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Role of different types of subsystems in a doubly driven A system in 3’ Rb
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The well-known A system using two ground-state hyperfine levels, F, =1 and F, =2 of 5S,,,, and one
hyperfine level, F, = 2 of excited state of 5 P5, of ¥Rb, has been recently studied using two counterpropagating
control lasers [Sapam Ranjita Chanu, Kanhaiya Pandey, and Vasant Natarajan, Europhys. Lett. 98, 44009 (2012)].
The experiment shows conversion of electromagnetically induced transparency into electromagnetically induced
absorption because the doubly driven A system forms various subsystems. We here present a detailed theoretical
study of the different possible subsystems created by this configuration. We also explore the possibility of tuning
the strength of individual subsystems by changing the polarization of the control lasers.
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I. INTRODUCTION

Laser-induced coherence between levels in the multilevel
systems is the core of all the quantum interference effects in
near-resonant laser-atom interaction. This laser-induced coher-
ence is also known as transfer of coherence (TOC), since simul-
taneous driving of different levels with lasers induces coher-
ence between the levels which are not directly driven. The TOC
gives rise to interesting phenomenons like electromagnetically
induced transparency (EIT) [1], electromagnetically induced
absorption (EIA), and coherent population trapping (CPT).
EIT is an example of suppressing the absorption of a probe
laser in the presence of a control laser in the three-level systems
(A, V, and E) due to TOC between levels which are not
allowed by dipole transition. EIT has been extensively studied
due to its potential application in a wide variety of fields such
as lasing without inversion [1,2], high-resolution spectroscopy
[3,4], enhancement of second- and third-order nonlinear pro-
cesses [5], polarization control [6,7], and storage of light [8].

The modification of the probe laser absorption due to TOC
has been investigated beyond the three-level system [9-15].
Splitting and reshaping of the EIT peak has been studied
using two counterpropagating control lasers having the same
polarization to form a standing wave [16—18]. The EIT has
also been extensively studied in consideration of multilevel
systems and different polarizations of the control and probe
lasers in vapor [19-23] as well as in cold atoms [24-26]. The
effect of the excited hyperfine levels on the A system has also
been studied [27]. In the presence of a magnetic field, splitting
and reduction of the linewidth of the EIT have been studied as
well [28,29].

The previously studied A system using F =1 — F =
2 < F =2, in ¥Rb atom including all the magnetic sub-
levels is described based on the numerical analysis [28-30].
Here we analytically describe the A system, F=1— F =
2 < F =2 with two counterpropagating control lasers (a
doubly driven A system) having orthogonal polarization in
87Rb vapor. We identify all the subsystems and the role of
individual subsystems and coherence for this doubly driven
A system. We also show under what conditions the effects of
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individual subsystems and coherence will dominate and how
one subsystem influences others.

In order to address this problem we first discuss a general-
ized N-level system of a particular kind, as shown in Fig. 1,
and investigate the role of different kinds of coherence. Then
we discuss a three-level A system, a four-level N system, a
five-level M system, and a six-level NN system, since these
types of systems act as the subsystems for the doubly driven
A system. Furthermore, we also discuss the effect of Doppler
averaging for these systems. Finally we describe the role of
subsystems formed by a doubly driven A system in 3’Rb.

II. THEORETICAL FORMULATION

The Hamiltonian of the general N-level system of the type
shown in Fig. 1 in the rotating frame with rotating wave
approximation (RWA) is given as

N-lg
H=nry 22240 0 41|+ He.
; SING A+ 1+ He

N
FOI (A +AY Y (=D A )Gl (D)

j=2 i=2

where Q; ;41 and A;;;; are the Rabi frequency and the
detuning of the lasers driving levels |j) < |j + 1). In the
above Hamiltonian the first summation contains off-diagonal
terms and is about interaction between the adjacent levels
with strength (Rabi frequency) of Q13, 23, ...,Q2y_1y. The
second summation contains the diagonal terms which are
the energies of various levels in the rotating frame. For
example, the energy of the jth level is Ay — Az + Azq —
Ays - (—=1)] Aj_yj. The energy of the ground state | 1) is taken
to be zero. The probe laser is driving the levels |1) and |2) while
the control lasers are driving |2) <> |3) <> [4) <> -+ < |N).
The populations in the various levels and coherence between
them is described by the density matrix p. The diagonal
terms of the density matrix describe the population while the
off-diagonal terms describe the coherences. The time evolution
of the density matrix is given by the optical Bloch equation
(OBE) [31], which is
dp

ih—- = [H.p]. )
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FIG. 1. (Color online) The energy-level diagram for an N-level
system. The light-induced coherence or transfer of coherence (TOC)
between various levels is shown by the wavy lines.

