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We investigate the atomic four-levelN configuration both analytically and numerically, for various pump
and probe intensities, with and without transfer of coherence(TOC) and Doppler broadening, and compare the
results obtained to those of realistic atomic systems. We find that TOC affects the whole spectrum, in addition
to producing an electromagnetically induced absorption(EIA) peak at line center. We show that the EIA peak
splits as the pump intensity increases. These results are compared with those of realistic systems. When the
pump iss+ polarized and the probe isp polarized, the results are similar to those of theN configuration. When
the pump and probe polarizations are both linear with perpendicular polarizations, variousN-like subsystems
contribute to the spectrum. Consequently, the splitting of the EIA peak only occurs at very high pump inten-
sities. We also discuss the influence of the probe on the pump absorption and refraction and find that both the
pump and probe show EIA peaks when the pump intensity is low, and complementary behavior when the pump
is intense. At both low and high pump intensity, the pump and probe dispersions are of opposite sign.
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I. INTRODUCTION

The phenomenon of electromagnetically induced absorp-
tion (EIA) in degenerate two-level atomic systems has been
the focus of many theoretical and experimental[1–6] papers.
The simplest model that produces EIA is the four-levelN
system(see Fig. 1), provided that the analysis includes trans-
fer of excited state coherence via spontaneous emission to
ground state coherence[7,8]. In a recent publication[9], we
rationalized the experimental conditions needed to observe
EIA due to transfer of coherence(TOC), namely the require-
ments thatFg.0, Fe=Fg+1 and that the pump and probe
lasers have different polarizations. In addition, we proposed
[9] a new type of EIA due to transfer of population(TOP)
that occurs when the pump and probe have the same polar-
izations.

In this paper, we present a full analytical and numerical
study of theN configuration atom and compare the results
obtained with those of realistic degenerate two-level sys-
tems. When TOC is included, theN configuration corre-
sponds to the situation where a degenerate two-level transi-
tion, with Fe=Fg+1 andFg.0, is pumped by a resonants+

polarized pump laser and probed by a tunable weakp polar-
ized probe laser. The absence of TOC corresponds to anN
configuration where the transitions are far from degenerate,
as in the Na2 molecular system discussed by Donget al.
[10]. Previous theoretical work on theN system, in which
EIA was obtained[7,8], was limited to low pump intensity
and even lower probe intensity. Dips in the EIA spectrum
due to Doppler broadening were predicted by Taichenachev
et al. [8] using theN configuration and observed by Kimet
al. [6]. Here we show that such dips can be obtained even in
the absence of Doppler broadening at high pump intensity.
We compare the full absorption spectra obtained in the ab-
sence[10] and the presence of TOC, when Doppler broad-
ening is either included or excluded.

Another topic explored in this paper is the effect of a
moderately intense probe on the pump absorption and refrac-
tion. We find that when the pump is sufficiently weak, both

the pump and probe absorption spectra are characterized by
enhanced absorption. However, the probe and pump disper-
sions are of opposite sign, negative for the probe[11] and
positive for the pump. When the pump intensity is high, the
pump and probe absorption while both positive, exhibit op-
posite behavior(that is, when the pump absorption increases,
that of the probe decreases, and vice versa). Such behavior of
the absorption spectrum has also been found for the simple
two-level system[12]. At line center, the pump and probe
dispersions are also opposites, positive for the probe and
negative for the pump.

Finally, we compare the results of theN configuration to
those obtained using degenerate two-level transitions of real
alkali atoms, withFe=Fg+1 andFg.0. Two cases are con-
sidered: in the first, the transition interacts with as+ polar-
ized pump and a tunable weakp polarized probe(similar to
the N configuration) and in the second, the pump and probe
are both linearly polarized but have perpendicular polariza-
tions. The latter case can be thought of as a combination of
N-like systems.

