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Abstract

Sub-Doppler spectral resolution has been studied in Doppler-broadened multi-level 87Rb atoms coherently coupled by two strong
laser fields. Narrow spectral features of absorption or gain are observed in the center or sides of the Doppler-broadened absorption pro-
file. Analytical and numerical calculations based on a four-level N type model are presented to explain the experimental results.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

When a multi-level atomic medium is driven by laser
fields, the induced atomic coherence and interference may
modify the dispersive and absorptive properties of the
atomic medium and leads to a variety of interesting phe-
nomena for fundamental studies and practical applications,
such as electromagnetically induced transparency (EIT)
[1,2], coherent population trapping (CPT) [3], lasing with-
out population inversion (LWI) [4], subluminal [5] or
superluminal light [6] propagation, light storage [7], and
coherent nonlinear optics at low light levels [8,10].

Atomic vapors are often used to study the atomic coher-
ence and interference. At room temperatures, the Doppler
broadening dominates the linewidth of the atomic transi-
tions and generally reduces the coherent effects. A direct
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way to overcome the Doppler broadening is to use cold
atoms. For hot atoms, it is well known that Doppler-free
configurations can be realized for certain laser–atom cou-
pling schemes by arranging the propagation directions of
laser beams. It has been shown that sub-Doppler and even
sub-natural linewidths can be observed in Doppler-broad-
ened, coherently driven atomic systems [11–22], which
may lead to useful applications in laser frequency stabiliza-
tion, gas-cell atomic frequency standards, narrow-band
optical sources, and so on.

In this paper, we report an experimental study of the
sub-Doppler spectral resolution in a Doppler-broadened
four-level atomic medium interacting with three lasers.
The generic four-level atomic system is shown schemati-
cally in Fig. 1a, in which a weak laser field Ep drives the
j1i ! j3i transition and two intense laser fields Ec and Eb

couple the transitions j2i ! j3i and j1i ! j4i, respectively.
The four-level atomic system is approximately realized with
a multi-level 87Rb system shown in Fig. 1b. We note that
similar four-level N systems have been theoretically studied
in Na2 molecules [15] and also used as a simplified model to
explain the electromagnetically induced absorption (EIA)
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Fig. 1. (a) Four-level N-type scheme. (b) Energy-level diagram of 87Rb
atoms.

Fig. 2. Experimental setup: ND, natural density filter; M, mirror; BS,
beam splitter; BK, beam blocker; HWP, half-wave plate; PBS, polariza-
tion beam spilitter; and PD, photo detector.
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in degenerate two-level atomic systems [21,22]. The exper-
imental work have been also performed in solid [24] and
in cold atoms [25].

Here we present an experimental study of the four-level N
system in Doppler-broadened 87Rb atomic vapors. In a co-
propagating geometry of the three lasers, we measure the
probe absorption spectra in this system. When the j4i ! j2i
transition is dipole forbidden (no spontaneous decay from
j4i to j2i), we observe the sub-Doppler absorption peaks
and dips near the center of Doppler-broadened absorption
profile of the j1i ! j3i probe transition; if the j4i ! j2i tran-
sition is dipole allowed (with a spontaneous decay rate c42

from j4i to j2i), we observe the sub-Doppler amplification
of the probe laser in the center of the j1i ! j3i transition.
The narrow spectral features of the observed absorption
and gain approach the natural linewidth. Similar sub-Dopp-
ler spectral peaks and dips are also observed when the two
intense coupling lasers are detuned from the respective reso-
nances. In order to understand the underlying physical
mechanism of the observed sub-Doppler spectral measure-
ments, we perform analytical and numerical calculations
based on the four-level atomic system of Fig. 1a, which agree
well with the experimental results.

2. Experimental results and theoretical analysis

We perform the experiment with 87Rb atoms in a vapor
cell at room temperatures. The 87Rb energy-level structure
and the laser coupling scheme are shown in Fig. 1b. An
extended-cavity diode laser tuned to the D1 5S1/2,
Fg = 1! 5P1/2, Fe = 2 transition at 795 nm serves as the
coupling field Ec. Another extended-cavity diode laser at
795 nm is used as the weak probe field Ep and is scanned
across the D1 5S1/2, Fg = 2! 5P1/2, Fe = 2 transition.
The hyperfine splitting between the excited level 5P1/2,
Fe = 2 and Fe = 1 is 812 MHz, which is greater than the
Doppler width (�540 MHz) of the rubidium vapor at room
temperatures. Therefore, the Doppler-broadened absorp-
tion lines for the two transitions (5S1/2, Fg = 2! 5P1/2,
Fe = 2 and Fe = 1) are well resolved. A third extended-cav-
ity diode laser at 780 nm is used as the second coupling
field Eb and is tuned to the D2 5S1/2, Fg = 2! 5P3/2,
Fe = 1,2,3 transitions. The three hyperfine levels of the
excited states 5P3/2, Fe = 1,2,3 are separated by 157 and
267 MHz, respectively (Fig. 1b).

