. In the dark-state two light fields interfere
destructively and the atom (or other interacting media) cannot be excited. Mathematically,
dark-state for equal detunings is given as the eigen-vector of the interaction Hamiltonian and
the population of dark-state is straightforward calculation. We obtained that the dark-state pop-
ulation is conserved even with decay of optical coherences, v,,y, # 0, the fact that hasn’t been
emphasized in the literature.

For v # 0 we did not obtain that the trace of the density matrix 7 (or total population of the
ensemble) is conserved. Equation (3) are given as usual in the literature—total population of
particles (atoms, molecules) that leave the interaction region with the rate v is Tr p, while total
population of particles that enter equals 1, with even population among ground-state sublevels.
We did not impose what is also common in the literature, that Tr p = 1, but instead obtained
Tr p = T/ as the constant of motion when v = 0. For values v # 0, we obtained CL which
can be considered analogous, as will be presented in the next section.

6. Obtaining CLs valid with relaxation terms

In this section, we used results obtained by the method of multipliers to develop another set of
CLs. These CLs are valid for the larger set of parameters compared to the results obtained by
the method multipliers, with relaxation due to time of flight and spontaneous emission.

With the set of all parameters from OBEs, denoted as:

H - {F17F2a 7177277a ApaAC}7 (37)
and with Py as the subset of parameters considered to be zero, we have the set of k valid CLs:

dr! .

d—t‘|p0:0, i=12,...,k (38)
We analyzed ‘breaking’ of CLs—the case when some of parameters from Py are set to be non-
zero. If instead of Py, a subset of parameters P(S) C Py is taken to be zero, equation (38) stands:

s =R, i=12,... k. (39)

Quantities R depend on the non-zero parameters P = II\P5 and the density matrix elements.
The following steps still have to be fulfilled—condition that R' can be expressed as a
functions of T

dT!
dr

lps = T, i j=1.2.....k, (40)

and that previous equation allows general integral and represents solvable system of differential
equations. Then it follows:

Tti‘p(s) =FtCp, i,j= 1,2,...,k. 41)

10
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Solutions F;(t, C;) depend on the constants of integration C, which also represent constants of
motion and new CLs, valid for larger set of parameters. Solving equation (41) over integration
constants C; leads to:

Ci=1/(TL0, i,j=1,2,....k (42)
The functions 7; are new CLs valid for OBEs with the set of parameters P non-zero.

6.1. Results for CLs valid with relaxation terms

T is CL for any values of parameters in OBEs except v which has to be zero. If we set v # 0,
from the steps described above we obtain:

dr!
)
T =1+e7C), (43)

="l —T.

7! is valid for OBEs with all parameters non-zero, P = II. As already discussed, 7, can be
considered analogous to 7 when « # 0. If the initial condition is Tr p # 1, the trace of the
density matrix will tend to unity exponentially with time.

CLsT/,...,T] are CLs for OBEs with parameters Py = {I'1, I'2,7;,7,,7} zero. For vy # 0,
besides 7!, we obtained two more CLs for which variables R; can be expressed as the linear
combination of CLs, which yields new CLs:

= —¢" (Tf‘ + %(AC + AP)> ,
(44)
5 1 2 1 2 2 5
. = ¢ _Z(AC_AP) +E(|Qc|+|9p|)_Tt ’

valid for OBEs with parameters P = {~y, A, A} non-zero.

Without relaxation and decoherence terms and if light electric fields are at the resonance fre-
quencies, Py = I1, setof valid CLs are T, . .., T{ |p, and T¥. If y # 0, besides already obtained
7! and the special cases of 7;* and 77°:

7 = il = Tl g,

45)
| (
Tts(A) = Tts‘P(S) = _Eem(‘Qg‘ + ‘Qg‘ - 2Tt5|P(S))’
then there are two more CLs:
1
6 _ ~ a0t 4 Yt 6
T = 5e (CHERYA \P(s)+2e T \P(S)), 46)

T[S — 62’)’[7'}8’

valid for OBEs with parameters P§ = II\{~} set to zero.

1
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If for the same set of CLs, valid if Py = 11, we take I'y £ 0,1, # 0 and ~ # 0, the CL T{1
yields:

4L
i = eI, (47)

valid with both relaxation due to time of flight and spontaneous emission, and when light fields
are resonant, P = {T"|, T, v}.

For the case of equal detunings A, = A, the CL 7{ holds with Py = {I'j, ', v}. Fory # 0,
we have CL:

1,
7= —Ee”(|Q§| + Q5] — 217), (48)

valid for OBEs when the parameters P = {~,, 7,, 7} are non-zero and under condition of equal
detunings, A, = A..

7. Conclusions

We presented CLs for the OBEs for the A scheme under action of two optical fields. One
set of results was obtained by using the method of multipliers and these CLs depend on the
density-matrix only. We searched for CLs assuming the various phenomenological parameters
of OBEs are either zero or nonzero. We found additional CLs when light fields are at the
resonance frequencies or if detunings of light fields are equal.

Without relaxation and decoherence terms OBEs are equivalent to the Liouville von Neu-
mann equation, the case we analyzed in particular. We have shown that for the case when
the excitation fields are at the resonance frequency, Liouville von Neumann equation for the
A scheme has one more additional functionally independent CL, compared to the previously
published results [24]. We introduced quantity which represents class of matrices and a gen-
eralization of previous methods [24]—product of density matrix and Hamiltonian, under the
rotating wave approximation, but of any powers and any order of two matrices. By calculat-
ing evolution of this quantity, we have shown that traces, characteristic polynomials and their
coefficients, eigen-values and determinants of these quantities, represent CLs for the Liouville
von Neumann equation, for arbitrary N-level scheme. It is also presented that the set of func-
tionally independent CLs for OBEs for the A scheme can be obtained from matrix products of
Hamiltonian and higher derivatives of density matrix.

