
PHYSICAL REVIEW A 67, 033807 ~2003!
Electromagnetically induced absorption due to transfer of coherence and to transfer of population
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The absorption spectrum of a weak probe, interacting with a driven degenerate two-level atomic system,
whose ground and excited hyperfine states are Fg,e , can exhibit narrow peaks at line center. When the pump
and probe polarizations are different,Fe5Fg11 andFg.0, the electromagnetically induced absorption~EIA!
peak has been shown to be due to the transfer of coherence~TOC! between the excited and ground states via
spontaneous decay. We give a detailed explanation of why the TOC that leads to EIA~EIA-TOC! can only take
place when ground-state population trapping does not occur, that is, whenFe5Fg11. We also explain why
EIA-TOC is observed in open systems. We show that EIA can also occur when the pump and probe polariza-
tions are identical andFe5Fg11. This EIA is analogous to an effect that occurs in simple two-level systems
when the collisional transfer of population~TOP! from the ground state to a reservoir is greater than that from
the excited state. For a degenerate two-level system, the reservoir consists of the Zeeman sublevels of the
ground hyperfine state, and of other nearby hyperfine states that do not interact with the pump. We will also
discuss the four-wave mixing spectrum under the conditions where EIA-TOC and EIA-TOP occur.

DOI: 10.1103/PhysRevA.67.033807 PACS number~s!: 42.50.Gy, 42.50.Hz
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I. INTRODUCTION

The probe absorption spectrum of a degenerate two-l
atomic system, interacting with a strong pump and we
probe, can exhibit narrow features at line center where
pump and probe have equal frequencies@1–5#. When the
probe absorption spectrum is characterized by a sharp
the phenomenon is called electromagnetically induced tra
parency~EIT! @4–6#. However, when the absorption spe
trum is characterized by a sharp peak, the effect is ca
electromagnetically induced absorption~EIA! @5#. EIA has
been observed when copropagating, orthogonally polar
pump and probe beams interact with anFg→Fe5Fg11 hy-
perfine transition@3–5,7# and also in the Hanle configuratio
@8–11#. It has been demonstrated that EIA is a conseque
of the transfer of coherence~TOC! due to spontaneous emis
sion between the excited and ground degenerate states@12#.

In this paper, we explain why the TOC that leads to E
~here called EIA-TOC! can only occur when the pump an
probe lasers have different polarizations, and requires
presence of significant pump-induced population in the
cited state. Through detailed arguments we will demonst
that these criteria account for the experimental observa
that EIA only occurs whenFg→Fe5Fg11 with Fg.0. In
addition, we will explain the observation of EIA in ope
transitions@10# where spontaneous decay can occur to ot
hyperfine levels close in energy to the ground state.

We also show that a mechanism that is completely diff
ent from TOC, namely, transfer of population~TOP!, can
also lead to EIA peaks in the absorption spectrum of a
generate two-level system. It occurs when the pump
probe that interact with a closedFg→Fe5Fg11 with Fg
>0 hyperfine transition have thesamepolarization rather
thandifferentpolarizations as in the case of EIA-TOC. Th
system can thus be considered as a series of two-level
tems interlinked by spontaneous emission and collisions
order to obtain EIA for this system~here called EIA-TOP!,
1050-2947/2003/67~3!/033807~8!/$20.00 67 0338
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we must include collisional transfer of population from ea
of the ground Zeeman sublevels to all the other sublevel
the same hyperfine state. We must also include collisio
transfer of population from the ground Zeeman sublevels
other nearby hyperfine states that cannot be populated
spontaneous emission from the excited state. For a partic
ground sublevel, all the states to which collisional relaxat
takes place form a ‘‘reservoir,’’ allowing population to b
transferred to and from the ground sublevel. We also inclu
decay to the reservoir due to time of flight that occurs at
same rate for all the ground and excited sublevels. By incl
ing collisional effects, we can achieve the situation where
effective decay rate from the ground state to the reservo
greater than that from the excited state. This leads to E
TOP in degenerate two-level systems which is analogou
an effect predicted by us for simple two-level systems@13#.