Time evolution of the population in the various levels is
given as
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where I';; is the spontaneous decay rate of level i) into level
|j). For the nonzero value of I';; the energy of level |i) has
to be higher than that of level |j). Furthermore, the value of
I';; is determined by the dipole matrix element between levels
|i) and |j). The [';(= Z?]:L#i I';;) is the total decay rate of
level |i).

The time evolution of the coherence between level |1) and
various other levels is given as
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In the steady state p;; =0 for all i and j. In the case
of a weak probe limit, 212023, 12024, -..,R1202ny =~ 0 and
pn ~ 0.

The set of Egs. (4) with the aforementioned approximation
gives the following:
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where the general form of
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For example, yip = 232 —iAp, yi3 =140 —iA -
Ay), yia ="t — l(A12 — Ay + Azg), V15 DAl
i(Ap — Az + A34 — Ays), and so on.
Equations (5) and (6) produce
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Again from Eq. (4) in steady state

i Qo i Q%
P12~ = —pi1 + = —2pi3. (12)
2 Y12 2 yi2

Equations (11) and (12) give
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The imaginary part of py,, Im(p12), represents the absorption
of the probe laser while the real part represents the dispersion.
In the regime of the weak probe, for the system shown in
Fig. 1, all the population will be pumped to state |1), i.e.,
p11 ~ 1. But for the more complex system the population
might be distributed to other ground states. In that case py;

will less than 1.

A. Role of different types of coherence

Equation (13) above, written in the form of a series, gives

a glimpse of the role of the different terms due to TOC. The

TOC between level |1) and any general level |i) is py;, as
2

shown in Fig. 1, and corresponds to the term %ylv:‘y'l_. The
1

first term 3%,011 is the absorption of the probe laser in
the absence of any control laser. The TOC between levels
[1) and |3), i.e., p3, corresponds to the term iyi—%m

causes reduction of the absorption of the probe laser, which

2
is known as EIT. The py4 corresponding to the term %yf;“m

causes induced absorption against the EIT and is known as

again reduces

the absorption (EITAT), p;¢ corresponding to %yi%m

increased absorption (EITATA), and so on. The sequence of
transparency and absorption can be seenin A, N, M, and NN
systems, which are described in the next section.

2
an EITA. The p;s corresponding to iyffls

causes

B. Various types of systems

The normalized absorption of the probe laser, i.e., the
imaginary part of normalized pj, for the various systems, is
plotted in Fig. 2. The normalized p;, (= F‘Q“fz p12) is such that,
for the stationary atoms and in the absence of all the control
lasers, the maximum absorption of the probe laser is 1. In
these plots I is taken to be 2r x 6 MHz. The decoherence rate
between the ground states |1) and |3) and |1) and |5), i.e., %

and %, is taken to be 27 x 500 kHz. This decoherence rate
includes collisions and the typical linewidth of the lasers.
First we discuss the three-level A system. For this system

we truncate the generalized Eq. (13) up to N = 3, which
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FIG. 2. (Color online) The normalized absorption profile of
the probe laser, normalized Im(p;;) with detuning of the same
with different combinations of control lasers Rabi frequencies. The
detuning of all the control lasers is zero. The black dotted line
indicates the absorption profile of a probe laser in the absence control
lasers. The steady state value is p;; = 1.

reduces to the following:
i Qpp
75, P11
2 y2 (14)
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The normalized Im(p;,) of Eq. (14) is plotted in Fig. 2(a).
These figures show that at the line center there is a decrease in
the absorption of the probe laser in the presence of a control
(EIT) and, with the higher value of €2,3, the amplitude and the
linewidth of the EIT dip increases. This is well known as the
power broadening of EIT.