CLs obtained by the method of multipliers were used to obtain another set of CLs. We pre-
sented method to construct CLs, which are valid for the larger set of OBEs parameters—those
we assumed to be zero when constructing CLs by the method of multipliers. These CLs were
obtained when the spontaneous emission, relaxation due to the time of flight and decay of
optical coherences due to elastic collisions are nonzero in OBEs. Presented results could have
practical applications in various solution methods as well fundamental interest through the
better understanding of processes modeled by the OBEs for the A scheme.
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Appendix A. Derivation of equation (31)

Evolution of quantities T(alﬂzwak )» given with equation (30), is as follows:

d. d . . . d .
T ay = | —pM ) H2p% . pf-t % 4 5O [ 5 ) L g%l [
dr @ra2-ap (dl‘p ) P P +p (dz‘p ) P

N d .
e A“lHa2 H43 o = Hk—1 Hak
+ + P 12 (dtp )

1 a £\ 73 A
= % [(prl _ ﬁalH)Ha2ﬁa3 . 'ﬁak’lH“k
_’_ﬁmlﬁlaz(ﬂﬁ% _ Aa}[ﬁ]). . .ﬁ“k—lf[ﬂk 4ot
+ﬁalﬁ“2ﬁa3 o (I:I,oﬁ"k_1 _ ﬁ“k—llﬁ])li]ak]

- T(al,aZ,a3,a4+l,...,ak) + -+ T(a1,az,m,ak,z-&-l,ak,],ak) - T(al,a2 ,,,,, ak)H]

1 . .
- _[ > T(al,a2 ,,,,, ak)]’ (A.l)

ih
where we have used property that arbitrary power of density-matrix also evolves according to
the Liouville von Neumann equation:

d ~a _ Asa—1 AAAa—2 . ~a
=P P T+ D

—_ 15
dtp P

1 (7 A AT\ Ad— ~CTT A AT\ Ad— ~a—1/7ya N2
= = ((Hp— pHOY" ™ + pHp — pEDY* 2 + -+ 5 (Hp — pHD)

1 agN NS _l (7 Ad
= = H) = L TH, . (A2)

This property (equation (A.2)) has been previously presented by Radmore et al [33].
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Abstract

A four-level double- A atomic scheme, i.e. two A systems sharing the same two ground levels,
that interacts with four laser light fields is studied theoretically. The peculiarity is that each of
the two ground states can be coupled to each excited state by two laser light fields. A certain
energy difference exists between excited-state levels. We consider this energy small enough so
that a laser resonant to either transition can also couple the other transition. We test whether
coupling of the more detuned laser is not non-negligible. Multiply connected states were also
recently analyzed (and a comparison with experiment was presented), but for the simpler, two-
and three-level atomic schemes (Stacey et al 2008 J. Phys. B: At. Mol. Opt. Phys. 41 085502).
Theoretical treatment of the double-A atomic scheme is commonly done by solving optical
Bloch equations (OBEs). When the rotating-wave approximation (RWA) is applied, OBEs
become, by their form, a set of linear differential equations with constant coefficients.
Theoretical treatment of the interaction scheme treated here leads to OBEs with coefficients
that are not constant, but oscillate with time, even after RWA is applied. Under certain
assumptions, the approximation can be used where the time-dependent coefficients are
averaged over their periods. The method yields a new system of equations (similar to standard
OBEs), but with more independent variables, and can also be solved in the usual way. The
results presented here analyze the validity of this approximation by comparing the results for
the double-A atomic scheme with single- and two-fold coupled transitions. We test whether in
the limit of large-energy splitting between excited-state levels both approaches lead to similar
results.

PACS numbers: 42.50.Gy, 42.50.Md, 42.50.Ar

(Some figures may appear in colour only in the online journal)

1. Introduction scheme where each of the transitions between two ground and
two excited levels is coupled by two lasers (see figure 1(b)).
Excitations of various atomic schemes by lasers were studied ~We test whether optical Bloch equations (OBEs) can be
in systems as simple as two level and three level, such as A, V solved for this interaction scheme and compare the results
or ladder configuration, to complex multilevel systems with or ~ With the standard, single-fold coupled double-A, i.e. each
without Zeeman splitting. These interactions have been shown  transition driven by only one laser (figure 1(a)).
to give rise to interesting effects such as coherent population
trapping [2], electromagnetically induced transmission [3]
and electromagnetically induced absorption [4]. The
double-A atomic scheme, i.e. two A systems sharing the We solve OBEs:
same two ground levels (see figure 1), has also been shown dp () i. i . R R
to be of interest as the basis for many investigations and o - _g[HO: P(t)]—g[HI, p(D]=SEp@)—y p(t)+y po
applications [5, 6]. In this paper, we study a double-A atomic 1)

2. Theoretical model for the two-fold coupled
double-A atomic scheme

0031-8949/12/014008+03$33.00 1 © 2012 The Royal Swedish Academy of Sciences Printed in the UK
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Figure 1. Double-A configuration of levels with single-fold (a) and
two-fold (b) coupled states. Four lasers A, B, C and D couple
atomic states as indicated in the figure, where additional couplings
are denoted by dashed lines.

for the double-A schemes given in figure 1. In equation (1),
I:Io is the Hamiltonian of the free, four-level atom and I:II is the
interaction Hamiltonian of an atom interacting with four laser
fields. SE represents the operator of spontaneous emission
with rate I for both excited levels, y p is the relaxation due to
time of flight and y po describes the continuous flux of atoms
to the laser beam, with equally populated ground-state levels.

Following the procedure described in [1], we next discuss
whether OBEs with constant coefficients can be obtained for
the interaction scheme given in figure 1(b). In the following,
expressions for coherences p;; will be presented, while for
pji the corresponding complex conjugates need to be taken.
The following substitution is made to optical coherences
P13, P14, P23 and pa4:

A Liwat C 1 t ~C Liwct A 1 t
P13 = P13€ M + o', prg = e + pryet

B t, =D ' t, =B iopt
P23 = :023elw8 + 023 e, P24 = ,0246 P+ pyuet, (2)

where wg (K is a laser) are lasers’ frequencies which satisfy
the multi-photon resonance condition:

wp — wp =wc — Wp. 3)

In a closed-loop interaction scheme, such as double-A,
the steady state can be reached only if this condition is
satisfied [6].

The next step is to write explicitly equations for the
density matrix elements from the interaction part of
Liouville’s equation (equation (1)) with substituted optical co-
herences (equation (2)). This yields the new set equations,
where we next analyze equations for coherences pj, and
p3a. For these coherences there appear three groups of terms
on the rhs that oscillate with specific frequency, el’(@+=®s),
eit(wc—a)g)’eil(w,;—a)g) for P12 and eit(a)A—wc)’eit(a)c—wA)’eiZO
for ps4. These oscillatory terms introduce substitutions for
coherences pj, and p34 as follows:
pi2 = piy e @ men 4 bl + 013
P34 —,OCA i(we— a)A)t+p 4+,0AC i(wp— (1)(')[ (4)

~CB 1(a)C (A)B)t ~AD 1(a)A wp)t

New variables, given by equations (2) and (4), are
next inserted into equatlon (1). This yields equations of
the form ), et = (one for each matrix element p;;)
or equivalently the new set of differential and algebraic
equations, ¢/ =0. The approximation we use consists in
omitting the algebraic subset, which is the same as the
standard rotating-wave approximation for the OBEs with
single-fold couplings. The difference is that the Ilatter
procedure introduces more approximations, i.e. more terms
have to be neglected. The subset of differential equations

_AmE=5 r
Ao =1.5T

— =TT

e single-fold

Absorption of laser B x 10° [a.u.]

