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This paper reports the experimental results on electromagnetically induced absorption (EIA) spectra observed in
the system which does not satisfy completely the conditions given by Lezama et al [1999 Phys. Rev. A 59 4732]. EIA
signals on the transitions in the Cs D> line are able to be observed, where Fy <= Fe = Fz —1 as open systems. Theoretical

model of Lezama et al is good for the case Fy <+ Fo = Fgz + 1, considering spontaneous transfer of atomic coherences

or populations this model is not able to explain our experimental results obtained in the case Fy <+ Fo = Fz — 1. This

paper offers a theoretical model which is able to well explain the case Fy < Fe = Fz — 1. It also uses this theoretical

model to explain the split and shift of EIA peaks, which have been obtained in experiments.
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1. Introduction

The properties of atoms and molecules such as ab-
sorption, dispersion, and a variety of nonlinear char-
acteristics can be manipulated by the addition of ex-
tra electromagnetic fields.l"?/ For examples, an in-
duced transparency was found in an initially absorb-
ing medium, experienced by a weak-probe field, due
to the presence of a strong-coupling field on a linked
transition.[>* Lasers can operate normally without
population inversion between levels relevant for the

lasing transition. >

Coherent population trapping
(CPT),["8 large refractive indexes,”) slow light and
storage of quantum information in a coherent me-
dia have been achieved.[''1] More recently, these ef-
fects have found potential applications in quantum
information system, among which there are quan-
tum computation,!® the quantum logic gate,? quan-
tum switches!™®! and quantum interferometric optical
lithography, ! which offer many advantages over con-

ventional ones.

Most of these phenomena have been widely stud-
ied in typical A-type and V-type three-level or four-
level atomic systems (simple models). The experi-

mental demonstrations of these phenomena were often

carried out in atoms,[!>~17 and the theoretical anal-
ysis based on simple models indicates that the foun-
dations of these effects are the atomic coherence and
the destructive quantum interference among different
transition pathways. However, in real atomic systems,
the atomic states usually have complex structure with
degenerate Zeeman sublevels which can lead to inter-
esting variations of absorption induced by the com-
petition between electromagnetically induced trans-
parency (EIT) and absorption effects due to the in-
terplay between the dominance of Rabi frequency and

multi-Zeeman-sublevel.[18:19]

Recently, quantum co-
herences in the degenerate atomic system have at-
tracted great interests because they exhibit not only
the CPT and EIT of the simple three-level system
but also electromagnetically induced absorption (EIA)
in the absorption spectra. The quantum coherences
in the degenerate two-level system were extensively
studied both experimentally and theoretically in Akul-
shin’s group,2=22l who demonstrated that EIA can
occur in the degenerate two-level system for a closed
transition F, < F, = Fy; + 1 with F; > 0 be-
cause of the spontaneous transfer of the atomic co-
herence (TOC),[?3l and the dependence of EIA on

the field polarization was also discussed. Later Goren
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(24 found that EIA can also occur in open sys-

et al
tems when the coupling and probe beams have the
same polarization rather than a different polarization
as in the case of EIA-TOC, and they concluded that
this effect is resulted from the EIA-TOP (EIA due
to the collision transfer of population (TOP)). But
they also considered that EIA takes place for transi-
tion Fy < Fy = F;+1 with F; > 0. In this paper, the
EIA effect is experimentally observed in an open tran-
sition Fy < Fy = Fy — 1 (6231/2, F, =4« 62P3/2,
F, = 3 of Cs Dy Line). Furthermore, an explanation
is given with theoretical calculation, which is in good
agreement with the experimental results.

