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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 grg, Fean exhibit narrow peaks at line center. When the pump
and probe polarizations are differef;=F 4+ 1 andF >0, the electromagnetically induced absorpti&hA)
peak has been shown to be due to the transfer of cohef@@®) between the excited and ground states via
spontaneous decay. We give a detailed explanation of why the TOC that leads (@&IEAOC) can only take
place when ground-state population trapping does not occur, that is, BfeR,+ 1. 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 anéfo=F4+ 1. This EIAis analogous to an effect that occurs in simple two-level systems
when the collisional transfer of populatigMOP) 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.
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[. INTRODUCTION we must include collisional transfer of population from each
of the ground Zeeman sublevels to all the other sublevels of

The probe absorption spectrum of a degenerate two-levéhe same hyperfine state. We must also include collisional
atomic system, interacting with a strong pump and wealransfer of population from the ground Zeeman sublevels to
probe, can exhibit narrow features at line center where th@ther nearby hyperfine states that cannot be populated by
pump and probe have equal frequendiés-5]. When the spontaneous emission from the excited state. For a particular
probe absorption spectrum is characterized by a sharp diground sublevel, all the states to which collisional relaxation
the phenomenon is called electromagnetically induced trandakes place form a “reservoir,” allowing population to be
parency(EIT) [4—6]. However, when the absorption spec- transferred to and from the ground sublevel. We also include
trum is characterized by a sharp peak, the effect is calledecay to the reservoir due to time of flight that occurs at the
electromagnetically induced absorptioBIA) [5]. EIA has  same rate for all the ground and excited sublevels. By includ-
been observed when copropagating, orthogonally polarizeid collisional effects, we can achieve the situation where the
pump and probe beams interact withfg—F.=F4+1 hy- effective decay rate from the ground state to the reservoir is
perfine transition3—5,7] and also in the Hanle configuration greater than that from the excited state. This leads to EIA-
[8—11]. It has been demonstrated that EIA is a consequenc€OP in degenerate two-level systems which is analogous to
of the transfer of coherend@OC) due to spontaneous emis- an effect predicted by us for simple two-level systeh3].
sion between the excited and ground degenerate §tb2gs Narrow features can also occur in the four-wave mixing

In this paper, we explain why the TOC that leads to EIA(FWM) spectrum of simplg14] and degenerate two-level
(here called EIA-TOC can only occur when the pump and atoms[15,16]. We will discuss the FWM spectra that corre-
probe lasers have different polarizations, and requires thépond to the two versions of EIA that can occur in degener-
presence of significant pump-induced population in the exate two-level systems.
cited state. Through detailed arguments we will demonstrate
that these criteria account for the experimental observation Il. EQUATIONS OF MOTION
that EIA only occurs wheifry— F.=Fy+ 1 with F;>0. In . .
addition, we will explain the observation of EIA in open '€ systém consists of one or more ground hyperfine
transitions10] where spontaneous decay can occur to otheftateskg and a single excited hyperfine stdtg, interacting
hyperfine levels close in energy to the ground state. with a pump of frequencyo, and a probe of frequenay,.

We also show that a mechanism that is completely differWe use the equations for the time gvolutlon qf the Zeeman
ent from TOC, namely, transfer of populatidiOP), can sy_blevels as formulated by Renzaatial. [1_7], with the ad-
also lead to EIA peaks in the absorption spectrum of a dedition of decay from the ground and excited states to a res-
generate two-level system. It occurs when the pump an&rvoir [18,14, and collisions between the Zeeman sublevels
probe that interact with a closefly;—F.=F4+1 with F of the ground statefl9]:
=0 hyperfine transition have thgeamepolarization rather
than differentpolarizations as in the case of EIA-TOC. The |, = —(iw,, +T)pee +(i/7) >, (PegVae ~VegPoe)
system can thus be considered as a series of two-level sys-'" H H 9K ' ! ' !
tems interlinked by spontaneous emission and collisions. In eq
order to obtain EIA for this systerthere called EIA-TOR B 7(peiej_peiei)5eiej’ @
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where Z‘/eigj(wl,z) are the pump and probe Rabi frequencies
for the Femg— Fymy transition, given by