Figure 2. Steady-state absorption of laser B for three different
energy splittings between excited levels for the two-fold coupled
transitions. Absorption for the single-fold coupled transition is also
presented by the black curve. Steady-state equations are normalized
to I and we take I' = 1. We take the relaxation rate y = 0.03 I,
detunings A%y = A, =0, A% = A, = — A}, and Rabi frequencies
QL =Q% =0.05T, Q4 =05 =0.055T, Q% = Qb =

0.01T, Q% = QP =0.011I'. We take all lasers’ initial phase
equal to 0.

yields the new set of modified OBEs which we use to describe
the interaction of lasers with a two-fold coupled double-A
atomic scheme. The explicitly written system of modified
OBEs will be published elsewhere.

The system of modified OBEs has 32 equations with 32
unknowns, 16 + 12 from the rhss of equations (2) and (4) (with
corresponding complex-conjugates) and four are populations.
It also introduces new quantities, modified Rabi frequencies
Q’j and detunings Al i where i and j refer to levels and
K stands for a laser. From figure 1 we see that for lasers
K = A, C, possible values for (i, j) are (1, 3) or (1, 4), while
for the lasers K = B, D, one can have (i, j) = (2, 3) or
(2, 4). The Rabi frequencies are given by Q{j = wijEx/n,
where u;; are dipole moments of the |i) — |j) transitions and
Ek are complex amplitudes of the lasers’ K electric fields.
One-photon lasers’ detunings are defined as A 5 =wg +w; —
wj, where hwi, ..., hw, are energies of the four atomic
states. The two-photon ground and excited detunings, which
follow from the multi-photon resonance condition given by
equation (3), are also introduced:

Ale —AzDA‘:A%—AZDy
— A D B (5)
Asy = A — AL =AD — AL

3. Results and discussion

In figure 2, we compare the results for the absorption of laser
B for the single- and two-fold coupled double-A for different
values of the energy difference between excited levels. Results
are presented for the steady-state regime. The laser’s B
absorption is given as a function of the two-photon ground
detuning A,. For single-fold coupled double-A we calculate
it as NIm(Qppy3) and for two-fold as NIm(pyQ% +
p5.Q%). The constant N stands for the atomic concentration,
and is irrelevant in this study, i.e. we take N = 1. Absorption
of laser B for the two-fold coupled states exhibits two
one-photon absorption profiles, one corresponding to the 2 —
3 and another to the 2 — 4 transition. From figure 2 we also
see that both of these profiles show superimposed narrow
electromagnetically induced transparency resonances.

If the energy splitting between excited levels, Awg =
w4 — w3, is large enough, laser B cannot drive transitions to
both excited states. Under such an assumption solutions of
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equations for the two-fold case should downgrade to standard
single-connected, for values of A, around 0 where the
single-coupled laser’s B absorption shows. Results presented
in figure 2 clearly show that an increase of Awg leads to
identical results between single- and two-fold double-A OBEs
(compare red and black curves in figure 2 for values of Aj;
around 0).

Numerically, with an increase of Awg, the new set
of variables reduces to the density matrix elements of the
single-fold coupled double-A interaction scheme. Optical
coherences connecting states coupled by the more detuned
lasers tend to zero, while others tend to their counterparts
for the single-connected equations. For example, the influence
of the laser B on the transition 2 — 4 cannot be neglected
for small enough Awg, as is obvious from figure 2 for
values of A, around 0. As Awg increases, density matrix
element p3, tends to zero, p2, — 0, while p2, approaches the
density matrix element of the single-fold coupled double-A,
Py —> D23

In conclusion, we studied the interaction of the two-fold
coupled double-A with four lasers. Our results show that
modified OBEs, which we use to treat this interaction scheme,

have the expected properties. The laser’s absorption shows
two one-photon absorption profiles corresponding to both
couplings. Also, numerical solutions of modified OBEs have
the correct limit to the solutions with single-fold excitations
as the energy difference between excited levels increases.
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Abstract

We study a double- A atomic scheme that interacts with four laser light beams so that a closed
loop of radiation-induced transitions is formed. When specific relations for field phases,
frequencies and amplitudes are satisfied, coherent superpositions (the so-called ‘dark states’)
can be formed in a double-A, which leads to the well-known effect of electromagnetically
induced transparency (EIT). If the interaction scheme in a double-A system is such that a
closed loop is formed, the relative phase of the laser light fields becomes very important. We
analyze here the effect of the lasers’ relative phase on the EIT in double-A configuration of
levels. The theoretical study of interactions of lasers with a double-A atomic scheme is
commonly conducted by solving the optical Bloch equations (OBEs). We use here a
perturbative method for solving OBEs, where the interaction of lasers with double-A is
considered a perturbation. An advantage of the perturbative method is that it generally
produces simpler solutions, and analytical expressions can be obtained. We present analytical
expressions for the lower-order corrections of the EIT signal. Our results show that the EIT by
the perturbative method can be approximated by the sum of products of complex Lorentzians.
Through these expressions, we see in what way the relative phase affects the overall EIT

profile.

PACS numbers: 42.50.Gy, 42.50.Md, 42.50.Ar

(Some figures may appear in colour only in the online journal)

1. Introduction

Coherent effects in various excitation schemes have attracted
much attention in recent decades. One of the most
widely investigated effect is electromagnetically induced
transparency (EIT) [1]. It has been indicated that in a
closed-loop interaction scheme both the dynamics and
steady state of EIT strongly depend on the lasers’ relative
phase [2, 3]. One of the most widely investigated closed-loop
interaction schemes is double-A (see figure 1). Besides with
EIT [4], it has been studied also in the context of phenomena
such as four-wave mixing [5], lasers without inversion [6],
slow light [7], quantum correlations [8] and so on.