With the development of theoretical and experi-
mental investigations, more and more complex quan-
tum coherence effects related to the interactions be-
tween multi-field and multi-Zeeman-sublevel systems
in the two-level system were developed. The first
report about the spectroscopic features of the co-
herence resonance in the degenerate two-level sys-
tem showed that the absorption spectra were strongly
dependent on the external magnetic field, optical
fields’ polarization, light intensity, and atomic level

s.2122] Zoeman coherences are also a

characteristic
basic ingredient of sub-Doppler?’! and sub-recoil[?!
laser cooling mechanisms. Later the experimental
realization of Gaussian light pulse propagation from
subluminal to superluminal based on the transforma-
tion from EIT to EIA was obtained in the transition
(6251 /2, Fy = 4 < 62P3), F, = 5) of Cs D, line.*”
The theoretical discussion on the transitions driven by
7 or o4 light and probed by transverse lights with two
equal left-handed and right-handed circular polariza-
tion components o4, showed that the absorption con-
version from EIT to EIA and the effects of widening
and shifting of EIT windows were investigated.[28—30]
All these effects can be considered as a result of the
superposition of pure two-level, simple three-level A-
type and V-type subsystems. Thus for any transi-
tion F, < F, with different polarizations of coupling
and probe beams, the quantum coherent effects would
present various phenomena because different superpo-
sitions of the simple energy level configurations are
involved. Motivated by this, in this paper, we exper-
imentally and theoretically investigate the quantum
effects in the transition F, = 4 < F.=3 of the D, line
of the Cs ensemble with a different combination of
the polarization of coupling and probe lights, which
results in the different superposition of the V-type,

A-type, and pure two-level subsystems; thus the ab-

sorption properties are greatly modified. A qualita-
tive agreement between experimental results and the-
oretical calculation is given by using the optical Bloch
equation.[24’28’31]

2. Experimental setup and re-
sults

A schematic diagram of the experimental setup
is shown in Fig.1. Two external cavity diode lasers
(ECDL) with less than 1MHz linewidth are used in
Radiation from the first ECDL
used as a pump is locked to the Dy line transition
651/2(Fy = 4) < 6P3/5(F.=3) in Cs'*3. Radiation
from the second ECDL used as a probe is tuned over

our measurements.

the transition. At the same time, the frequencies of
two lasers are monitored by Doppler-free saturated
absorption spectroscopy. Each of the coupling and
probe beam passes through an isolator to avoid the
light feedback into the lasers. Then after half-wave
plates, the two beams with linearly polarizations are
combined by a polarizing beam splitter and then sent
into the cell with the atomic caesium vapour. Both
beams are copropagating and their polarizations are
orthogonal to each other. The glass cell (I = 5cm)
with atomic caesium vapour at room temperature is
placed in a solenoid to control the strength and di-
rection of the magnetic field. A solenoid can pro-
duce longitudinal magnetic field (i.e., the quantization
axis of magnetic field is perpendicular to the polariza-
tion of coupling and probe laser beams), thus both
of the coupling and probe beams can be treated as
transverse lights with two equal left-handed and right-
handed circular polarization components oy. After
passing through the caesium cell, the probe and cou-
pling beams are separated with another polarizing
beam splitter, the probe

Cs cell PBS

1o HWP PBS

ECDL1_|:| B — |.|

oooco

10 HWP FD

ECDL 2

0s

Fig.1. The experimental arrangement. PD: photo detec-
tor; ECDL 1 (2): external cavity diode laser 1 (2); IO:
isolator; PBS: polarizing beam splitter; HWP: half-wave
plate; OS: oscilloscope.
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beam is detected by a photodiode and recorded by
a digital oscilloscope. The solenoid and the caesium
vapour cell are shielded with p metal sheets to avoid
the magnetic field splitting of the sublevels from sur-
rounding magnetic field.

Figure 2 shows a schematic diagram of the par-
tial energy levels for caesium. The Cs D3 line consists
of six allowable optical transitions between either of
the two hyperfine ground levels belonging to 65 /2
and any of the four hyperfine excited levels belong-
ing to 6P;/5. So, there are six possible degenerate
two-level systems corresponding to each transition. In
this paper, we are able to observe EIA in the open and
F, > F, system, which does not satisfy two conditions
among the three EIA conditions.!?3! That is to say, we
choose the transition 65 /o(Fy = 4) < 6P3/5(Fe = 3)
in Cs as a degenerate two-level system, this is open
because decays from the 6P5/5(F, = 3) excited level
happen to the ground level 65 /o(Fy = 3), which is not
involved in the consideration of a two-level system.