+(i/h) ; peiekvekgj—gE VealPag | @
k k

zﬂei ngl,Z
2V (019 = —F—
pgigi:(i/h)g (pgiekvekgi_vgiekpekgi)+(pgigi)SE F 1 F
k _ 9
=(—1)Fe me( B )91,2, 8
eq me q mg
o y(pgigi_pgigi)+gk2k¢i nggipgkgk_rgipgigil (3)
) where O ;= 2(F¢| u[|Fg)E1 /% [20] are the general pump
pgigJ.:—(iwgigj+Féigj)pgigj and probe Rabi frequencies for tiie—F, transition. In

Egs. (1)—(4), we include two mechanisms by which atoms
@) may fail to interact with the laser beams. First, they may
leave the region of interaction at a raggdecay due to time
of flight). Second, they can be transferred collisionally from
a specific ground sublevel to all the other sublevels of the
sameF state, and to those of any other nearby hyperfine
states that cannot be populated by spontaneous emission
from the excited state. We can envisage a reservoir consist-
ing of all the atoms which do not interact with the pump or
probe. When collisions are significan$'’, the effective
decay rate to this reservoir from the ground state, will be

+ (i/ﬁ); (Pgiekvekgj _Vgiekpekgj) + (bgigj)SEv
k

where

(ngJ)SE (2Fe+1)I'e e—Fqg
Fe

x > 2

=-1,01 [
a Mg, Me=—Fg

(—1) ™M™

( Fe 1 Fe greater thamy2'’, the effective decay rate of the excited
X m ) state, thus enabling EIA-TOP to occur.
o d Me Equationg1)—(4) are solved in two stages. In the first, the
Fe 1 Fg pump interacts with the system, to all orders in its Rabi fre-
X P ( , ) (5)  quency. Slncepeg oscillates at the pump frequenayl we
eel—mg Q mgj

can ertepeg pegj(wl)exp( iwqt) and Paa; = paa with

with a=(g,e), Wherepaa are the populations of the vanous sub-

Fo 1 Fy 2 levels and paiaj. Wlth i#j are the coherences bet-ween

3 Je) I'=br. ground- or excited-state Zeeman sublevels, determined by
(6)

the pump[14,21,23. We thus obtain
In Egs. (1)—(6), I' is the total spontaneous emission rate
from eachF.m, sublevel Wherezifpf,:g is the decay rate
from F, to one of theF states 'y is the total collisional
decay rate from subleve);, andI'qq is the rate of transfer Ve (@1)Pge(—w1)]- V(Pgiej—Pgi%i)éeiej,
from sublevelg;—g; . The dephasing rates of the excited- to 9)
ground-state coherences are given E)’gigj=%(l“+l“gj)
+I'*, wherel'* is the rate of phase-changing collisions. The
dephasmg rates of the ground-state coherences are given b;oeg (w1)=

=3(lg 4T )+Fgg : whereF* |s the rate of phase-

changlng coII|S|0ns The frequency separatlon between levels +i 2 P2 Ve o (@ )_2 Voo (01)p2 o |,
a; and b;, including Zeeman splitting of the ground and e L D
excited levels due to an applied magnetic field, is given by (10)
waibjz(Eai—Ebj)/ﬁ, with a,b=(g,e), and pgiqai with a
=(g,e) is the equilibrium population of stat , in the ab-
sence of any electrical fields. The interaction energy in the :
rotating wave approximation for the transition from level
gjto g is written as

Te, ¢ =(2Fg+1)(236+1)

bgiej =—( Weye + 1—‘)p(e)iej +i QE [peigk(wl)vgkej( —w1)
K

[i (weigj —wp)+ Féigj]Peigj

pg i9; E [Pgiek( - wl)vekgi(wl) _Vgiek( - wl)Pekgi(wl)]
€

"0 _ 0 _ _eq 0
+(pgigi)SE 7(p9i9i pgigi)+ 2 nggipgkgk

V gk,k#:i

_ —iwqt —iwot
eigj__Me‘gj(Ele it Eye 02

E—h[veigj(wl)e*iwlwrveigj(wz)e*iwzt], (7) —ngpgigi, (13)
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. i / ; Py g (®2— =i - +v—T,]pgq(wo—
pgigj=—(Iwgigj-}—rgigj)pgigj-l-lgk [pgiek(_wl)vekgj(wl) pg.gl(wz 0)=[i(w;—w)+7y g.]Pg,g.(wz ;)