0031-8949/12/014007+03$33.00 1

The phase dependence of EIT in a double-A was
demonstrated experimentally by Korsunsky and Kosachiov
and a theoretical analysis was also presented [3]. Transient
properties of phase-dependent EIT were studied in [9].
Applications were also achieved, for example, the creation
of entanglement [10] and quantum-state transfer [11].
In this paper, we present a theoretical analysis of the
phase-dependent EIT in a double-A atomic scheme by using
the perturbative method.

2. The model

We solve the steady-state optical Bloch equations (OBEs)
o~ 1 A, A N
5 Ho. pl+ 2 LHL pl1+SEp+yp =Y po ey

© 2012 The Royal Swedish Academy of Sciences Printed in the UK
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Figure 1. Double-A configuration of levels. The four laser light
fields A, B, C and D couple states as indicated in the figure.

for the double-A interaction scheme given in figure 1. In
equation (1), I-}O is the Hamiltonian of the free double-A
atom, I:II describes the interaction with lasers and SE is the
abbreviated spontaneous emission operator with the rate I" for
both excited levels. The term y p describes the relaxation of all
density matrix elements due to the atom’s finite time of flight
through the laser beam and y py describes the flux of atoms
to the laser beam, with equal population of two ground-state
levels. The detailed system of OBEs for the four-level atom is
given in appendix A.

The Rabi frequencies are Qg and the lasers’ light
detunings from the corresponding atomic frequencies are Ak,
where K stands for a laser A, B, C or D, as shown in figure 1.
Detuning between ground levels 1 and 2 is AR = Ay — Ap =
Ac — Ap and between excited levels is A = Ac — Ay =
Ap — Ap. The relative, constant phase between lasers is ® =
(pa — @) — (oc — ¢p), where gk are the lasers’ phases.

The details of the perturbative method are described
in [12]. We here apply a perturbative method to the system
of four lasers interacting with a four-level atom, where the
interaction with all four lasers is taken to be a perturbation,
i.e. the sum on the rhs of equation (A.1). The solution of the
density matrix (elements of which are sorted in a column x) by
the perturbative method represents the sum of the unperturbed
part x( and the series of successive corrections x,, where n is
the iteration number.

3. Results and discussion

The solution obtained by the perturbative method is such that
the first appearance of narrow resonances is in the second
correction of the density matrix and that only elements which
show such behavior are ground-level coherences p}; and p3;.
The analytical expression for p5; is

N 22y +T —iAR)
2(AR) = — ¢ = TR

;021( R) Y —iAR

y efi(wrwB)QAQB

Qy +T —2iA4)Q2y +T +2iA 4 —2iAR)

efi(tPcﬂm))QCQD
+
Qy +T —2iAc)2y +T +2iA¢c — 2iAR)]
2

and p}3 is the complex conjugate. The rhs of equation (2)
represents the sum of products of complex Lorentzians (CL),

102{ (a)
1.011
~
g
< 1.004
)
0.991
0.98
006 -003 000 003 006
Ag
1.02{ (b)
1.011
1.00
0.991
0.98
006 -003 000 003 006
Ag
— =0
1.03] (c) D=n/4
d=n/2
— ®=31/4
1.021
=TT
1.01

_—

1.00+

0.99

2003 0.00

Ag

-0.06

Figure 2. Numerical results for the calculated Az (AR) for five
different values of the overall phase ®: (a) the exact solution, (b) the
perturbative solution A} ™ (Ag) and (c) the approximative
expression for A} "™ (Ag) given by equation (4). The results are for
steady-state OBEs. Equations (parameters) are normalized with I",
i.e. we take I' = 1. We take the relaxation rate y = 0.005 I, the
Rabi frequencies 24, = 0.001 I", Q5 = 0.0001 ', Q¢ =0.005T
and Qp = 0.0005 I, detunings A 4, Ac are equal to zero, while we
vary Arp = —Ap = —Ap around 0.
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where terms within square brackets in equation (2) contain
very wide CLs (since I' > y and I' 3> A4 p.c.p) and each
can be approximated with % This yields a simple analytical
expression for p5} in the form of one very narrow CL:

p3i(AR) = nCL(AR)

L Ze—i(wA—wB)QAQB +e—i(¢c—wD)QCQD 3)
B (y —iAR)T '

These two narrow resonances (identified as the real part
of nCL(AR)) are, by the iterative procedure, transferred
to all higher-order corrections and lead in the end to the
development of EIT.

In figure 2, we present the results for the steady-state,
phase-dependent EIT in a double-A configuration. As a
spectroscopic signal we take the dependence of the laser’s
B the absorbtion on the detuning Ag. It is calculated as
the imaginary part of linear susceptibility, i.e. absorption
coefficient, Az = N Im(e™'%5 Q2 p3). The constant N stands
for the atomic concentration, and is irrelevant in this study, i.e.
we take N = 1.

The results of the perturbative method show that the
narrow EIT resonance appears after including higher-order
(n > 3) corrections of py3. From figures 2(a) and (b), we see
that already the sum up to the third correction of Ap (or p23)
shows numerically good agreement with the exact numerical
solution obtained by solving OBEs. The analytical expression
for the p53™ is just too long and we do not present it here.
Approximating again wide CLs with % yields the following
expression for the absorption of laser B:

AT (AR) =

1 [ 4R + 259), + Q)+ 24252 Q)
X1m | — F3

Q2 2iQ3(—Q%+9% —QL+Q2)
T yI?

_4i(QiQ%+ei®QAQBQCgD):| ()

I2(y —iAg)

where only the last term on the rhs of equation (4) depends
on Ag and others are constant. This term represents the sum
of two CLs (up to the constant equal to the narrow resonance
given by equation (3)) and can be of opposite sign. One of
these CLs is phase independent and the other has e'® as a
multiplicative factor. Summing these two resonances yields
different profiles, which can, for some values of relative phase
®, completely change the sign of resonance. For comparison,
numerical results for the expression given by equation (4) are
shown in figure 2(c).

In conclusion, we have used the perturbative method
to analyze phase-dependent EIT in a double-A atomic
scheme. We have obtained a simple expression for the laser’s
absorption signal, i.e. the sum of two CLs which can (up to
the constant) simulate the variation of EIT with the change of
the lasers’ relative phase.
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Appendix. Optical Bloch equations

OBEs for elements of the density matrix p describing the
interacting four-level atom can be written as

Pij :iZ(pikRkj — Rikpxj) +1Djjpij + Gij
k

(A1)
14 ..
_Vpij+58ij(8il+852)» i,j=1,2,3,4.