Narrow features can also occur in the four-wave mixi
~FWM! spectrum of simple@14# and degenerate two-leve
atoms@15,16#. We will discuss the FWM spectra that corre
spond to the two versions of EIA that can occur in degen
ate two-level systems.

II. EQUATIONS OF MOTION

The system consists of one or more ground hyperfi
statesFg and a single excited hyperfine stateFe , interacting
with a pump of frequencyv1 and a probe of frequencyv2.
We use the equations for the time evolution of the Zeem
sublevels as formulated by Renzoniet al. @17#, with the ad-
dition of decay from the ground and excited states to a r
ervoir @18,14#, and collisions between the Zeeman sublev
of the ground states@19#:

ṙeiej
52~ iveiej
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1~ i /\!(
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J 2
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~6!

In Eqs. ~1!–~6!, G is the total spontaneous emission ra
from eachFeme sublevel whereasGFe→Fg

is the decay rate

from Fe to one of theFg states,Ggi
is the total collisional

decay rate from sublevelgi , andGgigj
is the rate of transfer

from sublevelgi→gj . The dephasing rates of the excited-
ground-state coherences are given byGeigj

8 5 1
2 (G1Ggj

)

1G* , whereG* is the rate of phase-changing collisions. T
dephasing rates of the ground-state coherences are give
Ggigj

8 5 1
2 (Ggi

1Ggj
)1Ggigj

* , whereGgigj
* is the rate of phase

changing collisions. The frequency separation between le
ai and bj , including Zeeman splitting of the ground an
excited levels due to an applied magnetic field, is given
vaibj

5(Eai
2Ebj

)/\, with a,b5(g,e), and raiai

eq with a

5(g,e) is the equilibrium population of stateai , in the ab-
sence of any electrical fields. The interaction energy in
rotating wave approximation for the transition from lev
gj to ei is written as

Veigj
52m

eigj
~E1e2 iv1t1E2e2 iv2t!

[2\@Veigj
~v1!e2 iv1t1Veigj

~v2!e2 iv2t#, ~7!
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where 2Veigj
(v1,2) are the pump and probe Rabi frequenc

for the Feme→Fgmg transition, given by

2Veigj
~v1,2!5

2mei gj
E1,2

\

5~21!Fe2meS Fe 1 Fg

2me q mg
DV1,2, ~8!

whereV1,252^FeimiFg&E1,2/\ @20# are the general pump
and probe Rabi frequencies for theFe→Fg transition. In
Eqs. ~1!–~4!, we include two mechanisms by which atom
may fail to interact with the laser beams. First, they m
leave the region of interaction at a rateg ~decay due to time
of flight!. Second, they can be transferred collisionally fro
a specific ground sublevel to all the other sublevels of
sameFg state, and to those of any other nearby hyperfi
states that cannot be populated by spontaneous emis
from the excited state. We can envisage a reservoir con
ing of all the atoms which do not interact with the pump
probe. When collisions are significant,gg

e f f , the effective
decay rate to this reservoir from the ground state, will
greater thange

e f f , the effective decay rate of the excite
state, thus enabling EIA-TOP to occur.

Equations~1!–~4! are solved in two stages. In the first, th
pump interacts with the system, to all orders in its Rabi f
quency. Sincereigj

oscillates at the pump frequencyv1 , we

can write reigj
5reigj

(v1)exp(2iv1t) and raiaj
5raiaj

0 with

a5(g,e), whereraiai

0 are the populations of the various su

levels and raiaj

0 with iÞ j are the coherences betwee

ground- or excited-state Zeeman sublevels, determined
the pump@14,21,22#. We thus obtain
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ṙgigj
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In the second stage, interaction with the probe fieldE2 is
included to first order so thatreigj

now oscillates at three

frequencies@14,21,22#: the pump frequencyv1, the probe
frequency v2, and the four-wave mixing frequency 2v1
2v2. We therefore expressreigj

in terms of its Fourier am-
plitudes as

reigj
5reigj

~v1!exp~2 iv1t !1reigj
~v2!exp~2 iv2t !

1reigj
~2v12v2!exp@2 i ~2v12v2!t#. ~13!