_Vgiek(_wl)pekgj(wl)]+(b8igj)SE- (12) +iezk [Pgiek(_wl)Vekgi(wz)'f'Vgiek(wz

In the second stage, interaction with the probe figjds ~201)Peg(01) = Vgie (T @1)peg(@2)]

included to first order so thateigj now oscillates at three

frequencieq14,21,22: the pump frequency;, the probe +(Pgigi)SEﬂquHi Lg,0iPg0 @2~ ®1),
frequency w,, and the four-wave mixing frequencyw?2 K

—w,. We therefore express, 4 in terms of its Fourier am- (18
plitudes as

Pag (02— ©1)= ~[i(0gg — @t 1) +Tg, ]

Peigj :Peigj(wl)exr( —lw;t) +Peigj(w2)exq —lwyt)
: ><Pgigj(‘l’z_601)‘“2 [Pge,(— ®1)
+Peg(201— wy)exd —i(201— w))t]. (13 ek

- . . ><Vekg]—(""z)‘l'\/giek(‘UZ_2‘*’1)Pekgj(wl)
Similarly, the populations and coherences within the same

hyperfine level can be written as —Vgiek(—wl)Pekgj(wz)]+(bgigj)SE-

Paiaj:pgiaj+Paiaj(w2_wl)exq_i(wz_wl)t] (19

The equations fopaiaj(wl—wz) for a=(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 set the
wherep, a (w2~ 1) @ndpg s (@1~ ;) are population and - time derivatives of the Fourier amplitudes in E¢8)—(12)
coherence oscillations at frequencies— w; and w;—w,.  and(15—(19) equal to zero. The time evolution of EIT and
Substituting Eqs(13) and (14) into Egs.(1)—(4), we obtain  EIA has recently been discussed by Valeetel. [23].

the following set of linear equations for the Fourier ampli-
tudes: Ill. EIA: TRANSFER OF COHERENCE

+Paa (01~ w2)exd —i(w;—wr)t], (14

A. Pump and probe polarizations

Pee/ (02— @1)=~[I(wge~ wot w1) T+ yFge ] It was shown by Taichenachet al.[12] that transfer of

coherence from the excited state to the ground state due to
spontaneous emission is responsible for EIA. However, this
explanation alone does not account for the fact that there are
systems where the TOC occurs but EIA is not observed. For

X peiej(wz_ wp) Fi %:4 [peigk( wz)ngej

(1) = Veg(@1)pge (w2 207) example, the case where the pump and probe have different
polarizations but.=F. In this section, we rationalize the
_Veigk(“’Z)ngej( —wy)], (15 experimental conditions needed to achieve EIA as a result of
the TOC. These include pump and probe lasers of different
: o B , polarizationsF.>F 4 andF4>0 [5].
Peg(@2)= ~[i(weg, w2)+1“eigj]peigj(w2) The probe absorption is proportional to the imaginary part
of [22,24
1| 2 pEe Ve (02) = 2 Veg, (020G
K % eEg Meigjpeigj(wz)- (20)
P9
+§k Pee (w2 ®1)Veg(w1) An explicit expression fofpe g (w,) in the steady state is
found from Eq.(16) to be
_gz Veigk(wl)nggj(wz_wl) ) (16) 1
k

peigj(wz) ; pgiekvekgj(wz)

(weigj—wl)—iréigj K
Peigj(Zwl— wy)=—[i (ﬁ)eigj — 2w+ wy) + Téigj]peigj(Zwl 0
B QE Veigk(wz)pgkgj + ; Pee (w2~ w1)
_w2)+| k K

2 Peiek(wl_ wz)vekgj(wl)
€k

XVekgj(wl) - gzk Veigk(wl)pgkgj(wz— a)l) .

. (17

—gEk Ve g (01)pg,q (01~ @2) o1
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Let us examine the various contributions to the probe absorp- a) F=1, mp= -1
tion [19]. The first and second terms contain the ground- and
excited-state populations €j) and coherencesi€j) in- \
duced by the pump laser. These terms only contribute a con-

stant to the probe absorption. The third and fourth terms
involve the ground- and excited-state populations and coher- Fg=2, mg= -2

ences that oscillate at the pump-probe detuning. It should be
noted that the excited-state coherenpgigj(wz—wl) appear b) Fe=1, mg= -1

in the fourth term as well as in the third term. This can be

seen by writing an explicit expression fpﬁigj(wz—wl) in T%TN
the steady state using Eq4.9) and writing out the sponta-

neous emission term of E¢) in detail. The TOC from the F,=2, mp=

excited to ground state via spontaneous emis§idt de- £

rives from this spontaneous emission term, which only ap- ¢) F=1, mg= -1 0 1

pears in the Bloch equations for degenerate systems, the sim
plest of which is theN system[25].