The experimental arrangement is shown schematically in
Fig. 2. Natural mixture of 87Rb and 85Rb isotopes is con-
tained in a 10-cm long cylindrical quartz cell without buffer
gas. The estimated rubidium atomic density is on the order
of 1010 atoms/cm3. Three lasers co-propagate through the
vapor cell. The two coupling lasers have the same linear
polarization and are overlapped by a beam splitter. The
probe laser is polarized perpendicular to that of the two
coupling lasers. The probe laser and two coupling lasers
are overlapped in a PBS and pass through the vapor cell.
The probe laser beam is separated from the two coupling
laser beams outside the cell by another PBS and is detected
by a photodiode. The powers of the lasers are controlled by
neutral density filters. During the experiment, the power of
the probe laser is kept below 5 lW.

Fig. 3 shows the measured absorption spectra of the probe
laser versus the probe frequency detuning Dp. When the cou-
pling field Ec is on resonance (Dc = 0) and the second cou-
pling field Eb is turned off, the coupled 87Rb system forms
a standard three-level K type configuration and we observe
the EIT spectrum with a narrow dip in the center of the
Doppler absorption profile of the 5S1/2, Fg = 2! 5P1/2,
Fe = 2 transition as shown in Fig. 3a. When the second cou-
pling field Eb with the same intensity as that of the first cou-
pling field Ec is turned on and tuned on resonance with the
5S1/2, Fg = 2! 5P3/2, Fe = 3 transition, a narrow absorp-
tion peak in the line center of Doppler-broadened EIT profile
is observed as shown in Fig. 3b. Since the 5S1/2,
Fg = 1! 5P3/2, Fe = 3 transition is a dipole forbidden tran-
sition (with the selection rules DF = 0,±1), there is no spon-
taneous decay from the excited state j4i (5P3/2, Fe = 3) to the
ground state j2i (5S1/2, Fg = 1). On the other hand, when the
coupling field Eb is tuned on resonance with the 5S1/2,
Fg = 2! 5P3/2, Fe = 2 (or 1) transition, it opens the sponta-
neous decay channel j4i (5P3/2, Fe = 2 or 1) to j2i (5S1/2,
Fg = 2). We then find that as the intensity of the coupling
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Fig. 3. Measured probe absorption spectra versus the probe frequency detuning Dp. The coupling laser Ec is always tuned on resonance with 5S1/2,
Fg = 1! 5P1/2, Fe = 2 transition and has an intensity of 18 mW/cm2: (a) Three-level K type EIT spectrum (the coupling laser Eb is turned off). (b) The
coupling laser Eb (with the same intensity as that of the coupling laser Ec) is on and tuned to the resonance of the 5S1/2, Fg = 2! 5P3/2, Fe = 3 transition.
(c) The coupling laser Eb is tuned to the resonance of the 5S1/2, Fg = 2! 5P3/2, Fe = 2 transition and with an intensity �32 mW/cm2.
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laser field Eb increases, the observed narrow EIT dip in the
line center of Doppler-broadened absorption profile in
Fig. 3a becomes deeper and evolves from absorption into
amplification as shown in Fig. 3c.

We note that the narrow absorption peak in the center of
the Doppler absorption profile of Fig. 3b (without spontane-
ous decay c42) resembles electromagnetically induced
absorption (EIA) [18–22], but its physical origin is different
from EIA. The basic EIA model is based on an open four-
level configuration within a degenerate two-state system, in
which transfer of coherence (TOC) [19–21] or transfer of
population (TOP) [19,22] is essential. The four-level N type
system studied here is non-degenerate and is closed, and is
similar to the N type system analyzed in Ref. [21] without
TOC. In our experiment, the co-propagating geometry of
three laser beams results in the sub-Doppler spectral resolu-
tion. In addition to the spectrum of a single narrow absorp-
tion peak or dip, we also observe the multiple narrow
absorption peaks and dips by varying the relative intensity
of the two coupling lasers. These spectra will be discussed
along with the theoretical analysis presented below.