Similarly, the populations and coherences within the sa
hyperfine level can be written as
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whereraiai
(v22v1) andraiaj

(v12v2) are population and

coherence oscillations at frequenciesv22v1 and v12v2.
Substituting Eqs.~13! and ~14! into Eqs.~1!–~4!, we obtain
the following set of linear equations for the Fourier amp
tudes:
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The equations forraiaj
(v12v2) for a5(g,e) can easily be

written by analogy with Eqs.~15! and~ 18!. As we are only
interested in the steady-state results in this paper, we se
time derivatives of the Fourier amplitudes in Eqs.~9!–~12!
and ~15!–~19! equal to zero. The time evolution of EIT an
EIA has recently been discussed by Valenteet al. @23#.

III. EIA: TRANSFER OF COHERENCE

A. Pump and probe polarizations

It was shown by Taichenachevet al. @12# that transfer of
coherence from the excited state to the ground state du
spontaneous emission is responsible for EIA. However,
explanation alone does not account for the fact that there
systems where the TOC occurs but EIA is not observed.
example, the case where the pump and probe have diffe
polarizations butFe5Fg . In this section, we rationalize th
experimental conditions needed to achieve EIA as a resu
the TOC. These include pump and probe lasers of differ
polarizations,Fe.Fg andFg.0 @5#.

The probe absorption is proportional to the imaginary p
of @22,24#

(
ei ,gj

meigj
reigj

~v2!. ~20!

An explicit expression forreigj
(v2) in the steady state is

found from Eq.~16! to be
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Let us examine the various contributions to the probe abs
tion @19#. The first and second terms contain the ground- a
excited-state populations (i 5 j ) and coherences (iÞ j ) in-
duced by the pump laser. These terms only contribute a c
stant to the probe absorption. The third and fourth ter
involve the ground- and excited-state populations and co
ences that oscillate at the pump-probe detuning. It should
noted that the excited-state coherencesreiej

(v22v1) appear
in the fourth term as well as in the third term. This can
seen by writing an explicit expression forrgigj

(v22v1) in
the steady state using Eqs.~19! and writing out the sponta
neous emission term of Eq.~5! in detail. The TOC from the
excited to ground state via spontaneous emission@12# de-
rives from this spontaneous emission term, which only
pears in the Bloch equations for degenerate systems, the
plest of which is theN system@25#.

When we take the selection rules for the pumpDm1 and
probeDm2 into account, we find that the only nonzero term
oscillating at the pump-probe detuning frequency
ramam8

(v22v1), wherea5(g,e) and

m85m1Dm12Dm2 . ~22!

When the pump and probe have thesame polarizationso that
Dm25Dm1 , we see from Eq.~22! that m85m. Conse-
quently, all the oscillating coherences are zero and only
population oscillations survive. Thus EIA-TOC cannot occ
when the fields have the same polarization. By contrast
we will show later, EIA-TOP occurs precisely when bo
fields have the same polarization.

However, when the pump and probe havedifferent polar-
izationsso thatDm2ÞDm1, we see from Eq.~22! that m8
Þm. Thus, all the oscillating populations are zero and o
the oscillating ground- and excited-state coherences ca
nonzero. This explains why EIA-TOC only occurs when t
fields have different polarizations.

B. Oscillating coherences

Here we will show that the value of the excited-state
cillating coherence that leads to TOC depends on the exc
state population produced by the pump. As a conseque
only systems where the population is not trapped in
ground state, either coherently or incoherently, can exh
EIA. In Fig. 1, we show that trapping occurs in all degen
ate two-level systems, pumped by a circularly polariz
(Dm511 or 21) or p-polarized (Dm50) laser, for which
Fe<Fg . We note that Renzoniet al. @17# have shown that
coherent population trapping occurs for all cases where
Fg→Fe<Fg transition is pumped by as-polarized laser. In
Fig. 2, we show that there is significant population in t
excited state when anFg→Fe5Fg11 transition is pumped
by a s6- or p-polarized laser@26#. The correlation between
the magnitude of the coherence oscillations and that of
pump-induced populations is established in Fig. 3 for an
tificially closed Fg51→Fe52 transition interacting with a
s1 pump and as2 probe, where decay due to time of fligh
is included but collisions are excluded. The ground- a
excited-state oscillating coherences are shown in Figs.~a!
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and 3~b!, as a function of the pump-probe detuning, and
populations of the various sublevels are shown in Fig. 3~c!.
We see that the highest excited-state coherence is abo
third of the ground-state coherence, and that a sixth of
total population is in the excited state. The other two excit