II. N-LEVEL ATOM

A. Equations of motion

The four-stateN configuration (see Fig. 1) including
TOC, has been used in the limit of low pump intensity[7,8]
as a model for predicting EIA. In this scheme two pump

FIG. 1. Energy level scheme for the four-levelN configuration
atom interacting with two resonant pumps,V1 andV2 and a tunable
probe,Vp.
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lasers, with Rabi frequenciesV1 andV2, couple levelsg1 to
e1 and g2 to e2, respectively. A probe laser with Rabi fre-
quencyVp couples levelg2 to e1. The e2 to g1 transition is
forbidden by selection rules. We begin by writing the Bloch
equations for theN configuration in the rotating-wave ap-
proximation. The off-diagonal density matrix elementsreiej

,
reigj

, andrgigj
, wheresi , jd=s1,2d can be written in terms of

their Fourier amplitudes as

reigi
= reigi

svidexps− ivitd, s1d

re1g2
= re1g2

svpdexps− ivptd, s2d

re2g1
= re1e2

sv1 + v2 − vpdexpf− isv1 + v2 − vpdtg, s3d

re1e2
= re1e2

svp − v2dexpf− isvp − v2dtg, s4d

rg1g2
= rg1g2

svp − v1dexpf− isvp − v1dtg. s5d

The following set of linear equations for the Fourier ampli-
tudes to all orders inV1 V2, andVp are then obtained:

ṙg1g1
= A2Gre1e1

− ifV1rg1e1
s− v1d − V1

*re1g1
sv1dg

− gsrg1g1
− rg1g1

eq d, s6d

ṙg2g2
= sB2re1e1

+ re2e2
dG − gsrg2g2

− rg2g2

eq d− ifVprg2e1
s− vpd

− Vp
*re1g2

svpd + V2rg2e2
s− v2d − V2

*re2g2
sv2dg, s7d

ṙg1g2
svp − v1d = − fisDp − D1d + ggrg1g2

svp − v1d

− ifVprg1e1
s− v1d + V2rg1e2

svp − v1 − v2d

− V1
*re1g2

svpdg+ bAGre1e2
svp − v1d, s8d

ṙe1g1
sv1d = − siD1 + G/2 + gdre1g1

sv1d− ifV1sre1e1
− rg1g1

d

− Vprg2g1
sv1 − vpdg, s9d

ṙe2g2
sv2d = − siD2 + G/2 + gdre2g2

sv2d− ifV2sre2e2
− rg2g2

d

+ Vpre2e1
sv2 − vpdg, s10d

ṙe1g2
svpd = − siDp + G/2 + gdre1g2

svpd

− ifVpsre1e1
− rg2g2

d + V2re1e2
svp − v2d − V1

3rg1g2
svp − v1dg, s11d

ṙe2g1
sv1 + v2 − vpd = − fisD1 + D2 − Dpd + G/2 + gg

3re2g1
sv1 + v2 − vpd− ifV1re2e1

sv2

− vpd − V2rg2g1
sv1 − vpdg, s12d

ṙe1e1
= − sG + gdre1e1

− ifV1
*re1g1

sv1d − V1rg1e1
s− v1d

+ Vp
*re1g2

svpd − Vprg2e1
s− vpdg, s13d

ṙe2e2
= − sG + gdre2e2

− ifV2
*re2g2

sv2d − V2rg2e2
s− v2dg,

s14d

ṙe1e2
svp − v2d = − fisDp − D2d + G + ggre1e2

svp − v2d

− ifV2
*re1g2

svpd − V1rg1e2
svp − v1 − v2d

− Vprg2e2
s− v2dg, s15d

where A=Îme1g1

2 / sme1g1

2 +me1g2

2 d and B

=Îme1g2

2 / sme1g1

2 +me1g2

2 d are the spontaneous decay rate
branching ratios for the transitions between statese1 andg1,
g2, respectively,G is the total spontaneous emission rate
from the excited stateei to all the ground states, andg is the
rate of transfer to and from the reservoir due to time of flight
of the atoms through the copropagating laser beams. The
detuningsD1,2,p are defined asD1=ve1g1

−v1, D2=ve2g2
−v2,

andDp=ve1g2
−vp, andrgigi

eq is the equilibrium population of
stategi, in the absence of any electromagnetic fields.