The density matrix equations for the four-level system
(Fig. 1a) under the dipole and rotating-wave approxima-
tion are written as
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where

C14 ¼ ðc4 þ c21Þ=2þ iDb; C21 ¼ c21 � iðDp � DcÞ;
C23 ¼ ðc3 þ c21Þ=2þ iDc; C24 ¼ ðc4 þ c21Þ=2

þ iðDb � Dp þ DcÞ;
C31 ¼ ðc3 þ c21Þ=2� iDp; C34 ¼ ðc3 þ c4Þ=2þ iðDb � DpÞ:

Dp = xp � x31, Dc = xc � x32, and Db = xb � x41 are sin-
gle-photon detunings of the probe laser Ep, the first cou-
pling laser Ec and the second coupling laser Eb with the
transitions j1i ! j3i, j3i ! j2i and j4i ! j1i, respectively.
Xp = l31Ep/�h, Xc = l32Ec/�h and Xb = l41Eb/�h are Rabi fre-
quencies, with lmn (m, n = 1,2,3,4) denoting the dipole
moment for the corresponding transition jmi ! jni, respec-
tively. c31 (c32) and c41 (c42) are spontaneous decay rates
from the excited states j4i and j3i to the ground state j1i
(j2i), respectively. The natural linewidths of the excited
j3i and j4i states for 87Rb atoms are c3 = 2p · 5.3 MHz
(c3 = c31 + c32) and c4 = 2p · 5.9 MHz (c4 = c41 + c42),
respectively. c21 is the dephasing rate between the ground
states j1i and j2i.

The induced polarization at the probe frequency is
P(xp) = e0v(xp)Ep, where the susceptibility v(xp) = Kq31/
Xp, K = N0jl31j2/�he0, and N0 is the atomic density. For a
weak probe field (Xp� Xc, Xb, c3), we obtain the steady
state solution of the off diagonal element q31 from Eqs.
(1e)–(1j)

q31 ¼ �iXp

A1 þ A2 þ A3

M
; ð2aÞ
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here

A1 ¼ 2ðqð0Þ33 � qð0Þ11 Þð4C34C24C21 þ C21jXcj2 þ C34jXbj2Þ; ð2bÞ

A2 ¼
1

2C23
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where qð0Þ11 , qð0Þ22 , qð0Þ33 and qð0Þ44 represent atomic population of
corresponding levels (the superscript (0) denotes the zero-
order term of the probe field Ep). Closure of the system

requires that qð0Þ11 þ qð0Þ22 þ qð0Þ33 þ qð0Þ44 ¼ 1. If there’s no
spontaneous decay from j4i to j2i (c42 = 0 in Eq. (1b)),
the steady state population is concentrated in the states

j1i and j4i (qð0Þ22 ¼ qð0Þ33 ¼ 0), and q31 is just determined by
A1 and A3. We find that Im[q31] is always larger than zero,
which represents the absorption of the probe field. When
c42 5 0 (the j2i–j4i transition is allowed), all the four states
have the population distribution and the contribution of
A2 results in the population transfer to the excited state
j3i, which leads to the amplification of the probe field
(Im [q31] < 0) under certain conditions. The physical mech-
anism of the gain has been discussed in Ref. [25].

In order to understand the sub-Doppler spectral features
observed in our experiment, we consider the Doppler
broadening in the four-level system. For atoms moving
with velocity t, we replace xc by xc � kct, xb by xb � kbt,
and xp by xp � kpt, where ki is the wave vector of the cor-
responding laser beam. The susceptibility is averaged over
the Maxwell velocity distribution by

vðtÞ ¼
Z
½ðjl31j

2
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u ¼ ð2kBT =MÞ1=2
: ð3cÞ

where kB is the Boltzmann constant, T is the temperature
of the gas in the cell, and M is the atomic mass.

Based on Eqs. (1)–(3), we perform numerically calcula-
tions of the probe absorption spectra. First, we show the
results for c42 = 0 (the transition between state j4i and state
j2i is forbidden). In the actual experimental system, the
three hyperfine levels of the excited states 5P3/2, Fe = 1, 2
and 3 are overlapped in the Doppler-broadened absorption
profile. In order to make a realistic fit to the experimental
results, the numerical plots (dotted lines) in Fig. 4 are cal-
culated by involving six levels (including all the three levels
5P3/2, Fe = 1,2,3 of the excited state j4i as shown in
Fig. 1b). We find that the off-resonant coupling of the cou-
pling field Eb with the other two hyperfine levels (5P3/2,
Fe = 2 and 1) results in some asymmetry of the spectra
and a small amount of population transfer from the states
j1i and j4i, but the main spectral features of the four-level
system are largely left intact. The underlying physical
mechanism can be understood from the four-level system.