F'=5
ep 251.43 MHz oy
_° 32 i 201.47MHgz o
) oo 4 s120Muz P
- Fr=2
Do we wp
852.11 nm
> \ 4 Y F=4
9192.62 MHz
2 Se
651/2 =~ F=3

Fig.2. Relevant energy diagram of the Cs D2 line.

Figure 3 shows the absorption spectra obtained
as a function of the probe detuning with different
strength of magnetic field B when the atoms are put
in a solenoid, the quantization axis of the magnetic
field is perpendicular to both the polarization of cou-
pling and probe laser beams, so that both of the lin-
early polarized coupling and probe lights are decom-
posed into a left-handed and right-handed circularly
polarized component s, and s_. The total Rabi fre-
quencies of the coupling and probe lights are fixed
to be 2. = 28.7MHz and (2, = 9.1MHz respec-
tively, which is deduced from the definition about the
Rabi frequency of light 2 = I \/I/TIO; here I' is the
natural decay rate, I = P/(pr?)mW /cm? is power
density of the field, and the saturation intensity is

Iy = 1.65mW/cm?. The corresponding powers of

coupling and the probe beams are 100.3 mW /cm? and
10.1 mW /em?, respectively. From Figs.3(a)-3(e), the
strength of the magnetic field produced by a solenoid
is tuned from 0T up to 1.76 x 1073 T. As shown in
Fig.3(a), the absorption of probe laser shows that the
EIA effect is observed for a two-level system when
the magnetic field of solenoid is turned off. If a mag-
netic field is applied, the degeneracy of both the ex-
cited and ground levels is broken, and the Zeeman
sublevels appear. The involved multilevel coherence
modifies the properties of probe absorption. So it is
seen from Fig.3(b) that the absorption peak begins to
be divided into three peaks. These three EIA peaks
are separated and the two absorption peaks at both
right and left sides are shifted away from their posi-
tion with the strength of increasing magnetic field B;
on the contrary, the EIA peak in the centre still keeps
its position as shown by curves c—e in Figs.3.

0.4 1

0.2 1

Absorption/arb. units

—20 —10 0 10 20
Probe detuning/MHz

Fig.3. The absorption spectra of the probe beam as
a function probe detuning with different magnetic field
strength B. The intensity of the coupling and probe
lights are Ic = 100.3mW/cm? and I, = 10.1 mW /cm?.
Curve a EIA spectrum with the strength of magnetic field
B = 0T. Curves b — e separated and shifted EIA peaks
with B = 4.4 x 107*T in curve b; B = 8.8 x 10~ * T in
curve ¢; B=132%x10"%T in curve d; B=17.6 x 1074 T

in curve e.

Compared to the sub-MHz laser linewidth, the
relatively broad EIA resonances are observed. It is
worth mentioning that the ETA spectral line is con-
trolled by the phase coherence of coupling and probe
beam while the absolute laser linewidth is less im-
portant. To get a narrow EIA spectrum, some tech-
niques have been used to generate mutually coher-
ent laser fields, such as the laser frequency shifting
with acousto-optical modulator as demonstrated in
Refs.[21,32]. In our system, in order to obtain high
power of the coupling beams, two independent ex-
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tended cavity diode lasers are used, which is the main
reason for the observed broadband EIA signals.

Since the system consisting of 651 /2(F; = 4) and
6P /5(F, = 3) is open and Fy; > Fy, if by Refs.[20-23],
EIT would be expected rather than EIA. Absorption
spectra should show EIT because the coupling field is
pumping atoms optically into other magnetic sublevels
uncoupled with the probe field. However, the observed
signal is EIA even though it is smaller compared to the
closed system 65 5(Fy = 4) «» 6P3/5(F. = 5).