We note that the pump Rabi frequency we use when dis-
cussing realistic systems is the reduced Rabi frequencyV
which is related to the Rabi frequency of the individual tran-
sitions by the relation[13]

2Veigj
=

2meigj
E

"
= s− 1dFe−meS Fe 1 Fg

− me q mg
DV, s16d

whereV=2kFeimiFglE/" [13] is the general pump Rabi fre-
quency for theFe→Fg transition. TheN system we consider
here is analogous to a degenerate transition withFe.Fg.0,
pumped by a resonants+ polarized pump laser and probed
by a tunable weakp polarized probe laser. In this case the
ratio of the strengths of theuFg,mg=Fgl→ uFe=Fg+1,me
=Fg+1l and theuFg,mg=Fg−1l→ uFe=Fg+1,me=Fgl tran-
sitions can be calculated from Eq.(16). Thus in order to
compare theN system with such a degenerate system, we
assume that a single pump interacts with both pumped tran-
sitions so thatV1=AV2. The relative strength ofV1 and V2
depends on the total angular momentumsFg,ed of the ground
and excited states coupled by the pump lasers, and are there-
fore different for different atomic transitions. However, the
ratio V1/V2=A does not vary much and therefore does not
significantly affect the absorption curves. Thus a full analysis
of this scheme for various ratios of the two pump lasers is
not necessary.

The transfer of excited-state coherence to ground-state co-
herence which appears in Eq.(8) and in its complex conju-
gate, is multiplied by a parameterb, which can take any
value between zero and one, as will be explained later in this
paragraph. As we showed in a previous paper[9], there are
two requirements for the existence of TOC. First, there must
be a nonzero coherence between two populated excited states
that occurs due to a two-photon transition between these
states. This transition consists of either the absorption of a
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pump photon and emission of a probe photon, or vice versa.
It should be noted that excited state coherences can also exist
due to the pump laser alone, for example, in the case where
a s pump interacts with aFe.Fg.0 system, leading to the
observation of EIA in the Hanle configuration[14]. The sec-
ond requirement for obtaining TOC is the existence of
ground state coherences that oscillate at the same frequencies
as the excited state coherences. When both requirements are
fulfilled, the excited state coherences decay to the ground
state coherences via spontaneous emission. For closed(cy-
cling) transitions,b=1. For open systems, 0,b,1, since
there, only part of the excited state population and coherence
decays to an unpumped ground state. Consequently, EIA is
not always observed in open systems[9]. Whenb=0 there is
no TOC and our equations reduce to those of Donget al.
[10].

As we are only interested in steady-state results, we set
the time derivatives of the Fourier amplitudes in Eqs.

(6)–(15) to zero. The quantities we calculate are the probe
absorption coefficientasvpd given by

asvpd =
4pvpNume1g2

u2

cVp"
Imfre1g2

svpdg, s17d

and the probe refraction given by

nsvpd − 1 =
Nume1g2

u2

Vp"
Refre1g2

svpdg. s18d

The dispersion is the slope of the refraction with respect to
the probe frequency.

We also calculate the Doppler broadened probe absorption
or refraction, which is given by

FIG. 2. Calculated probe absorption spectra,
Imsre1g2

dG /Vp, with V1=0.816V2 and g /G
=0.001. In the left column[(a), (c), and(e)] TOC
is included and in the right column[(b), (d), and
(f)] TOC is not included. The dotted curve is the
probe absorption in the absence of pump lasers.
In (a) and (b), V2/G=0.1, in (c) and (d), V2/G
=0.5, and in(e) and (f), V2/G=2.

FIG. 3. Doppler broadened spectra for the
same parameters as in Fig. 2. The Doppler width
is D /G=10.
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qD = s1/pD2d1/2E
−`

`

qsD18,D28,Dp8dexpf− sD1 − D18d
2/D2gdD18,

s19d

whereq=asvpd or nsvpd−1, D28−D2.Dp8−Dp.D18−D1, and
D=s2kBT/md1/2v0/c is the Doppler width.