We present a simple analysis of the dressed state picture
of the four-level system to interpret the spectra presented in
Fig. 4. The interaction Hamiltonian for the four-level med-
ium driven by the two coupling fields in the co-propagating
configuration is given by [16]

H I ¼
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here we assume kc � kb � kp = k and consider the reso-
nance condition Dc = Db = 0. The eigenvalues for the four
dressed states are
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The probe laser couples the four dressed states and the
splittings of the dressed state transitions are given by
kc
� � kb

�, which are
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The dressed state transitions correspond to the four
absorption peaks. Eqs. (5b) and (5c) show that k2 and k3

correspond to the two center peaks and are not shifted
much with kt due to the partial cancellation of the Doppler
shift term kt, which leads to the two sub-Doppler absorp-
tion peaks as shown in Fig. 4a, b and d (two narrowing
absorption peaks in the middle). In contrast, k1 and k4

are shifted dramatically with changing kt as shown by
Eqs. (5a) and (5d) and the two dressed state transitions
are fully Doppler-broadened as shown in Fig. 4(a)–(d)
(two broadening absorption peaks on both sides). In
Fig. 4a, b and d, there is a narrow dip between two narrow
peaks in the center. The depth and the width of the dip
depend on the relative value of the two Rabi frequencies
Xb and Xc. The separation of the two peaks is proportional

to jk3 � k2j ¼ j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðktÞ2 þ X2

c

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðktÞ2 þ X2

b

q
j. In our experi-

ment, we find that as the intensities of the two coupling
lasers become nearly equalized, the two narrow peaks are
not resolved and just one narrow peak appears in the
center. When Xb = Xc, k2 = k3 = 0, the two dressed states
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Fig. 4. The solid lines are measured probe absorption spectra versus the probe frequency detuning Dp. The coupling laser Ec is tuned on resonance with the
5S1/2, Fg = 1! 5P1/2, Fe = 2 transition and has an intensity of 34 mW/cm2. The coupling laser Eb is tuned to the resonance of the 5S1/2, Fg = 2! 5P3/2,
Fe = 3 transition with an intensity of: (a) �3 mW/cm2, (b) �12 mW/cm2, (c) �34 mW/cm2 and (d) �90 mW/cm2. The dotted lines are the theoretical
calculations based on the four-level system including all the three hyperfine levels of the excited states 5P3/2, Fe = 1, 2 and 3. The fitting parameters are
c3/2p = c4/2p = c/2p = 10 MHz, c21 = 0.1c, Xc = 1.5c, Xb = 0.45c, 0.8c, 1.5c and 2.5c in (a), (b), (c) and (d), respectively.
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in the middle become degenerate, a narrower and higher
absorption peak appears in the center as shown in
Fig. 3b (Fig. 4c). The spectral peak at k2 = k3 = 0 is there-
fore free from the Doppler shift. We note that the simple
dressed state picture explains Doppler shift and does not
provide the spectral linewidths. In fact, theoretical calcula-
tions [21,23] show that the Doppler effect actually narrows
the spectral peaks to below the natural linewidth when con-
tributions from different pump and probe detunings are all
included. The measured linewidth of the narrow central
peak in Fig. 3b (Fig. 4c) is about 10 MHz, which is larger
than the natural linewidth of 5.3 MHz for the 87Rb excited
state level j3i (5P1/2) and can be attributed to the broaden-
ing effects of the finite laser linewidth, the transit time of
the atoms across the laser beams (c21), the spatial inhomo-
geneity of the coupling laser intensities, and the Zeeman
broadening from the residual magnetic field. The unit c
in the theoretical plots is chosen 2p · 10 MHz and results
in the best fit to the experimental data.