It should be noted that the experimental results
we obtained in Fig.3 show that the absorption peaks
are not symmetrical in their heights and positions as
we have expected, which are proved to come from the
effect of Doppler broadening. We theoretically anal-
yse this effect by introducing a parameter in the term
of laser detuning of coupling and probe beams, which
explains the reason to break its symmetry. In the fol-
lowing section, we use the optical Bloch equations to
qualitatively explain the coherence effects we obtained
for the real transition Fy = 4 < F, = 3.

3. The theoretical analysis

Figure 4 shows the degenerate two-level system
for transition Fy = 4 < F, = 3. The Zeeman sub-
levels of the excited states 6P3/p(f, = 3) are ex-
pressed as |e_3), |e—2), |e—1), |eo), |e1), |e2) and
lesy for Mg, = -3, =2, =1, 0, 1, 2, 3, while
the ground states 65,,2(Fy; = 4) are [g_4), |g-3),
l9-2), l9-1), |g0)s |g1), |g2), |gs) and |ga) for Mp, =
—4,-3,-2,-1,0,1,2,3,4. In the scheme of Fig.4,
both of the coupling and probe beams have two equal
left-handed and right-handed circular polarized com-
ponents o. Here the lights with o1 polarization in-
teract with the transition Mg, = @ < Mpy = ¢ £ 1

(i =0, £1, £2, £3). But the system is not closed,

Fig.4. Schematic energy level diagram for a transition Fy =
4 — F! =3 < F,; = 3. Solid lines represent the coupling
light and dashed lines are for probe field. Both of the cou-
pling and probe lights are circularly o4 polarized.

decays from the 6P;/5(F, = 3) excited level may also
happen to the ground level 65, /5(Fy; = 3). As shown
in Fig.4, the Zeeman sublevels of the ground states
651/2(Fg = 3) are [9-3), [9-2), |9-1), [90), |91); |g2)
and |g3) for Mps = —3,-2,-1,0,1,2,3.

We write the evolution equations for the atomic
variables as described in Refs.[24,28,31,33],

p1313 = h Z :I?pi? pzkv ) pu? (1)
7 = 5 3 Vi - )

- (w?’3 + 1) pi}, (2)
p?]Q = hz 562 i? pzkv )

- (lwij + 7) P?j{ (3)

p2212 = hz 23 o pzkv ) - 7/121p22i2

ik Pki —

+A12zp (P2 )se )
= L W )

- (1‘*’“ + 745) PngQ + (p?J‘Q)SE’ (5)
pzlzl = _9A12pn + A21 Zp p“) (6)

J

Where w3J3 =w) — w?’ and wij =w?— w]z denote the

Zeeman sphttlng of excited state and ground states,
= grunB/h(i = j £ 1) is the Raman

detuning 1nduced by the magnetic field B, where gy is

respectively; w

Lande factor for k = 3 or 2, and py, is the Bohr mag-

netron,; w32 w3 —

wjz is transition frequency between
I' is the total
spontaneous emission rate from each excited sublevels.
v = (I'+7421)/2 is the dephasing rate of excited-state
to ground-state coherence, A5, is the rate of transfer
= 4) to 651/2(Fy = 3). A1z

is the rate of transfer from sublevel 65 /5(F; = 3) to

excited and ground degenerate levels.

from sublevel 65 2(Fy

6S1/2(Fg = 4). (p7")sk is the spontaneous emission
repopulation, which is written as