When we take the selection rules for the putkm, and i
probeAm, into account, we find that the only nonzero terms

oscillating at the pump-probe detuning frequency are Fe=1, mp= -1 0 1
Pa,a (w2~ w1), wherea=(g,e) and

d = -
m' =m+Am;—Am,. (22 ) Fe=1, me=

When the pump and probe have g@me polarizatiorso that Tl\
Am,=Am;, we see from Eq(22) that m'=m. Conse-

guently, all the oscillating coherences are zero and only the
population oscillations survive. Thus EIA-TOC cannot occur
when the fields have the same polarization. By contrast, as gig. 1. population trapping due to interaction (af,(b) Fo=
we will show later, EIA-TOP occurs precisely when both _r_—1 and(c),(d) Fg=1—F.=1 transitions witha),(c) o - and

Fe=1, mg=

fields have the same polarization. . (b), (d) w-polarized pump, in the absence of collisions and decay to
However, when the pump and probe haiitierent polar-  the reservoir. The thick arrows indicate interaction with the pump
izationsso thatAm,# Am;, we see from Eq(22) thatm’ and the thin arrows indicate spontaneous emission. Note tte},in

#m. Thus, all the oscillating populations are zero and onlythe transition betweem=0 sublevels is forbidden so that the
the oscillating ground- and excited-state coherences can kmpulation is trapped imy;=0 sublevel.

nonzero. This explains why EIA-TOC only occurs when the

fields have different polarizations. and 3b), as a function of the pump-probe detuning, and the
populations of the various sublevels are shown in Fig).3

We see that the highest excited-state coherence is about a
third of the ground-state coherence, and that a sixth of the

Here we will show that the value of the excited-state 0Syota| population is in the excited state. The other two excited-
cillating coherence that leads to TOC depends on the excited-

state population produced by the pump. As a consequence a) F,=2, mg=
only systems where the population is not trapped in the =

ground state, either coherently or incoherently, can exhibit

B. Oscillating coherences

EIA. In Fig. 1, we show that trapping occurs in all degener-
ate two-level systems, pumped by a circularly polarized
(Am=+1 or —1) or mr-polarized Am=0) laser, for which
Fe<F4. We note that Renzoret al. [17] have shown that
coherent population trapping occurs for all cases where an
Fy—Fes<F4 transition is pumped by a-polarized laser. In b) F,=2, mp=
Fig. 2, we show that there is significant population in the

excited state when aRg—F.=F4+1 transition is pumped
by ao. - or m-polarized lasef26]. The correlation between ><‘
the magnitude of the coherence oscillations and that of the

pump-induced populations is established in Fig. 3 for an ar- F.=1, mp= y

tificially closed Fy=1—F,=2 transition interacting with a

o, pump and ar_ probe, where decay due to time of flight  FIG. 2. Ground- and excited-state pump-induced populations for
is included but collisions are excluded. The ground- and- =1—F.=2 transition, in the absence of collisions and decay to
excited-state oscillating coherences are shown in Fig®. 3 the reservoir.

F lmF— -1

033807-4
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FIG. 3. (@ Ground- and (b) excited-state coherences

pamam,(wz—wl) with a=(g,e) oscillating at pump-probe detuning
as a function of pump-probe detuning for an artificially closgd
=1—F,=2 transition(for 8Rb), interacting with ar, -polarized
pump with intensity 1 mW cm? and ao_-polarized probe, with
I'=34 rad sec'. Transitions are labeled according tm,m’). (c)
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Probe absorption (arb. units)

10mW cm'z(x2)

—q 00 0 100

(a)z—co1) (2m)MHz
FIG. 4. Calculated probe absorption for the open transitig,
=1—F,=2 of ¥Rb (b=0.5) for increasing pump intensity in the
absence of collisions. Pumpispolarized Am=0) and probe igr
polarized Am=*1) andy.= y4=0.00T".

hyperfine states. In Eq6), the decay rate for a specific tran-
sition was written ai‘,:eﬂ,:gzbf‘ with b=1 for a closed

system andb<1 for an open system. Let us examine the
effect of introducing additional decay channels, thereby re-
ducing the value ob from unity. First, the total steady-state
pump-induced population in the origingl, andF states is
now less than unity and the excited-state oscillating coher-
ences which correlate with the populations are also reduced.
Second, the TOC from the excited state to the ground state
decreases, leading to reduced EIA. However, the effect of
reducingb can be mitigated by increasing the pump intensity.
In Fig. 4, we plot the absorption spectrum for tbe transi-

tion of ®’Rb (Fy=1—F,=2) which forms an open system
(b=0.5), since the excited state can also decay je 2.