The calculations for c42 5 0 (the transition j4i ! j2i is
allowed) including all the three levels (5P3/2, Fe = 1,2,3)
of the excited state j4i are plotted in Fig. 5 as dotted lines
while the experimental results are plotted in solid lines. The
underlying physical mechanism of this case can be under-
stood by considering the coupling field Eb as a perturbing
field for the three-level (j1i–j2i–j3i) EIT system as dis-
cussed in Ref. [25]. From numerical calculations we find
that the atoms with different velocities all contribute more
or less to the dip at the central resonance and the weighted
average from Eq. (3a) forms the narrow dip. Comparing
the experimental results with the numerical calculations
in Fig. 5, we can see that the measured linewidth of the
absorption dip is narrower than that of the numerical cal-
culations. Especially for Fig. 5b, the measured linewidth is
nearly unaffected by increasing the intensity of coupling
field Eb. This can be explained by the nonlinear behavior
due to the Doppler broadening and the optical pumping
as discussed in Ref. [26]. We note that when the transition
j4i ! j2i is allowed, the four-wave mixing (FWM) process
in the four-level system becomes possible as discussed in
Refs. [9,10]. In our experimental system, due to the limited
optical density length and the weak probe field, the nonlin-
ear FWM signal at j4i ! j2i transition is therefore very
weak and the FWM contribution to the probe field should
not be dominant.

It is interesting to note that at larger Rabi frequencies Xb

and Xc, a double dip structure may appear in the calculated
probe spectrum as shown in Fig. 6. This is similar to the
double peak structure predicted at the high pump intensity
for the N type system (no decay from the state j4i to the
state j2i) [21]. In Fig. 6, the solid lines of the insets are the
expanded view of the central absorption dip calculated by
including all the three hyperfine levels (5P3/2, Fe = 1,2,3)
of the excited state j4i, and the dotted lines are the calcula-



a b

Fig. 5. The solid lines are measured probe absorption spectra versus the probe frequency detuning Dp. The coupling laser Ec is tuned on resonance with the
5S1/2, Fg = 1! 5P1/2, Fe = 2 transition and has an intensity of 18 mW/cm2. The coupling laser Eb is tuned to the resonance of the 5S1/2, Fg = 2! 5P3/2,
Fe = 2 transition with an intensity of: (a) �18 mW/cm2 and (b) �32 mW/cm2. The dotted lines are the theoretical calculations based on the four-level
system including all the three hyperfine levels of the excited states 5P3/2, Fe = 1, 2 and 3. The fitting parameters are c3/2p = c4/2p = c/2p = 10 MHz,
c21 = 0.1c, Xc = 0.8c, Xb = 0.8c and 1.4c in (a) and (b), respectively.

a b

Fig. 6. Calculated probe absorption spectra versus the probe frequency detuning Dp for the same case as Fig. 5. The solid lines of the insets are the
expanded view of the central absorption dip calculated by including all the three hyperfine levels (5P3/2, Fe = 1,2,3) of excited state j4i. The dotted lines are
the plots for the basic four-level system. The parameters are c3/2p = c4/2p = c/2p = 10 MHz, c21 = 0.1c, and Xc = 0.8c, Xb = 1.6 c in (a), Xc = 1.5c,
Xb = 3c in (b).
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tions for the basic four-level system. We can see that the off-
resonant coupling of the coupling field Eb with the other
two hyperfine levels (5P3/2, Fe = 1 and 3) lowers the small
peak of the absorption dip, but does not destroy the struc-
ture. However, the double dip spectrum is not observed in
our experiment. We believe that the effects from the mag-
netic sublevels of 87Rb hyperfine states such as the popula-
tion redistribution in different magnetic sublevels and the
Zeeman broadening prevent us from observing the detailed
double dip structure under our experimental conditions.

These two different spectral features under the two con-
ditions (without and with spontaneous decay from j4i to
j2i) are also observed when the two coupling lasers are
detuned from their respective resonances. When the second
coupling field Eb is tuned on resonance with the 5S1/2,
Fg = 2! 5P3/2, Fe = 2 transition and the first coupling
field Ec is turned off, the 87Rb system becomes a three-level
V type system. But it is not a simple three-level V system
because of the three hyperfine levels (5P3/2, Fe = 1,2,3) of
the excited state j4i. In Fig. 7a, the central dip (at
Dp = 0) corresponds to the resonant three-level V system
(the 5P3/2, Fe = 2! 5S1/2, Fg = 2! 5P1/2, Fe = 2 transi-
tions). The left dip of Fig. 7a (at Dp � �267 MHz) corre-
sponds the off-resonant coupled V system (the 5P3/2,
Fe = 3! 5S1/2, Fg = 2! 5P1/2, Fe = 2 transitions). The
right dip of Fig. 7a (at Dp � 157 MHz) corresponds to
another off-resonant coupled V system (the 5P3/2, Fe =
1! 5S1/2, Fg = 2! 5P1/2, Fe = 2 transitions). The two
relatively broad dips in Figs. 3c and 5 are there for the
same reason discussed here. If we detune the first coupling
field Ec from the 5S1/2, Fg = 1! 5P1/2, Fe = 2 transition
with Dc � �267 MHz and Dc � 157 MHz, respectively, we