FIG. 1. Population trapping due to interaction of~a!,~b! Fg52
→Fe51 and~c!,~d! Fg51→Fe51 transitions with~a!,~c! s1- and
~b!,~d! p-polarized pump, in the absence of collisions and decay
the reservoir. The thick arrows indicate interaction with the pu
and the thin arrows indicate spontaneous emission. Note that in~d!,
the transition betweenm50 sublevels is forbidden so that th
population is trapped inmg50 sublevel.

FIG. 2. Ground- and excited-state pump-induced populations
Fg51→Fe52 transition, in the absence of collisions and decay
the reservoir.
7-4
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state coherences between excited states with almost no p
lation are about 40 times smaller. Similarly, it can be sho
that the excited-state coherences are very small
population-trapped systems for which the pump-induc
steady-state population in the excited states is very small.
thus conclude that TOC, and hence EIA, can only take pl
for systems where the population is not trapped in the gro
state, that is, inFg→Fe5Fg11 transitions.

C. Open systems

In a closedsystem, atoms excited to the stateFe can only
decay spontaneously to the pumped ground stateFg ,
whereas in anopensystem, they can decay to other grou

FIG. 3. ~a! Ground- and ~b! excited-state coherence
ramam8

(v22v1) with a5(g,e) oscillating at pump-probe detunin
as a function of pump-probe detuning for an artificially closedFg

51→Fe52 transition~for 87Rb), interacting with as1-polarized
pump with intensity 1 mW cm22 and as2-polarized probe, with
G534 rad sec21. Transitions are labeled according to (m,m8). ~c!
Fraction of population in each Zeeman sublevel. Note correla
between the coherences and the populations.
03380
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hyperfine states. In Eq.~6!, the decay rate for a specific tran
sition was written asGFe→Fg

[bG with b51 for a closed

system andb,1 for an open system. Let us examine t
effect of introducing additional decay channels, thereby
ducing the value ofb from unity. First, the total steady-stat
pump-induced population in the originalFg andFe states is
now less than unity and the excited-state oscillating coh
ences which correlate with the populations are also redu
Second, the TOC from the excited state to the ground s
decreases, leading to reduced EIA. However, the effec
reducingb can be mitigated by increasing the pump intens
In Fig. 4, we plot the absorption spectrum for theD1 transi-
tion of 87Rb (Fg51→Fe52) which forms an open system
(b50.5), since the excited state can also decay toFg52.
We see that as the pump intensity increases fr
1 mW cm22 ~corresponding to a Rabi frequency of 0.94G)
to 10 mW cm22 ~corresponding to a Rabi frequency o
2.98G), the overall probe absorption decreases as a resu
increased excited-state population, and hence increased
cay from the excited state to the noninteracting ground st
However, we also see that EIT is replaced at higher inten
by EIA. This is due to the relatively larger population in th
excited state, which results in higher excited-state cohere
and thus increased TOC. This may explain some of the se
ingly contradictory results obtained for open systems. A
cording to the calculations of Akulshin and co-worke
@5,27#, EIA does not take place in open systems. Howev
Alzettaet al. @10# have observed EIA peaks in Hanle expe
ments on open systems. Our calculations suggest
Akulshin and co-workers would have obtained EIA for op
systems had they used higher Rabi frequencies.