(5™ s

= (2Fs+1)I'pp, Z Z
p=—1q,¢'=—F3
ws [ 5 1 Fy

pqq’ )
—q —p K

pkq

F,1F;
—kpq

X

(here, m = 2 or 1). The dipole moments of transi-

4*#34*%# 3 2:,“32*\/1/2 My

tions are p3%
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P s = 35 = B/An, 1% = 13 = V/3/28p,
1o = s = \/15/28u, p?, = pif = v/3/14p and
ety = pdt = \/mu for the Cs atom.[>* ‘/;‘;’2 is
the interaction energy for the transition [3;) < [2;),
which is written as

VZ-‘;’-Q = hVi‘}Q(wC) exp(—iwct)
—|—ﬁV£2 (wp) exp(—iwpt), (7)

(i =0, £1, £2, £3, j = i£1). Of course the mag-
nitudes of 2V;3(wy,) = p? B, /(vV2h) and 2V (w.) =
pi2Ee/(V2h) are the Rabi frequencies of probe and
drive fields, respectively. Let V;>*(w,) and V;3?(w.) be
real for simplicity.

In order to simplify the calculation, we consider
the condition that the coupling light is much stronger
than the probe light, thus we treat the coupling field to
all orders in its Rabi frequency and meanwhile probe
the field to first order. Then p}?
[35:36] the pump frequency we, the probe

oscillates at three
frequencies:
frequency wy, and the four-wave mixing frequency
in terms of its

32
2we — wp. We therefore express p;

Fourier amplitudes as

psz = p'ff (we) exp(—iwct) + ,0%2 (wp) exp(—iwpt)
i(2we — u)p)ﬂ' (8)

Similarly, the populations and coherences within the

+ng (QWC - wp) exp[

same hyperfine level can be written as

pz] = ng (dC) + pfjk<wp - wC) eXp[_i(wP - wc)t]
+0lf (we — wp) exp[—i(we — wp)t]. (9)
Where p’-C (wp — we) exp[—i(wp — we)t] and pf}“ (we —

wp) exp|—i(we — wp)t] are population and coherence

oscillations at frequencies wp, —w, and w, — wyp, respec-
tively.

We solve Egs.(1)-(9) in steady state, for which
we set the time derivatives of the Fourier amplitudes
equal to zero, and if the relation p;;(wy) = pj;(—ws) is
taken into account, these linear equations are readily
solved. The probe absorption is calculated from the

imaginary part of the susceptibility x(wp), we have
Imy (wp)

x Im{{u*? alP%a(wp) + ()]
_o(wp) + P33 (wp
- ) + P33 (wp
+u% 1 [P 1 (wp) + P37 (wp
124 o[pP o (wp) + P (wp
+u0[pP0 (wp) + P10 (wp)]
) + poi (wp)]

)]
)]
)]
)]

WV} (10)

32 [ 32
151 [P0=1 (wp

In our calculation, we set the driven field detuning
to zero, i.e., A = w, — w3z = 0; the probe field detun-
ing is 6 = wp — wis. We take Aoy /I" = 2.46 x 1074
and A2/ =1.9x 10~ 4. which is based on the trans-
ferred rate from sublevel |2;) to |1;), the transferred
rate from sublevel |1;) to |2;) and the dephasing rate
of the ground-state coherence are smaller than the de-
cay rate from excited to ground state I', for the Cs
Dy line, I' = 5.2MHz, i.e., the natural linewidth of
Cs D, line.[34

When a magnetic field is present, the Zeeman
splitting in the excited and ground states occurs si-
multaneously, the degeneracy of the two-level system
is broken. Note that the Zeeman splitting Ae (or wiy)
of the excited state is not always equal to the splitting
Ag (or w32) of the ground state. According to the data
of Cs atoms for the hyperfine levels of 657 /3, Fy = 4
and 6Py, F, = 3, we take Ae = uggrB/h(gr = 0)
and Ag = ppgpB/h(gpy = 1/4).
total system can be regarded as the superposition of

In this case, the

the simple two-level and three-level subsystems, and
therefore the quantum coherence shows the complex
effects resulted from the superposition of simple sub-
systems.