B. Probe absorption spectrum with and without TOC

In this section, we present numerical results obtained for
resonant pump lasers and a tunable probe laser. We assume
the excited and ground states to be degenerate so that both
pumps have the same frequencyv1=v2=veg. We plot all the
spectra as a function of the dimensionless probe-pump de-
tuning d /G=svp−v1d /G=−Dp/G. We compare the absorp-
tion spectra calculated using theN configuration model
which includes TOC[b=1 in Eq.(8)], and leads to EIA, with
those obtained from the same model in the absence of TOC
sb=0d [10]. In Fig. 2 we present the probe absorption spectra
with TOC (left column) and without TOC(right column), for

various pump intensities. The background absorption of the
probe laser in the absence of the pump lasers, which is inde-
pendent of TOC, is plotted as dotted curves in Figs.
2(a)–2(f). We recall that in order to compare our results with
a degenerate two-level system interacting with a single pump
and probe, we takeV1=AV2. We choose the valuesA
=0.816 andB=0.578, which give the same branching ratios
as obtained for theuFg=2,mg=1l→ uFe=3,me=2l and uFg
=2,mg=2l→ uFe=3,me=3l transitions in theD2 line of
87Rb. The Rabi splittings of theN configuration atom due to
the pump lasers are shown in Fig. 1. The probe laser sees
four different dressed states and therefore we expect to find
four absorption peaks at ±sV1±V2d. At low pump intensities
these peaks are not resolved and the probe absorption dis-
plays EIA in the presence of TOC[ Fig. 2(a)] and a dip at
line center in its absence[Fig. 2(b)]. These results agree with
previous calculations by Taichenachevet al. [7]. As the
pump intensity increases the EIA peak height decreases[Fig.
2(c)], and the dip for the case without TOC disappears[Fig.
2(d)], and then reappears when the pump is further increased
[Fig. 2(f)]. In addition, absorption sidebands due to the Rabi

FIG. 4. L system interacting with a resonant pump:(a) calculated probe absorption, Imsre1g2
dG /Vp (solid line), and refraction,

Resre1g2
dG /Vp (dashed line); (b) calculated pump absorption, Imsre1g1

dG /V1 (solid line), and refraction, Resre1g1
dG /V1 (dashed line).

Parameters areV1/G=1, V2=0, Vp/G=0.1, andg /G=0.001. The spectra are plotted as a function ofd /G.

FIG. 5. V system interacting with a resonant
pump: (a) and (c), calculated probe absorption,
Imsre1g2

dG /Vp (solid line), and refraction,
Resre1g2

dG /Vp (dashed line); (b) and (d), calcu-
lated pump absorption, Imsre2g2

dG /V2 (solid
line), and refraction, Resre2g2

dG /V2 (dashed line).
Parameters for(a) and (b) are V1=0, V2/G
=0.25 andVp/G=0.025, and for(c) and (d), V1

=0, V2/G=1 andVp/G=0.1. g /G=0.001 for all
cases. For clarity, the refractions in(b) and (d)
which are centered at zero, have been shifted up-
wards. In addition the refraction in(d) has been
divided by 10.

GORENet al. PHYSICAL REVIEW A 69, 053818(2004)

053818-4



splitting develop at ±sV1+V2d. WhenV2/G=2, all four peaks
are resolved in the spectra, both in the presence and the
absence of TOC[see Figs. 2(e) and 2(f)]. It is interesting to
note that in addition to generating EIA, TOC has three other
effects on the absorption spectra which can be seen by com-
paring Figs. 2(e) and 2(f). First, when TOC is included, the
center peak develops a dip at a lower pump intensity and this
dip is deeper than in the absence of TOC. Second, the ab-
sorption near line center is higher, and third, the absorption
in the sidebands is lower than in the case without TOC. It
should be noted that the behavior of theN configuration with
TOC, namely the decrease in the EIA with increasing pump
intensity and the development of a dip at line center at even
higher intensities also exists in the EIA spectra obtained in
the Hanle configuration[14].