D. The role of decay to the reservoir

We pointed out in Sec. III A that TOC only occurs whe
the polarizations of the pump and probe are different, si
only in this case are the coherence oscillations nonzero

n

FIG. 4. Calculated probe absorption for the open transition,Fg

51→Fe52 of 87Rb (b50.5) for increasing pump intensity in th
absence of collisions. Pump isp polarized (Dm50) and probe iss
polarized (Dm561) andge5gg50.001G.
7-5
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GORENet al. PHYSICAL REVIEW A 67, 033807 ~2003!
can be seen from Eqs.~15! and~19! that decay due to time o
flight does not directly affect the coherence oscillatio
whereas collisions do affect them through the transverse
cay rate. The time-of-flight decay affects the coherence
cillations indirectly through the pump-induced coherenc
reigj

(v1) that depend on the pump-induced populations
the ground and excited states@see Eq.~10!# which are influ-
enced by decay to the reservoir, both due to time of flight a
collisions. Thus the main effect of the reservoir is to red
tribute the population among the sublevels which inter
with the pump field and those which do not. In the prese
of decay to the reservoir, some of the sublevels that are
occupied in Figs. 1 and 2 will be occupied to some ext
and the associated coherences will be different from z
~see Fig. 3!. In our numerical calculations, we take the dec
rates between the sublevels of theFg state that interacts with
the pump to be different from those to the sublevels of a
nearby hyperfine states. In Fig. 5, we show the absorp
spectrum for theFg52→Fe53 closed transition of87Rb
interacting with a p-polarized (Dm50) pump and a
s-polarized (Dm561) probe, for various values of the co
lision rateGgigj

between theFg52 sublevels (GsameF
coll ) and

betweenFg52 andFg51 (Gdi f f F
coll ). We see that collisions to

Fg51 sublevels decrease the EIA-TOC peak. Collisions
tween theFg52 sublevels decrease the EIA-TOC peak su
stantially and may even wash it out completely due to co
sional broadening.

IV. EIA: TRANSFER OF POPULATION

As we explained in Sec. III A, EIA-TOC cannot occu
when the polarizations of the pump and probe are the sa
It is precisely in this case that EIA-TOP, which is analogo
to EIA in two-level systems@13#, occurs. The reason for thi
is that the degenerate two-level system then reduces
series of two-level systems, which are interlinked due

FIG. 5. Calculated probe absorption~EIA-TOC! for the closed
transitionFg52→Fe53 of 87Rb (b51), with the addition of col-
lisions. Curves are labelled according to (GsameF

coll /G,Gdi f f F
coll /G).

Pump intensity is 10 mW/cm2, the pump isp polarized (Dm50)
and the probe iss polarized (Dm561), andge5gg50.001G.
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spontaneous emission and population transfer to and f
the reservoir. It can be seen from Figs. 1 and 2 that desc
ing the system in terms of two-level systems is only possi
whenFe5Fg11.

It will be recalled that EIA-TOP requiresgg
e f f.ge

e f f . This
can be achieved by including collisional transfer of popu
tion between the ground-state sublevels and also to the
levels of nearby noninteracting hyperfine states. Obviou
this effect can only occur in closed systems, since in an o
system the spontaneous decay from the excited state to
reservoir will ensure thatge

e f f.gg
e f f . In Fig. 6, we show the

absorption spectrum for the same closed transition as in
5, interacting with ap-polarized pump and probe, for var
ous values ofGsameF

coll and Gdi f f F
coll . The collisions between

Fg52 and Fg51 are crucial for producing the EIA-TOP
peak. However, the collisions within theFg52 state alter the
contributions of the individual two-level systems due
changes in the pump-induced populations and population
cillations. As a result, the overall absorption becomes sma
and broader with increasingGsameF

coll .

V. FWM

It is interesting to compare the FWM signals that arise
cases where EIA-TOC and EIA-TOP are obtained. The fo
wave mixing signal is given by the absolute value squared

(
ei ,gj

meigj
reigj

~2v12v2!. ~23!

An explicit expression forreigj
(2v12v2) in the steady state

can be obtained from Eq.~17!:

FIG. 6. Calculated probe absorption~EIA-TOP! for the closed
transitionFg52→Fe53 of 87Rb (b51), with the addition of col-
lisions. Curves are labeled according to (GsameF

coll /G,Gdi f f F
coll /G).

Pump intensity is 1 mW/cm2, pump and probe arep polarized
(Dm50), andge5gg50.001G.
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reigj
~2v12v2!5

1

~veigj
22v11v2!2 iGeigj

8

3F(
ek

reiek
~v12v2!Vekgj

~v1!

2(
gk

Veigk
~v1!rgkgj

~v12v2!G .
~24!