Now we include one more laser 234 to form the four-level N
system. For this system the general Eq. (13) has to be truncated
upto N =4;ie.,

P12 =

% % P11
Q3|2
4 yyis
I+ 141 €234 1
4 yi3nia
The normalized Im(p;,) of Eq. (15) is plotted Fig. 2(b). This
plot shows that in the presence of a control laser, €234 forming
the N system tends to recover the absorption (EITA) against
EIT. The recovery of absorption is not complete, because at
the line center, the black dotted line shows more absorption as

compared to the blue (234 = I') and red traces (234 = 2I").

P12 = 15)

= =
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The reason for the incomplete recovery is the higher deco-
herence rate between levels |1) and |4) as compared to that
between levels |1) and |3), since level |4) is an excited state.

For the five-level M system, Eq. (13) reduces to the
following:

Yi2 ) (16)

11942
4 yuunis
The normalized Im(p;,) of Eq. (16) is plotted in Fig. 2(c).
In the presence of a control laser (£245) which forms the M
system, the absorption at the line center of the probe decreases
(EITAT), as shown in Fig. 2(c).
For asix-level N N system, Eq. (13) reduces to the following
equation:
lz % P11
12
1

1 + Y12Y13
Q|

1 4 Y13Y14
1[92
1+ 4 yuys

Qs |2
1 1 [S2s56
! Yi5V16

P12 = a7

P

In the presence of another control laser (£2s¢) which
forms an NN system, the absorption tends to recover against
transparency (EITATA) but not completely, as shown in
Fig. 2(d), due to a higher decoherence rate for p;¢ as compared
to p15, since |6) is an excited state.

C. Mutual influence of the two subsystems

In this section we discuss the case where the strong control
lasers of two subsystems share a common level, as shown in
Fig. 3. In this figure level |2) is shared by [1) — |2) <> |3) <
-+-<|N) and |1) — |2) < [N+ 1)< - < |[N+n)
subsystems. In the weak probe limit case the absorption of

IN+n—1)|N+1) — |3)

1)

FIG. 3. (Color online) The energy-level diagram of two sub-
systems sharing common level |2). The dotted black arrow is the
probe laser. The control lasers shown by red arrows form one
subsystem while control lasers shown with green arrows form
another.
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the probe is given by
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In deriving the above equation, the procedure and approxima-
tion are the same as for Eq. (13).

In support of Eq. (18), we compare this with the complete
numerical solution for two special cases. These two cases
are also encountered when we discuss the doubly driven A
system in 8’Rb. The first case is an M subsystem, |1) — [2) <
[3) < |4) < |5), and a A subsystem, |1) — [2) < |[N + 1),
sharing common level |2). For this case Eq. (18) reduces to the
following:

L2
P12 = 2y 21 (19)
119
Q 12 4 ynyis
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For this case the comparison between numerical and analytical
solutions is done in Fig. 4(a).

The second case involves two N subsystems, |1) — |2) <
[3) < |4) and |1) — |2) <> |N + 1) < |N + 2), sharing the
level |2). For this case, Eq. (18) reduces to the following:
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FIG. 4. (Color online) Comparison between numerical and an-
alytical solutions for the imaginary part of normalized p;, in the
presence of control lasers having Rabi frequency I' (27 x 6 MHz).
The decoherence rates between ground states is (1/12)I" (27 x
500 KHz) (a) forming one A system and one M system and (b)
forming two N systems.
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For this case the comparison between numerical and analytical
solutions is done in Fig. 4(b).

D. Effect of the Doppler broadening

The effect of Doppler averaging gives interesting modi-
fications of the line shape of the probe absorption in EIT
[3,12,32,33]. Linewidth narrowing up to the subnatural is a
quite interesting aspect of it [12,32]. Here we extend this
discussion for four-level and beyond-four-level systems of type
N, M,and NN.