In order to understand the influence of TOC on the ab-
sorption spectra we have developed an analytical expression
for the probe absorption that clearly shows the effect of TOC
(see the Appendix).

C. Doppler-broadened probe absorption spectrum

When Doppler broadening is included, the spectra shown
in Fig. 2 are replaced by those of Fig. 3. At low intensity in
the presence of TOC[Fig. 3(a)], the EIA peak develops a
dip, as described by Taichenachevet al. [8]. The dip in the
spectrum calculated without TOC[Fig. 2(b)] becomes a peak
on top of the Doppler-broadened absorption curve[Fig.
3(b)]. This result has not been noted in previous publications.
In order to explain its origin, it should be noted that the

FIG. 6. N system interacting with two reso-
nant pumps: (a) calculated probe absorption,
Imsre1g2

dG /Vp (solid line) and refraction,
Resre1g2

dG /Vp (dashed line); (b) calculated pump
absorption, GfImsre1g1

dA2/V1+Imsre2g2
d /V2g

(solid line) and refraction, GfResre1g1
dA2/V1

+Resre2g2
d /V2g (dashed line); (c) real (solid line)

and imaginary (dashed line) parts of
sre1g1

dGA2/V1, and(d) real(solid line) and imagi-
nary(dashed line) parts of Imsre2g2

dG /V2. Param-
eters areV2/G=0.1, Vp/G=0.01, A=0.816, and
g /G=0.001. For clarity, the refractions in(b), (c),
and (d), which are centered at zero, have been
shifted upwards. In addition the refraction in(c)
and (d) have been multiplied by 10.

FIG. 7. N-system interacting with two reso-
nant pumps: (a) calculated probe absorption,
Imsre1g2

dG /Vp (solid line) and refraction,
Resre1g2

dG /Vp (dashed line); (b) calculated pump
absorption, GfImsre1g1

dA2/V1+Imsre2g2
d /V2g

(solid line) and refraction, GfResre1g1
dA2/V1

+Resre2g2
d /V2g (dashed line); (c) real (solid line)

and imaginary (dashed line) parts of
sre1g1

dGA2/V1, and(d) real(solid line) and imagi-
nary(dashed line) parts of Imsre2g2

dG /V2. Param-
eters areV2/G=0.5, Vp/G=0.05, A=0.816 and
g /G=0.001. For clarity, the refractions in(b) and
(d), which are centered at zero, have been shifted
upwards.

ATOMIC FOUR-LEVEL N SYSTEMS PHYSICAL REVIEW A69, 053818(2004)

053818-5



Doppler-broadened spectrum derives from interference be-
tween the contributions to the spectrum from different pump
detunings[see Eq.(19)]. When the pump detuning is non-
zero, the absorption spectrum neard=0 has a dispersive
shape which is centerednear (but not exactly at) d=0, as is
the case for a simple two-level system[15,16]. These contri-
butions interfere to give the peak. At moderate intensity, the
dips appear at the center of the absorption lines[Figs. 3(c)
and 3(d)], both in the presence and the absence[10] of TOC.
These dips are enhanced at higher intensities[Figs. 3(e) and
3(f)]. An important point to note is that the whole central
feature, with or without a dip, becomesnarroweras the Dop-
pler width increases[8]. This effect is analogous to the Dop-
pler narrowing of the electromagnetically induced transpar-
ency (EIT) window in a L system which has been both
predicted [17,18] and observed[19]. The changes in the
spectra on Doppler broadening can be understood by analyz-
ing the contributions of the various velocity groups to the
Doppler integral.

III. ABSORPTION AND REFRACTION OF A RESONANT
PUMP LASER AS A FUNCTION OF THE

PROBE DETUNING

In this section we solve the full set of equations, given in
Eqs. (6)–(15), in order to show the effect of a probe on the

pump absorption and refraction. Such spectra have been
measured for theL system by Mülleret al. [20,21]. In order
to understand the results for theN configuration we must first
review the three-levelL andV systems(see Ref.[22]).