The notation of levels is as in figure 1. Matrices R, D and G
describe certain terms of equation (1). Spontaneous emission
is given through matrix G:

1 (P33 + pas) 0 —1os —ipia

G=T 10 %(mi +pous) —Sp3 —ipoa ’
=503 —5032 —P33 —P34
—%,04.1 —%/04,2 —P4,3 —P4,4

the elements of matrix D are detunings of lasers from the
corresponding atomic frequencies:

0 —AR —Ay —AC
D= AR 0 —Ap —Ap

Ay AB 0 —Ag

AC Ap AE 0

and R is a matrix with Rabi frequencies describing the
interaction part of the Liouville equation

0 0 e, elvcQe
0 0 elvs Q) B elvr Q) D
R= . .
e Q. e EQp 0 0
e ivc Q¢ e iep Qp 0 0
References

[1] Harris S E 1997 Phys. Today 50 36
[2] Korsunsky E A, Leinfellner N, Huss A, Baluschev S and
Windholz L 1999 Phys. Rev. A 59 2302
[3] Korsunsky E A and Kosachiov D V 1999 Phys. Rev. A 60 4996
[4] Shpaisman H, Wilson-Gordon A D and Friedmann H 2005
Phys. Rev. A71 043812
[5] Lii B, Burkett W H and Xiao M 1998 Opt. Lett. 23 804
[6] Kocharovskaya O, Li R-D and Mandel P 1990 Opt. Commun.
77 215
[7] Boyer V, McCormick C F, Arimondo E and Lett P D 2007
Phys. Rev. Lett. 99 143601
[8] McCormick C F, Marino A M, Boyer V and Lett P D 2008
Phys. Rev. A 78 043816
[9] Maichen W, Renzoni F, Mazets I, Korsunsky E and Windholz
L 1996 Phys. Rev. A 53 3444
[10] Wang F, Hu X, Shi W and Zhu Y 2010 Phys. Rev. A 81 033836
[11] Liu X-J, Jing H, Zhou X-T and Ge M-L 2004 Phys. Rev. A
70 015603
[12] Dimitrijevi¢ J, Arsenovi¢ D and Jelenkovi¢ B M 2011 New J.
Phys. 13 033010


http://dx.doi.org/10.1063/1.881806
http://dx.doi.org/10.1103/PhysRevA.59.2302
http://dx.doi.org/10.1103/PhysRevA.60.4996
http://dx.doi.org/10.1103/PhysRevA.71.043812
http://dx.doi.org/10.1364/OL.23.000804
http://dx.doi.org/10.1016/0030-4018(90)90437-X
http://dx.doi.org/10.1103/PhysRevLett.99.143601
http://dx.doi.org/10.1103/PhysRevA.78.043816
http://dx.doi.org/10.1103/PhysRevA.53.3444
http://dx.doi.org/10.1103/PhysRevA.81.033836
http://dx.doi.org/10.1103/PhysRevA.70.015603
http://dx.doi.org/10.1088/1367-2630/13/3/033010

IOPScience

Home

Search Collections Journals About Contactus My IOPscience

Pulse propagation dynamics in the presence of a continuous-wave field

This content has been downloaded from IOPscience. Please scroll down to see the full text.

2013 Phys. Scr. 2013 014011
(http://iopscience.iop.org/1402-4896/2013/T157/014011)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 147.91.1.42
This content was downloaded on 08/07/2014 at 12:17

Please note that terms and conditions apply.

iopscience.iop.org


iopscience.iop.org/page/terms
http://iopscience.iop.org/1402-4896/2013/T157
http://iopscience.iop.org/1402-4896
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

TIOP PUBLISHING PHYSICA SCRIPTA

Phys. Scr. T157 (2013) 014011 (4pp) doi:10.1088/0031-8949/2013/T157/014011

Pulse propagation dynamics in the
presence of a continuous-wave field

Jelena Dimitrijevi¢, Dusan Arsenovi¢ and Branislav M Jelenkovié¢

Institute of Physics, University of Belgrade, Pregrevica 118, 10080 Belgrade, Serbia

E-mail: jelena.dimitrijevic @ipb.ac.rs

Received 20 August 2012

Accepted for publication 18 December 2012
Published 15 November 2013

Online at stacks.iop.org/PhysScr/T157/014011

Abstract

We present theoretical results for the propagation dynamics of an electromagnetic field

pulse through rubidium vapor, while another field, a continuous-wave electromagnetic field, is
present. The frequencies of both electromagnetic fields are resonant with the transition between
the ground and excited state hyperfine levels of Rb, Fy — F, = F, 4= 1. Detuning from
resonance is done by the magnetic field oriented along the light propagation direction (Hanle
configuration). When both the electromagnetic fields are simultaneously interacting with Rb
atoms, either electromagnetically induced transparency or absorption is induced. Propagation
dynamics was obtained solving the set of Maxwell-Bloch equations for the interacting

atoms with two electromagnetic fields. Motivated by recent results (Brazhnikov et al

2011 Eur. Phys. J. D 63 315-25; Brazhnikov et al 2010 JETP Lett. 91 625-9; Kou et al 2011
Phys. Rev. A 84 063807), we have analyzed the influence of experimental parameters, laser
polarization, and mutual phases between lasers, which can lead to optical switching, i.e. the
transformation from electromagnetically induced absorption to transparency and vice versa.

PACS numbers: 42.50.Gy, 42.50.Nn

(Some figures may appear in color only in the online journal)

1. Introduction levels belong to the ground state) or V (levels belong to the
excited state) atomic schemes. In the Hanle configuration, a

Laser-atom interactions, which can develop coherent single laser couples Zeeman sublevels of hyperfine levels of

phenomena in atoms, electromagnetically induced alkali atoms. Raman detuning in the latter case is done by

transmission (EIT) [1] and absorption (EIA) [2] in alkali applying a proper magnetic field.

atoms, have attracted a great deal of interest in recent In this paper, we analyze the mutual effects of two

decades because of the important applications of both the laser fields on their propagation, when both the laser fields

phenomena. For such coherences to develop, lasers have to induce simultaneously either EIT or EIA in the Rb vapor.

couple the long-lived ground state hyperfine level(s) with the = The specific case when one laser is continuous wave (CW)

excited hyperfine level(s) of alkali atoms. Narrow EIT and and the other is pulsed is analyzed. We show how lasers’

EIA resonances and steep dispersion in the narrow spectral —coherent interactions can be manipulated by appropriately

bandwidth of the resonances are the unique properties of changing the mutual orientation of their polarization vectors

atomic systems in which the propagation of laser pulses and their relative phases. So far, very little has been done to

can be considerably slowed or completely blocked [6-8]. investigate the mutual effects of propagation of a laser pulse in

Studying the dynamics of laser pulses in coherent media is of ~ a coherently prepared medium when a CW laser, which makes

interest for all optical switchings [9, 10], squeezed light [11], the preparation, is present.

quantum information science, etc.