a b c

Fig. 7. The solid lines are measured probe absorption spectra versus the probe frequency detuning Dp. The second coupling laser Eb is always kept on
resonance with the 5S1/2, Fg = 2! 5P3/2, Fe = 2 transition and its intensity is 18 mW/cm2: (a) the first coupling field Ec is turned off and the probe
spectrum corresponds to that of a three-level V type system. The first coupling laser Ec (with an intensity 18 mW/cm2) is detuned from the 5S1/2,
Fg = 1! 5P1/2, Fe = 2 transition by Dc = �267 MHz in (b), and by Dc = 157 MHz in (c). The dotted lines are the theoretical calculations based on
the four-level system including all the three hyperfine levels of the excited states 5P3/2, Fe = 1, 2 and 3. The fitting parameters are c3/2p = c4/2p =
c/2p = 10 MHz, c21 = 0.1c, Db = 0, Xb = 0.8c, and Xc = 0.8c.
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observe the narrow absorption peak (at Dp � �267 MHz)
and dip (at Dp � 157 MHz) shown in Fig. 7b and c, respec-
tively, which are similar to the absorption peak and dip
observed at Dp = 0 in Fig. 3b and c for the resonantly
coupled four-level system. The dotted lines in Fig. 7 are
the calculated probe absorption for (a) Xc = 0, (b) Dc =
�267 MHz, and (c) Dc = 157 MHz, respectively, which
agree well with the experimental results. It is shown in
Ref. [23] that when the coupling lasers are detuned, the
two-photon Raman resonance dominates, and the Doppler
narrowing effect is more striking. With the Doppler effect,
the population distribution among the four levels depends
on the detuning and the atomic velocity. When Dc = Dp =
�267 MHz (157 MHz), the two-photon coupling 5P3/2,
Fe = 3 (1)! 5S1/2, Fg = 2! 5P1/2, Fe = 2 in the V system
and the two-photon coupling 5S1/2, Fg = 2! 5P1/2, Fe =
2! 5S1/2, Fg = 1 in the K system are simultaneously
resonant for all atoms, which leads to the sub-Doppler
absorption peak at Dp = �267 MHz (the sub-Doppler
amplification dip at Dp = 157 MHz). For other values of
the detuning Dc, the resonance conditions can not be met
simultaneously for the V and K systems, the sub-Doppler
absorption peak (the sub-Doppler amplification dip) at
Dp = Dc disappears, only the EIT dip produced in the cou-
pled K system exists at Dp = Dc, and this is demonstrated
by the numerical calculation and also observed in our
experiment.

3. Conclusion

We have explored the sub-Doppler spectral resolution
in a Doppler-broadened 87Rb atomic sample coherently
coupled by two intense laser fields and probed by a weak
laser field. The laser-coupled 87Rb system can be viewed
as a quasi four-level N type system and the probe absorp-
tion spectrum exhibits interesting sub-Doppler features.
When there is no spontaneous population transfer among
the two sets of the transitions connected by the two
intense laser fields, the observed probe spectrum exhibits
two sub-Doppler peaks and a narrow dip near the probe
resonance. In particular, the two sub-Doppler peaks col-
lapse into a single narrow peak at the center of the Dopp-
ler-broadened absorption profile when the Rabi
frequencies of the two intense lasers are equal to each
other. On the other hand, when there is the spontaneous
population transfer among the two sets of the transitions
connected by the two intense laser fields, the probe
absorption spectrum exhibits a narrow sub-Doppler dip
in the center of the Doppler-broadened absorption profile
and the sub-Doppler amplification of the probe laser can
be observed by controlling the intensities of the two
intense lasers. Because the three hyperfine levels of the
87Rb 5P3/2 state are smaller than the Doppler width, the
sub-Doppler spectra can be observed by varying the
detuning of the laser frequencies to match the hyperfine
splittings. The analytical and numerical calculations based
on the four-level N type model have been presented to
explain the experimental results and agree well with the
experimental measurements. The sub-Doppler spectral
resolution may be useful in high-resolution spectroscopy
and in gas-cell atomic frequency standards. Also the steep
variation of the light dispersion associated with the nar-
row absorptive peaks and dips may be used for control-
ling the light group velocities.
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