Doppler broadening arises from the fact that moving atoms
with velocity U see Doppler shift in the laser frequencies by
7 . _v), where 7 is the wave vector of the laser. The y;,
which appears in the expression for pj,, has to be modified by
the Doppler shift as

T +0; &

. i g
vj= =i ) D A+ K D) @)
i=1

- .
where k; ;4 is the wave vector of laser €2; ;1.
The velocity probability distribution of atoms having mass
M at temperature T is given as

M —Mv?
P() = exp ,
ZJTkBT ZkBT

where kg is the Boltzmann constant.
The Doppler averaging of p; is given as

/ p2(V)P(v)dv. (22)
—00

Doppler averaging in this work is done numerically for room
temperature (7 = 298 K) for Rb (M = 87 amu). The lower
and upper limits of the above integral are taken to be —500 and
500 m/s. The probability of an atom having a velocity of more
than 500 m/s is very small at room temperature. The Doppler
width for Rb at a wavelength of 780 nm at room temperature
is around 27 /A X 2/(2kgT)/(M) =~ 2w x 600 MHz.

Now we discuss the effect of Doppler broadening for
A, N, M, and NN systems. For these systems, there exist
many configurations for the propagation direction of the
various control lasers with respect to a probe laser. But we
restrict ourselves to the configurations in the sequence of
copropagation and counterpropagation. For example, 2,3 is
copropagating, €234 is counterpropagating, €245 is copropagat-
ing, and Qs¢ is counterpropagating to the probe laser (£21;).
The configurations are shown in the annotations in Fig. 5. This
is the configuration which also exists for the subsystems for
the doubly driven A system in 3’ Rb and is discussed in the next

. . — — —
section. We also consider | k 12| = | k 23| = | k 34] - - =k,
since the wavelength of the lasers for the A system in 8’Rb
is the same (=780 nm). The imaginary part of normalized

P12, (;‘Jp‘:? p12) with Doppler averaging for these systems, is

plotted in Fig. 5. The absorption for a Doppler-broadened
medium is reduced as compared to stationary atoms by
a factor of natural linewidth (2r x 6 MHz)/Doppler width
(2m x 600 MHz) = 100.

First we discuss the effect of Doppler broadening for
the three-level A system. The p;, for this system involves
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FIG. 5. (Color online) Imaginary part normalized p, after
Doppler averaging for the various types of system with detuning of
the probe laser. The Rabi frequencies of the control lasers are I'. The
detuning of all the control lasers is zero. The propagation direction
of individual lasers is shown with arrows in the annotation.

. 2 .
coherence p;3 corresponding to the term i% For moving

atoms with velocity v along or opposite to 25, the term
y12 which includes only probe detuning (A;) is modified
as r142rr2 — (A1 £ kv). For the case of copropagating 2,3
with respect to €21, for the y;3 which involves two-photon
detuning (A, — Aps), the Doppler effect is zero. The line
shape after Doppler averaging for the A system is shown in
Fig. 5(a). Doppler averaging decreases the amplitude as well
as the linewidth of the EIT dip as compared to a stationary
atom. The decrease of amplitude and linewidth of the EIT
dip has already been studied previously [3,12,32]. In the case
of counterpropagating 2,3 to 2}, the two-photon resonance
condition is not satisfied for the moving atoms and EIT is
washed out by Doppler averaging.

Now we discuss the effect of Doppler broadening for
the case of a four-level N system. The N system involves
coherence py4 corresponding to the term %% The term
corresponding to pj4 is in the denominator of the term
corresponding to pj3. In order to see the effect of pi4, the
p13 should survive after Doppler averaging, meaning the
two-photon resonance condition should be satisfied. Hence,
for the N system, the lasers €2,3 should be copropagating to
Q1,. This argument is also true for the M and NN systems
or any systems in the sequence, since the coherence terms
for these systems, i.e., p;5 and pj¢, are in the denominator of
p13. The N system also involves the three-photon detuning
(A2 — Az + Aszg) (through yy4). But it is not possible to
satisfy the two-photon as well as the three-photon resonance
condition for the moving atoms. We consider the configuration
with €23 copropagating and 234 counterpropagating to ;.
For atoms moving with velocity v along or opposite to 2i,,
the three-photon detuning will be A, — Aj3 + Azq &+ kv. The
line shape of the probe laser after Doppler averaging shows
narrow absorption, as shown by the green curve in Fig. 5(a). We
saw in the previous subsection that without Doppler averaging
in the presence of a control laser 234 the absorption tends to
recover against EIT but not fully [Fig. 2(b)]. The interesting
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point is that the counterpropagating €234 control laser gives
maximal effect (EITA) of pj4 even though the three-photon
resonance condition is not satisfied for moving atoms.