Different atomic schemes can be applied in order to 2. Theoretical model

induce EIT or EIA. This can be the pump—probe configuration

when two lasers couple two hyperfine (or two Zeeman) levels We solve the set of Maxwell-Bloch equations (MBEs) for

with the common excited hyperfine level in either A (two the interaction of two lasers, one of which is pulsed and

0031-8949/13/014011+04$33.00 1 © 2013 The Royal Swedish Academy of Sciences Printed in the UK
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the other is CW, with Rb atoms. The frequencies of both
lasers are adjusted to either Fy=2—> F. =3 or Fy=2—
F. =1 transition, where we solve MBEs for the full atomic
systems of both transitions, i.e. for all Zeeman sublevels. The
parameters for the transitions in Rb, used in calculations, were
taken from [12, 13]. The evolution of the density matrix p is
calculated from the optical Bloch equations

o) i
it~ h

ey
Diagonal elements of p, pg, ¢, and pe, ., are populations, pg, o,
and pe, e, are Zeeman coherences and pg ., and pe, ., are
optical coherences, where indices g and e stand for the ground
and excited sublevels.
We solve MBEs for different values of the magnetic field
By, as described by the Hamiltonian H o0- The quantization axis
is chosen parallel to the direction of the magnetic field By
which is also the direction along which the lasers propagate.
The energies due to the Zeeman splitting are given by
Eg(e) = UBlF,, Mg(e) By, Wwhere mye) are the magnetic quantum
numbers of the ground and excited sublevels, up is the Bohr
magneton and [, is the Lande gyromagnetic factor for two

hyperfine levels. SE stands for the abbreviated spontaneous
emission operator with the rate I'. The relaxation of all
density matrix elements, due to the finite time for an atom
to cross the laser beam, is given by the term y p, while y pg
takes into account the continuous flux of atoms entering laser
beams with equal population of the ground Zeeman sublevels.
The role of laser detuning (and Doppler broadening) is not
discussed here.

H| is the interaction Hamiltonian describing the coherent
interaction of the laser fields with atoms. The electric field
vector represents the sum of two electric fields:

E(t, 7)= Z[Ei cos(o't —k'z +§0)]c)zx + Ei cos(o't —k'z
!

+9,)é], )

where [ = 1, 2 stands for the pulsed and CW lasers. E! are
the amplitudes of two fields, ' are their angular frequencies,
o' ==ck!, and c is the speed of light. k' are lasers’ wave
vectors, where we take k' > 0 for the propagation along the
positive direction of the z-axis. In equation (2), E., Ei are
the real Descartes components of the amplitude of the electric
field and goi, (,01V are the associated phases, also real quantities.

The electric field vector can further be written as

- RSN R T N RSN TN
E(t,2)= E [e@*Du, EL +el@ K9y E,
1

sl 1y - itk 1l oy >
+e @ITROL G EL_ 4T @TOL L EL ] (3)
where the following substitution has been introduced:

—Eie*iq’i + iE§e+i‘p§' —Eie’i“’i + iEi,e_i‘/’/(‘

El = s El_ — ,
++ 2\/5 - 2ﬁ
& Eletio: +iE’ye+i‘p»[v 5 Eleiv: +iE_{,e‘i‘P’v
o 2V2 o 22

“

[Ho, ﬁ(t)]—%[ﬁl, P(OI=SER()—y p(t) +¥ o

In equation (4), E.,,E! E'_,E'_ are the complex
amplitudes of the fields and the relation (EL,)*=
—E' _,(E! )*=—E', stands.

——

The usual substitution for the optical coherences

_§ : i(w't—k'z) ~i _ —i(w't—k'z) =1
pg,-,ej - € pgi.ej’ pe,,gj - € pei,gj
1 1

&)
has been introduced, where the sum is taken over lasers that
couple states g; and e;. This substitution means that we are
working in line with the multi-mode Floquet theory [14]
for the case of counter-propagating lasers, or with the
single-mode one for the case of lasers with the same
frequency. We use the approximation with the zeroth-order
harmonics for the ground-state and the excited-state density
matrix elements and up to the first-order harmonics for the
optical coherences.

The propagation dynamics of the electric-field
amplitudes, for the propagation along the positive direction
of the z-axis, is given by MBEs:

0 10\ !
J— [ — = —1
az cor) F 2e
a 190 k'N, ;
—+-— ) E,_ = +i P,
dz c ot 2¢go

and for the propagation along the negative direction of the
z-axis, MBEs stand:

(6)

0 +1 0 ;o k' N, pl

9z cor) E 2ep T o
010 e —iklNcP’

dz c¢ ot +- 2¢go =

In equations (6) and (7), new quantities were introduced which
are calculated as

I _ ~1 I _ ~1
P++— E Pg; e;Mgie; +1s P+,— E Pey,g; Mgivej,+1s

gi<>e; €i<gj (8)
Pl _ ~1 Pl _ ~1
—+ = pg,ﬂ,ejﬂgi-,effl’ —-— = pei,g_,»lugfqejﬁh
gi<e; ej<g;

where the sum is taken over the dipole-allowed transitions
induced by lasers. These four variables appear in the
components of macroscopic polarization of the atomic

medium which is calculated as ﬁ(t, z7) = N.e Tr[,?)?t] or

P(t,2)=Ne Y [ (i P, +ii 1 PL,)
I
+e @D G, P v Pl 9)

3. Results and discussion

3.1. Effect of the polarization of two laser fields

We present the results for the propagation dynamics of two
lasers propagating through the Rb vapor. One is the CW
laser, another is the pulsed laser and both couple the same
Rb transition. Recent results [3, 4] showed that, for the
two counter-propagating CW fields, it is possible to reverse
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Figure 1. Transmission of the pulse (top row) and the CW laser (bottom row) for three different moments: t = 36 us (a, d), t = 50 us (b, e)
and t = 64 us (c, ). Black curves show the results when the polarization vectors of both lasers are parallel, Ocw = 0, and red curves show
transmissions when the polarization vector of the CW field is rotated, fcw = 7.