A. L system

The probe and pump absorption and refraction for theL
system are obtained from Eqs.(6)–(15) by settingV2=0. As
seen in Figs. 4(a) and 4(b), the probe and pump absorption
spectra both display EIT. This EIT persists for all pump in-
tensities[20,21]. However, the probe dispersion is positive
whereas the pump dispersion is negative.

B. V system

The V system is obtained by settingV1=0, A=0 andB
=1 in Eq. (6)–(15). The probe and pump absorption and
refraction are plotted in Fig. 5. For low pump intensities the
probe absorption spectrum is characterized by a peak at line
center, whereas the pump absorption is characterized by a
dip, both accompanied by negative dispersion[Figs. 5(a) and
5(b)]. When the pump intensity increases the probe absorp-
tion spectrum splits into two Autler-Townes peaks which are
accompanied by positive dispersion[Fig. 5(c)], whereas the
pump intensity has two dips due to the Autler-Townes effect
and displays negative dispersion[Fig. 5(d)].

C. N configuration

Here, we investigate the pump absorption and refraction
in the N system, as the probe laser frequency is swept
through resonance. The pump induces two transitions in the
system(see Fig. 1) so that the pump absorption and refrac-
tion derive from both these transitions[23]. Thus, the pump
absorption and refraction are proportional to the imaginary
and real parts ofre1g1

A2/V1+re2g2
/V2 and the final spectra

(see Figs. 6–8) are the result of competition between both

FIG. 8. N system interacting with two reso-
nant pumps: (a) calculated probe absorption,
Imsre1g2

dG /Vp (solid line) and refraction,
Resre1g2

dG /Vp; (b) calculated pump absorption,
GfImsre1g1

dA2/V1+Imsre2g2
d /V2g (solid line) and

refraction, GfResre1g1
dA2/V1+Resre2g2

d /V2g
(dashed line); (c) real (solid line) and imaginary
(dashed line) parts ofsre1g1

dGA2/V1, and(d) real
(solid line) and imaginary(dashed line) parts of
Imsre2g2

dG /V2. Parameters areV2/G=2, Vp/G
=0.2, A=0.816, andg /G=0.001. For clarity, the
refractions in(b) and (d), which are centered at
zero, have been shifted upwards.

FIG. 9. Energy-level scheme for theFg=2→Fe=3 transition
interacting with as polarized resonant pump laser and a tunablep
polarized probe laser.
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contributions. The contribution to the absorption from the
g1→e1 transition has the same shape as the probe absorp-
tion, as is the case for the pump absorption in theL system
(Fig. 4). In addition, the contribution from this transition to
the refraction at line center has positive dispersion. The con-
tribution fromg2→e2 transition has the opposite shape to the
probe absorption as in the two-level system[12], and is ac-
companied by negative dispersion, which is also the case for

the V system. It should be emphasized that both contribu-
tions to the pump absorption are important, even when their
average magnitudes differ by an order of magnitude, since
the variation of the absorption due to the change ind, can be
of the same magnitude.

At low pump intensities, where the probe spectrum is
characterized by EIA[Fig. 6(a)], the pump absorption[Fig.
6(b)] also has an EIA peak, contributed by theg1→e1 tran-
sition [Fig. 6(c)], inside a dip contributed by theg2→e2
transition [Fig. 6(d)]. As the pump intensity increases, the
population is optically pumped into theg2 ande2 states and
the EIA peak in the probe absorption decreases in intensity
[compare Fig. 7(a) with Fig. 6(a)]. The pump absorption
peak disappears and the absorption decreases[compare Fig.
7(b) with Fig. 6(b)] with the contribution from theg2→e2
transition dominating that from theg1→e1 transition [see
Figs. 7(c) and 7(d)]. The dispersion at line center remains
positive since the dominant contribution comes from theg1
→e1 transition[Fig. 7(b)]. At even higher pump intensities,
the probe absorption splits into two pairs of Autler-Townes
peaks[Fig. 8(a)]. The total pump absorption and refraction
[Fig. 8(b)] for this case is dominated by theg2→e2 transition
[compare Figs. 8(c) and 8(d)]. At these intensities, the pump
dispersion becomes negative[Fig. 8(b)].

