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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
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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.
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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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