02, (a) 061 0)
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Figure 2. Waveforms of laser pulses used in the calculations: a
Gaussian pulse (a) and a rectangular pulse (b). Dashed vertical lines
in panel (a) indicate moments for which we present the results in
figure 1.

the sign of the resonance by a purely polarization method.
They performed numerical and analytical calculations for the
simple three-level schemes. Both lasers couple the Fy =2 —
F, = 3 transition in ®’Rb, and each can independently induce
EIA in the vapor. We analyze how the counter-propagating
pulse affects the properties of a CW laser, and the other
way around, how the existence of the CW laser changes the
properties of the propagating laser pulse. Transmissions of
lasers are calculated for values of the external magnetic field
near zero, i.e. around the EIA resonance. Calculations were
performed by solving the set of MBEs (see section 2) for
the same transition. Both lasers are linearly polarized, and we
study the effects of different angles between their polarization
vectors on the propagation of both lasers.

In figure 1, we present the transmissions of both lasers
for two different values of the angle of rotation of the
CW laser polarization vector (Ocw). The temporal shape of

. . _n?
the pulse is Gaussian Ir?ulsee «2 (see figure 2(a)), where

o =10pus/~/21n2. The intensity of the laser pulse, at the
peak of the amplitude, 75 =50pus, is 10,  =1.32721x

pulse

102 mW cm~2. The intensity of the CW laser at the entrance
of the cell is 1oy, = 107217, .. We take the relaxation due to

the time of flight to be y = 0.001T", where I' = 27 6.066 62 x
10° Hz is the spontaneous emission rate. The density of Rb

atoms in the cell is N, = 10'* m~3 and the length of the cell is
0.1 m. The results in figure 1 are given for three moments of
time: when the pulse is entering the cell, t = 36 us, when its
peak intensity is in the cell, t = 50 us, and when it is leaving
the cell, # = 64 us. The positions of these three moments with
respect to the pulse are indicated in figure 2(a) with vertical
dashed lines.

When the polarizations of both lasers are parallel,
Ocw = 0 (black curves in figure 1), the transmissions of both
lasers show EIA resonances at all instants, as expected for
the lasers locked to the Fy =2 — F, =3 transition. Rotation
of the polarization vector of the CW laser by 7 /2 yields
different transmission profiles of the CW laser. At the time
moment ¢ = 36 us, when the pulse starts entering the cell, the
transmission of the CW laser is not influenced by the pulse’s
presence in the cell and shows small EIA for both values of
Ocw (see figure 1(d)). As the pulse’s intensity increases, the
atomic ensemble gets affected by both lasers’ fields. Results
in figure 1(e) show that at time t = 50 us, due to the rotated
polarization of the CW field, the transmission of the CW
laser completely changes the sign of resonance from EIA
(black curve, fcw = 0) to EIT (red curve, cw = 7). Under
the simultaneous action of both lasers, depending on the
mutual angle between their linear polarizations, the CW laser
can change the sign of resonance, allowing our system to
act as an optical switch for the CW laser. Specific profiles
of the transmissions of both lasers at the time moment 7 =
64 us (figures 1(c) and (e)) are due to residual, long-lived
coherences, after the pulse’s passing through the cell.

The transmission of the pulse laser does not change with
Ocw during most of the pulse’s passage through the cell (see
figures 1(a)—(c)), since with our choice of parameters the
pulse’s intensity is much larger than that of the CW field,
I];?ulse =10? Igw. The sign reversal in figure 1(a) happens
since, at that time instant, the lasers are nearly at the
same magnitude of intensity. Results where we present the
optical switching of the pulse’s transmission will be published
elsewhere.
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Figure 3. Total absorption of both lasers for three different values
of the initial phase of the 0~ component of the pulse laser. The
phases of the other three o components are 0. Given by the dashed
line is the waveform of the pulse laser, normalized to the maximum
value of absorptions.

3.2. Effect of the relative phase between laser fields

We have analyzed the effects of different initial phases of the
two lasers. In the recent analysis by Kou er al [5], similar
effects were studied, except that they used two pulsed lasers
(or four o components) and MBEs were solved for the simple
three-level scheme. In our analysis, we analyze the mutual
effects of a linearly polarized pulse and a CW laser. Here we
assume that the lasers are co-propagating and are locked to
the Fy =2 — F. =1 transition, thus inducing the dark state
and EIT. We solve MBE:s for this transition, assuming a single
mode for the substitution, given by equation (5), since all o
components have the same frequency. The absorption of the
two lasers is calculated as a function of different initial phases
of the lasers’ o waves.

We solve MBEs for the CW and the pulse laser assuming
a near-rectangular pulse for the pulsed laser (see figure 2(b)).
The edges of the pulse are approximated by the exponential
rise and fall slopes in order to introduce a more realistic
situation:

D€, 1>,
pulse = { es¢—"), t>1, (10)
1, n<t<n,

where the slope is given by s = 2 x 10° Hz, the intensity of the
pulse’s o component is Ié’u?se =0.0530884 mW cm 2, and
the beginning and the end of the pulse are r; = 60 us and
t; = 110 us, respectively. Relaxation due to the time of flight
is taken as y = 107° T, where ' = 27 x 5.75006 x 10° Hz is
the spontaneous emission rate. The concentration of atoms in
the cell is N. = 10'*m~3 and the cell’s length is 0.1 m. The
intensity of the CW laser’s o components is Iy, = 102171
The results presented here are given for the magnetic field
B =0.

In figure 3 we present the total absorption of all four o
components from both lasers, from the time when the pulse
laser is applied until the end of the pulse. Results are given for
three different values of the initial phase of the 0~ component
of the pulse laser (®), while the initial phases of other o
components are kept constant. From figure 3, we see that
the rapid change of absorptions is happening only during the
transient regime when the pulse laser is turned on and off.

In this configuration, the CW laser plays the role of
a pumping laser, preparing the atoms into the dark state.
Before the pulse laser is turned on, the absorption of the CW
laser is nearly zero, due to the EIT. When the pulse laser is

turned on, a new dark state is formed. This leads to a quick
change in absorption of laser fields, until a new superposition
of atomic levels, this time under the action of both lasers,
generates a new dark state for both electromagnetic fields,
and consequently the new EIT and minimal absorption. The
reverse situation happens when the pulse laser is turned off.
The results in figure 3 show that the absorption of two lasers
strongly depends on their initial phases. Similarly to Kou
et al [5], we have shown the considerable phase dependence
for the case of a combined pulse and CW laser field.