The M system involves coherence p;s corresponding to
the term }T% and contains four-photon detuning. For atoms
moving with velocity v along or opposite to 2;,, the four-
photon detuning will be Ay — Az + Aszqs — Ays £ 2kv for
the configuration as shown in the annotation of Fig. 5. After
Doppler averaging, the profile for the absorption decreases
a little bit [compare the green and red curves in Fig. 5(a)].
The effect of the M system (EITAT) is not maximal since the
four-photon resonance condition is not satisfied for the moving
atoms.

The NN system involves coherence pj¢ corresponding
to the term %% and contains five-photon detuning. For
atoms moving with velocity v along or opposite to €22,
the five-photon detuning will be Ay — Az + Azq — Ags +
Asg = 3kv for the configuration as shown in the annotation of
Fig. 5. After Doppler averaging the absorption profile shows
not much change as compared to the M system, as shown by
the green dotted curve and the red curve in Fig. 5(b). This is
because the five-photon resonance condition is mismatched by
a major amount of 3kv for the moving atoms.

In order to see the effect of coherence induced by the control
lasers, the two-photon resonance condition (i.e., copropagation
of Q2,3 with respect to €2;,) is an essential condition for the
Doppler-broadened medium. Any kind of system which does
not satisfy the two-photon resonance condition behaves as the
two-level system.

In the case where two subsystems share a common energy
level, the Doppler averaging follows the above discussion. In
order to see the effect of both subsystems, both have to satisfy
the two-photon resonance condition; i.e., Aj; — Ay3 = 0 and
A — Ay =0.

III. VARIOUS SUBSYSTEMS FORMED

We consider the doubly driven A system in ®Rb that
involves the two ground hyperfine states F, = 1 and F, = 2
of 581/, and one excited hyperfine state F, =2 of 5P;,. The
probe laser drives the F, = 1 — F, = 2 transition and is 0~
polarized. Out of the two control lasers driving F, =2 < F, =
2, one is copropagating and the other is counterpropagating to
the probe laser. This problem is analyzed for the following two
configurations: (a) with the copropagating control laser having
ot polarization and the counterpropagating control laser
having o~ polarization as shown in Figs. 6(a), and 6(b) with
the copropagating control laser having o~ polarization and
the counterpropagating control laser having o™ polarization
as shown in Fig. 6(b). All the states of this doubly driven A
system are shown in Fig. 6.

The time evolution of the population of the ground states
for two combinations of Rabi frequencies of the two control
lasers o~ and o " is shown in Fig. 7. At time ¢ = 0 at room
temperature all the eight ground states are equally populated
(1/8). The steady-state population of the ground states |1), |2),
and |3) is a maximum. Some of the population is left in states
|4), |8), and |6), while the population of states |5) and |7) is
almost pumped out.
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FIG. 6. (Color online) The energy-level diagram for the doubly
driven A system in 8’Rb. The probe laser is o~ polarized and shown
with a black arrow. (a) Control laser which is copropagating (Co) to
the probe laser is o ™ polarized, and counterpropagating (Cou) control
laser is o~ polarized. (b) Control laser which is copropagating (Co) to
the probe laser is o~ polarized and counterpropagating (Cou) control
laser is ot polarized.

Figures 6(a) and 6(b) show various subsystems formed by
these two counterpropagating control lasers. The probe laser
driving |1) — |9) forms the NN system; i.e., |1) = |9)

0.25- @)
0.20

-

Populations

0 5 10 15 20 25 30
Time (in unit of 27/T")

—Pi11--- P2--- P33 0 Paus
O Pss — Pe6— P77 — Pss

FIG. 7. (Color online) Population evolution of ground states in
the presence of 6+ and o~ control lasers. (a) The Rabi frequencies of
ot and o~ control lasers are 2T" and 2.5T . (b) The Rabi frequencies
of o and o~ control lasers are 2.5T" and 2T".