FIG. 10. Realistic atomic system: probe absorption for the cyclingFg=2→Fe=3 transition of theD2 line in 87Rb, interacting with as
polarized resonant pump laser and a tunablep polarized probe laser, with(a) V /G=2, and(b) V /G=15. In (c), (e), and(g) and in(d), (f),
and (h), we plot the individual contributions to the absorption of(a) and (b), respectively, marked the same way as in Fig. 9. The atomic
density was taken to be 1012 atoms/cm3 andg /G=0.001.

FIG. 11. Realistic atomic system: probe absorption for the cy-
cling Fg=2→Fe=3 transition, of theD2 line in 87Rb, interacting
with a s+ polarized resonant pump laser and a tunablep polarized
probe laser, with(a) V /G=2, and(b) V /G=15. The atomic density
was taken to be 1012 atoms/cm3 andg /G=0.001.
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IV. APPLICATION TO ATOMIC SYSTEMS

Most experiments where EIA is observed are performed
with pump and probe lasers whose polarizations are linear
and perpendicular to each other, interacting with a closed
Fg→Fe=Fg+1 transition. An example of such systems is the
Fg=2→Fe=3 in theD2 line of 87Rb, interacting with a reso-
nants polarized pump laser and a tunablep polarized probe
laser(see Fig. 9). We calculate the spectra for this configu-
ration by solving the Bloch equations for a degenerate two-
level system, interacting with a pump and weak probe, dis-
cussed in our previous publications[9,24]. As shown in Figs.
10(a) and 10(b), the EIA peak, found at low pump intensity
for this system, persists even when the pump intensity is
high. For the same atomic transition, but with thes polarized
pump replaced by one withs+ polarization, the EIA peak
develops a dip at line center with increasing pump intensity,
as shown in Figs. 11(a) and 11(b). As expected, this behavior
resembles that of anN system[see Figs. 2(a) and 2(e)]. The
reason that the probe absorption spectrum, in the case of the
s polarized pump, does not split at high pump intensity can
be found by considering the separate contributions to the
spectrum. From Fig. 9, we see that due to symmetry, there
are three distinct probe transitions that contribute to the total
spectrum. The only probe transitions that participate in
N-like systems are themg= u2u→me= u2u transitions, as can
be seen from their contributions to the total spectrum shown
in Figs. 10(c) and 10(d). The other probe transitions,mg
= u1u ,0→me= u1u ,0, each participate in two overlapping
N-like systems. At low intensity, their contributions to the
total spectrum shown in Figs. 10(e) and 10(g) display EIA
peaks, which persist even at higher intensity, thereby mask-
ing the dip contributed by theN-like system. Only at experi-
mentally unreasonable intensities is a dip obtained. This ex-
plains the fact that splitting in the absence of Doppler
broadening has not been observed for the case of linear, per-
pendicularly polarized lasers.

It should be pointed out that Kimet al. [6] has shown
experimentally that when the pump laser iss polarized, a dip
develops at line center on Doppler broadening. This dip
should be distinguished from that expected in the absence of
Doppler broadening.

V. CONCLUSIONS

We have investigated the four-levelN configuration both
analytically and numerically, for various pump and probe
intensities, with and without TOC, and compared the results
obtained to those of realistic atomic systems. We find that
TOC affects the whole spectrum, not just the EIA peak. We
show that the EIA peak splits as the pump intensity in-
creases, even in absence of Doppler broadening. When Dop-
pler broadening is included, we reproduce the results previ-
ously reported[8,10]. At low pump intensity, and in the
absence of TOC, we find that the dip that occurs in the ab-
sence of Doppler broadening is transformed into a peak by
Doppler broadening. We also discuss the influence of the
probe on the pump absorption and refraction and find that
both the pump and probe show EIA peaks when the pump
intensity is low, and complementary behavior when the

pump is intense. At both low and high pump intensity, the
pump and probe dispersions are of opposite sign.