By the same analysis as in Sec. III A, we find that the FW
signal obtained with fields of different polarizations@16# de-
pends on the ground- and excited-state oscillating cohere
and will be called FWM-TOC for convenience. On the oth
hand, the FWM signal@14# obtained with the same polariza
tions depends on the population oscillations and will
called FWM-TOP.

A. FWM: Transfer of coherence

It can be shown by comparing Eqs.~16! and~17! that the
contribution of the coherence oscillations to the imagin
part of reigj

(v2) has the opposite sign to the imaginary p

of reigj
(2v12v2). Thus the sharp EIA-TOC peak obtaine

for closed systems@see Fig. 7~a!# leads to a deep dip o
negative sign in the imaginary part ofreigj

(2v12v2) and
hence to a sharp peak in its contribution to the FWM sign
The real part of reigj

(2v12v2) is dispersive passing

through zero whenv25v1, so that its square contributes
peak with a sharp dip in the center. If the dip in the ima
nary part is sufficiently negative, it will show up as a sha
peak in the FWM signal„see Fig. 7~b! and also Fig. 9 of Ref.
@27#…. We showed in Sec. III C that the EIA-TOC signal d
creases asb decreases, that is, as the system becomes m
open. Thus, the dip in the imaginary part ofreigj

(2v1

2v2) also decreases and is overtaken by the backgroun
that the FWM is now characterized by a dip. The FWM-TO
spectrum for the same open system as in Fig. 4 is show
Fig. 8. There we see that a dip in the absorption for pu
intensity 1 mW cm22 corresponds to a peak in the FWM
spectrum, whereas the small peaks in the absorption
higher intensities correspond to small dips in the FWM sp
trum.

B. FWM: Transfer of population

The FWM spectrum of a two-level system whose abso
tion spectrum has a small sharp peak is characterized
deep dip@14#. The same is true for the FWM-TOP spectru
as shown in Fig. 9, which was calculated for the same
rameters as in Fig. 6. We see a correlation between
heights of the sharp EIA-TOP peaks in Fig. 6 and the dep
of the dips in the FWM-TOP spectra of Fig. 9.

VI. CONCLUSION

We have shown that there are two kinds of EIA in dege
erate two-level systems: EIA-TOC and EIA-TOP. EIA-TO
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is due to TOC from the excited state to the ground state
spontaneous emission whereas EIA-TOP is due to the c
sional TOP to Zeeman sublevels that do not interact with
pump. From an analysis of the equations of motion, we h
shown that there is a correlation between the magnitude
the excited-state oscillating coherences and the pu
induced population in the excited state so that EIA-TOC c
only occur forFg→Fe5Fg11 transitions. We demonstrate
that the excited-state oscillating coherences only exist w
the pump and probe have different~not necessarily perpen
dicular! polarizations. EIA-TOC was shown to occur o
open systems as well as closed systems provided the p
Rabi frequency is sufficiently high.

EIA-TOP which is characterized by smaller sharp pea
than EIA-TOC is analogous to an effect that was predicted
simple two-level systems. It occurs when the degene
two-level system reduces to a series of two-level syste
interlinked by spontaneous emission and collisional T

FIG. 7. ~a! Calculated probe absorption and~b! four-wave mix-
ing for the closed transitionFg51→Fe52. Pump intensity is
5 mW/cm2, the pump isp-polarized (Dm50), the probe iss
polarized (Dm561), andge5gg50.001G.
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between the ground Zeeman sublevels of the pumped hy
fine state and, more importantly, to other unpumped hyp
fine states. The analogy with the simple two-level syst
explains why EIA-TOP only occurs for closed systems int
acting with a pump and probe that have the same polar

FIG. 8. Four-wave mixing~FWM-TOC! spectrum for the same
system as in Fig. 4.
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tion. Furthermore, it explains why EIA-TOP, like EIA-TOC
takes place forFg→Fe5Fg11 transitions where there i
significant population in the excited states. Finally, we d
cussed the FWM spectra that are obtained in the presenc
TOC and TOP.

FIG. 9. Four wave mixing~FWM-TOP! spectrum for the same
system as in Fig. 6.
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