The theoretical absorption spectra of the probe
beam as a function of the probe detuning for the
different strength of magnetic field B are shown in
Fig.5. The intensity of the coupling and probe lights
are taken to be Vo/I' = V3 (we) /I’ = 0.394, V,,/T" =
Vi (wp)/ I = 0125 (i = 0, £1, £2, #3, j =i + 1).
Consider the real transition of F, = 3 < Fy = 4,
in which there are both fourteen coupling fields V,
and probe fields V}, interacting with the Zeeman sub-
levels, thus the total Rabi frequencies of coupling and
probe fields (O, and O,) are both fourteen times V.
and V,. (O, = 14V,, O, = 14V,,). The Fig.5(a) is
the spectrum of EIA when we take B = 0; when a
magnetic field is applied. The degeneracy of the two-
level system is broken and the Zeeman splitting in
the excited and ground states occurs simultaneously.
As measured in Fig.3, when the intensity of magnetic
field B increases from 0 to 17.6 x 10~% T, the one
EIA peak (Fig.5(a)) obtained from the quantum co-
herence of degenerate two-level system is broken up
into three transparency peaks (Figs.5(b)-5(e)). And
it is also shown that the points of the EIA peaks at
the right and left sides are shifted its position far from
the centre of zero detuning of probe light with the in-
crease of magnetic field, and meanwhile the EIA peak
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in the centre does not move its position. This effect of
shifting points is the result that the Zeeman splitting
increases with the increase of magnetic field, thus the
bigger spacing between the two lower levels of A-type
systems or the two upper level of V-type systems in
two-level system leads to the shift of absorption points
due to the two-photon resonance of EIA.

1.0 T T T

0-8 _\/\__L\/L
0.6 W
0.4 _\_/\__ﬁ//\/dr
- \/L__k/\/

—20 —10 0 10 20

Absorption/arb. units

Probe detuning/arb. units

Fig.5. The absorption spectra of the probe beam vs
probe detuning with different strength of magnetic field
B. Curves a, b, ¢, d, and e are for B=0T, 4.4 x 104 T,
8.8x107% T, 13.2x1074 T, and 17.6 x 10~* T respectively.
Here kp,cv = 0.2I", the Rabi frequency of the coupling and
probe lights are V. /I" = 1.138 and V;,/I" = 0.175.

The EIA peaks in Fig.3 are asymmetric, which
may come from the effect of Doppler broadening.
To take the effect into account, we need to con-
sider the experimental scheme in which the driven
and probe beams are copropagating and their fre-
quencies are very close, thus an atom moving towards

the driven and probe beams with velocity v, “sees”
their frequencies upshifted by an amount &, cv,; here
kp.c is the wave number for the coupling and probe
laser, v, is an averaged velocity averaged over a
given velocity distribution f(v,), which is the Gaus-
sian distribution function of atomic velocities f(v,) =
(1/vy/7) exp(—v? [v?).
analysis by replacing the detuning A = A + kv and
§ = S+kyv with v o /(v2) and (v2) = [v2f(v.)dv.,
where v = \/m is the most probable speed of
atoms at a given temperature 7', M is the atomic

Here we give a qualitative

mass, and kg is the Boltzmann constant.37-38 In our
numerical discussion, we set kp, v, = 0.21", with which
the calculated curves (see Fig.5) are approximately
matched with the experimental results, in which the
non-Lorentzian line shapes of EIA peaks are observed;
thus we can conclude that the main reason for the
asymmetrical ETA resonance comes from the effect of
Doppler broadening.

4. Conclusion

In this paper, the quantum coherence in the quasi-
degenerate two-level system of transition F, = 3 <
F, = 4 has been experimentally discussed. The split-
ting of ETA peak, the shifting and widening of split
EIA peaks have been investigated in the presence of
magnetic field. These effects are qualitatively ex-
plained with the theoretical discussion. The asym-
metry of observed spectra has been explained by in-
troducing a laser frequency offset from the optical res-

onance.
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