043838-6



ROLE OF DIFFERENT TYPES OF SUBSYSTEMS IN A ...

(a)

Im(pprobe)

-3 -2 -1 0 1 2 3
Detuning of probe laser (in unit of I')

— NN system —— M and A system
—— N1 and N2 system —— Sum

FIG. 8. (Color online) Absorption profile of probes for the
various subsystems. Probe is o~ polarized: (a) o control laser is
copropagating while o~ control laser is counterpropagating to the
probe laser, and (b) o~ control laser is copropagating while o control
laser is counterpropagating. The Rabi frequency of the copropagating
control laseris 27 x 12 MHz (2 I') and of counterpropagating laser is
27w x 15 MHz (2.5 T"). The red, green, and blue curves are weighted
by the steady-state population of states |1), |2), and |3) and by the
Clebsch-Gordan coefficient between |1) and |9) (1), |2) and |10) (1/2),
and |3) and |11) (1/6), respectively.

< |5) < |11) < |7) < |13). The probe laser driving |2)
— |10) forms one A system (|2) — |10) <> |4)) and one M
system (|2) — |10) <> |6) <> |12) <> |8)). This M system and
A system share a common level, |10). The probe laser driving
[3) — |11) forms two N systems, |3) — [11) < |5) < |9)
and |3) — |11) <> |7) <> [13)). These two N systems share
the common level |11).

First we discuss the case of a copropagating o* and
counterpropagating o ~control laser as shown in Fig. 6(a). The
probe (|1) — |9)) which forms an N N system does not satisfy
the two-photon resonance condition as control laser |9) <> |5)
is counterpropagating to the probe and hence will not show
the effect of an NN system, as shown by the flat red curve in
Fig. 8(a). The probe (|2) — |10)) involving one M system and
one A system will have no contribution from the M system
since the control laser [10) <> |6) is counterpropagating to the
probe. The A system shows EIT as |10) <> |4) copropagating
to the probe. The combined effect is shown with a green
curve in Fig. 8(a). The probe (|3) — |11)) forms two N
systems; only one of them, |3) — |11) < |5) < |9), satisfies
the two-photon resonance condition while the other N system
does not. The effect of EITA for this subsystem is shown with
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FIG. 9. (Color online) Comparison of the absorption of a probe
for two configurations of control laser polarization. The Rabi
frequency of the copropagating control laser is 27 x 12 MHz (2I')
and that of the counterpropagating laser is 27 x 15 MHz (2.5T").

a blue curve in Fig. 8(a). The combined absorption profile is
shown with a black curve.

Now we discuss the case of a copropagating o~ and
counterpropagating o "control laser as shown in Fig. 6(b).
The probe (|1) — |9)) which forms an N N system satisfies the
two-photon resonance condition and hence shows the EITATA,
as shown with ared curve in Fig. 8(b). The probe (|12) — [10))
forming an M system shows EITAT, while this probe that forms
A system does not satisfy the two-photon resonance condition
and shows no EIT. The absorption profile for this probe is
shown with the blue curve in Fig. 8(b). The probe (|3) — [11))
forms two N systems; only one of them, |3) — |I11) —
|7) — |13), satisfies the two-photon resonance condition and
shows EITA, while the other N system does not satisfy the
two-photon resonance condition and will not show EITA. The
absorption profile for this probe is shown with a green curve.
The combined absorption profile is shown with black curve.

The comparison of absorption profiles for the two configu-
rations is shown in Fig. 9. It is clear that, with the copropagating
control laser with o~ polarization and counterpropagating
control laser with o™ polarization, the absorption of the
probe laser is more as compared to the case with reversed
polarizations.

IV. CONCLUSIONS

The general N-level system shows a sequence of EIT and
EITA due to the various terms in TOCs. The doubly driven,
F=1— F=2< F=2, A system in Rb can show the
effect of many of these TOC terms depending on the config-
urations. The o™ copropagating and o~ counterpropagating
control laser only shows the effect of the N system, meaning
up to p14, while o~ copropagating and o+ counterpropagating
shows the effect of all N, M, and NN systems, up to pie.
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