We compare the results with those of realistic systems.
When the pump iss+ polarized and the probe isp polarized,
the results are similar to those of theN configuration, in that
a dip can be obtained at line center even in the absence of
Doppler broadening. However this dip does not occur at rea-
sonable pump intensities when the pump laser iss polarized.
This can be explained by considering the separate contribu-
tions to the probe absorption.
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APPENDIX: ANALYSIS OF THE ROLE OF TOC

We develop an analytical expression for the probe absorp-
tion in theN system. In order to compare theN system with
realistic systems, we assume that a single resonant pump
interacts with both pumped transitions and setV1=AV2 and
D1=D2=0 in Eqs.(6)–(15). By inserting Eqs.(9), (11), and
(12) into Eq.(8), and Eqs.(10)–(12) into Eq.(15), we obtain
the following set of linear equations for the ground- and
excited-state coherences:

Dgrg1g2
= Ag + Bgre1e2

, sA1d

Dere1e2
= Ae + Berg1g2

, sA2d

where

Ag = AV2VpSre1e1
− rg1g1

G/2 + g
−

re1e1
− rg2g2

iDp + G/2 + g
D , sA3d

Bg =
2AV2

2

iDp + G/2 + g
+ bAG, sA4d

FIG. 12. The numerator of the second term of Eq.(A9) as a
function of increasingV2, with (solid line) and without (dashed
line) TOC. When the numerator is positive, EIA occurs.
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Dg = iDp + g +
Vp

2

G/2 + g
+

V2
2s1 + A2d

iDp + G/2 + g
, sA5d

Ae = V2VpSrg2g2
− re2e2

G/2 + g
+

rg2g2
− re1e1

iDp + G/2 + g
D , sA6d

Be =
2AV2

2

iDp + G/2 + g
, sA7d

De = iDp + G + g +
Vp

2

G/2 + g
+

V2
2s1 + A2d

iDp + G/2 + g
. sA8d

We now solve Eqs.(A1) and(A2) in order to obtain analyti-
cal expressions for the ground and excited state coherences.
These expressions are then inserted into the expression for
re1g2

in Eq. (11), whose imaginary part is proportional to the
probe absorption:

re1g2
svpd =

− fVpsre1e1
− rg2g2

d + V2re1e2
svp − v2d − V1rg1g2

svp − v1dg

Dp − isG/2 + gd

=−
Vpsre1e1

− rg2g2
d

Dp − isG/2 + gd
−

V2
Ae

De
+ SV2

Be

De
− V1D1−

Ae

Be
+

AgDe +
DeDgAe

Be

DeDg − BeBg
2

Dp − isG/2 + gd
. sA9d

The first term in Eq.(A9) gives the background absorption of
a two-level system interacting with only a probe laser, and
the second term is the change in the background absorption
induced by the pump lasers. In Fig. 12, we plot the numera-
tor of the second term, atDp=0, as a function of increasing
pump intensity, both with and without TOC. We note that
EIA is obtained when the numerator of this term is positive.
It can thus be clearly seen from Fig. 12 that EIA is only
obtained when TOC is included and, in addition, the pump
Rabi frequency is low.

In order to explain the effect of TOC on the absorption, let
us consider the case of a weak probe. For this case Eqs.
(6)–(15) can be solved in two stages. In the first stage, only
interaction with the strong pump lasers is considered. This

gives us the pump-induced coherences and populations
which are then inserted into Eqs.(A4)–(A8). In the second
stage, the probe which together with the pump produces
TOC, is introduced into the problem. Thus, the only differ-
ence between the case which includes TOC and the case
which does not is the value ofBg. At line center, whereDp

=0, the absolute value ofBg is larger when TOC is included,
leading to a smaller value of the denominatorDeDg−BeBg.
As a resultsAgDe+DeDgAe/Bed / sDeDg−BeBgd becomes big-
ger thanAe/Be making the second term in Eq.(A9) positive
for low pump intensities. For high pump intensities the nu-
merator is more negative when TOC is included, resulting in
a larger dip at line center.
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