4. Conclusions

We have theoretically analyzed the propagation dynamics of
two laser fields: when the pulse laser enters the Rb cell while
another, the CW laser, is present. Both lasers couple the same
two hyperfine levels, of the ground and excited states of Rb.
We studied the case when both can induce either dark or
bright resonances, leading to EIT or EIA. We have shown
that, with an appropriate choice of parameters (polarization
direction and mutual phases) and geometry (counter and
co-propagating lasers), both fields affect each other’s behavior
while propagating through the Rb vapor. This type of coherent
manipulation of atoms can lead to magneto-optical switching
techniques or optical-storage devices. Our numerical analysis
is applied to the realistic system, that is, the Rb atom, and
as such indicates that these phenomena can be observable in
realistic experiments by using the alkali-metal atoms.
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Evolution of 1D Airy beam propagating through
a Zeeman EIT atomic medium

Dusan Arsenovi¢, Jelena Dimitrijevi¢ and Branislav M. Jelenkovi¢
Institute of Physics, University of Belgrade,
Pregrevica 118, 11080 Belgrade, Serbia
email: arsenovic@ipb.ac.rs

We study propagation of the one-dimensional Airy beam [1] through the atomic
medium with electromagnetically induced transparency (EIT) [2]. Maxwell-Bloch
equations are solved numerically assuming single continuous-wave laser field
resonant to the Fg=1—F~0 hyperfine atomic transition of the ¥Rb D2 line.
Presence of the external magnetic field removes the degeneracy of the Zeeman
magnetic sublevels, bringing tripod-like atomic scheme. Characteristics of the Airy
beam propagation through the EIT medium, slow-light Airy wave-packets and
bullets, modulation and deflection of Airy beam, have been recently studied
analytically and numerically [3, 4].

Out study analyzes how the response of the atomic medium, with induced Zeeman
EIT coherences, influences evolution of the Airy beam propagation for different
magnetic fields, inside or out of the EIT transparency window. Results are
presented for the Airy beam intensity profile during temporal evolution and also for
the deflection of the Airy beam for various propagation distances. Modulation and
deformation of the Airy beam, different levels of absorption of the Airy beam lobs,
while propagating through the EIT medium, are analyzed through the formation and
behavior of the dark-states. Presented results suggest ways of magneto-optical
control of the Airy beam and aso possible applications in optical design, optical
switching, optical information processing etc.
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One-dimensional sub-wavelength atom localization
viaZeeman EIT in a degenerate two-level system

Jelena Dimitrijevi¢, Dusan Arsenovi¢ and Branislav M. Jelenkovi¢
Institute of Physics, University of Belgrade,
Pregrevica 118, 11080 Belgrade, Serbia
email: jelenad@ipb.ac.rs

We analyze influence of the magnetic field on the 1D atom localization [1] in an
atomic medium under the action of two optical fields, standing-wave and traveling-
wave, probe field. Optical Bloch equations are solved numerically for the Zeeman
sublevels of the hyperfine atomic transition F=2—F.~=1 of the ¥Rb D1 line. For
small values of the applied magnetic field, electromagnetically induced
transparency (EIT) [2] can be observed. Both fields are linearly polarized, with
mutually orthogona polarizations and wave-vectors. Two configurations are
considered, depending whether applied magnetic field is in the direction of the
standing-wave or the probe field polarization. Information on the atom position can
be achieved both from the probe field absorption and the excited state population of
the atomic systemi.e. overall lasers fluorescence.

Two presented configurations enable different transitions between Zeeman
magnetic sublevels, thus different formation of dark-states and localization patterns
i.e. atom position probability distributions within wavelength distance. Depending
on the laser fields’ intensity magnitudes and on the applied magnetic field,
presented localization schemes provide variety of results. We analyze width and
contrast of the calculated localization narrow patterns for the range of laser field
intensities, both being important parameters for the experimental realization of the
localization effect. It is shown that, for the choice of parameters, magnetic field can
bring substantial changes on the behavior of the position-dependent atom-field
interaction, dark-state population, EIT and consequently localization effect. 2D
localization effect via coherent magnetic field has been recently analyzed [3] by
utilizing magnetic dipole allowed transition in atriangle atomic scheme.
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On the conservation laws of Optical Bloch equations for A scheme

Jelena Dimitrijevi¢, Dusan Arsenovié¢, Branislav M. Jelenkovié¢
Institute of Physics Belgrade, Pregrevica 118 11080, Serbia
Contact: J. Dimitrijevi¢ ( jelenad@ipb.ac.rs )

Abstract. We present results for the conservation laws, or quantities conserved in time, of
the optical Bloch equations for the 3-level A scheme. Method of multipliers (variational
derivative method) is used to construct non-trivial and functionally independent conservation
laws which depend on the density-matrix elements. Results are classified by the different sets
of phenomenological parameters characteristic for the optical Bloch equations - relaxation
and decoherence terms, and the detunings of laser fields.

Results for the conservation laws obtained by the method of multipliers were used to
construct another set of conservation laws. These conservation laws have explicit time-
dependence and stand for the larger set of parameters - with relaxation via spontaneous
emission or/and time-of-flight. Besides practical applications for the solutions methods,
knowledge of the conservation laws for the optical Bloch equations could yield better
understanding of the various processes they model.
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Proposal for efficient atom localization scheme
using Zeeman coherences in degenerate two-level atomic system

Jelena Dimitrijevié¢, DuSan Arsenovi¢ and Branislav M. Jelenkovié

Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
Contact: J. Dimitrijevi¢ ( jelenad@ipb.ac.rs )

Abstract. Results are presented for the efficient atom localization scheme on the
subwavelength range, by utilizing coherence phenomena - electromagnetically induced
tranSparency (EIT) and absorption (EIA). We analyze configurations with cold atoms in the
presence of two optical fields, standing-wave and probe field, both resonant with the
hyperfine transition in Rb, and the applied external magnetic field. Numerical results are
obtained by solving Optical Bloch equations for multilevel atomic schemes.

Method enables obtaining narrow atom excitation localization structures on the
subwavelength range, with widths less than 0.5%2 in the probe field absorption localization
pattern. More, we analyze conditions where one can manipulate the position and contrast of
the localization peaks by applying small magnetic fields. Behavior of the probe field
absorption is analyzed through the mutual effects of two optical fields of various strengths,
saturation effect and the EIT/EIA dependence on the applied magnetic field.
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