We see that as the pump intensity increases from
1 mWcm ? (corresponding to a Rabi frequency of 0[94

to 10 mWcm 2 (corresponding to a Rabi frequency of
2.98"), the overall probe absorption decreases as a result of
increased excited-state population, and hence increased de-
cay from the excited state to the noninteracting ground state.

Fraction of population in each Zeeman sublevel. Note correlatiorHowever, we also see that EIT is replaced at higher intensity

between the coherences and the populations.

by EIA. This is due to the relatively larger population in the
excited state, which results in higher excited-state coherence

state coherences between excited states with almost no popand thus increased TOC. This may explain some of the seem-
lation are about 40 times smaller. Similarly, it can be showringly contradictory results obtained for open systems. Ac-
that the excited-state coherences are very small focording to the calculations of Akulshin and co-workers
population-trapped systems for which the pump-induced5,27], EIA does not take place in open systems. However,
steady-state population in the excited states is very small. Walzettaet al.[10] have observed EIA peaks in Hanle experi-
thus conclude that TOC, and hence EIA, can only take placenents on open systems. Our calculations suggest that
for systems where the population is not trapped in the groundkulshin and co-workers would have obtained EIA for open

state, that is, ifFg—F.=Fy+1 transitions.

C. Open systems

In a closedsystem, atoms excited to the st&tgcan only
decay spontaneously to the pumped ground stage

systems had they used higher Rabi frequencies.

D. The role of decay to the reservoir

We pointed out in Sec. Ill A that TOC only occurs when
the polarizations of the pump and probe are different, since

whereas in aropensystem, they can decay to other groundonly in this case are the coherence oscillations nonzero. It
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FIG. 5. Calculated probe absorpti¢BIA-TOC) for the closed FIG. 6. Calculated probgs absorpti¢BIA-TOP) for the closed
transitionFy=2—F,=3 of ®’Rb (b=1), with the addition of col- ~ transitionF,=2—F=3 of “Rb (b=1), with Cth“e élddltlggI of col-
lisions. Curves are labelled according &'l /I, [5He/T).  lisions. Curves are labeled according t®'{med T, Tgifre/T')-
Pump intensity is 10 mW/cf the pump is polarized Am=0)  Pump intensity is 1 mW/cfy pump and probe arer polarized
and the probe ig polarized Am= =1), andy,= y,=0.00T . (Am=0), andy,= y4=0.00T".

can be seen from Eqg&l5) and(19) that decay due to time of N . d lation t for t df
flight does not directly affect the coherence oscillations,Spon aneous emission and population transter to and irom

whereas collisions do affect them through the transverse déhe reservolr. It can be seen from Figs. 1 and 2 that describ-

cay rate. The time-of-flight decay affects the coherence os'-nﬁef::?: SXSFteT 1'” terms of two-level systems is only possible
e g .

cillations indirectly through the pump-induced coherences” itb lled th ires > 22 Thi
peg,(1) that depend on the pump-induced populations of It will be recalled that EIA-TOP requireg;” >y, . This

the ground and excited statisee Eq(10)] which are influ- can be achieved by including collisional transfer of popula-

dbvd o th - both due to fi  fliaht (itlion between the ground-state sublevels and also to the sub-
enced by decay 1o the reservoir, both due to ime ot Tight angy, o5 of nearby noninteracting hyperfine states. Obviously,
collisions. Thus the main effect of the reservoir is to redis-

; . S this effect can only occur in closed systems, since in an open
tribute the population among the sublevels which interac y y P

) . ; tsystem the spontaneous decay from the excited state to the
with the pump field and those which do not. In the Presence . oir will ensure thaygff> ygff. In Fig. 6, we show the

of decay to the reservoir, some of the sublevels that are un- : i N
bsorption spectrum for the same closed transition as in Fig.

occupied in Figs. 1 and 2 will be occupied to some exteng interacting with amr-polarized pump and probe. for vari-
and the associated coherences will be different from zerg’ 9 P coll pump P '

coll i
(see Fig. 3. In our numerical calculations, we take the decay®"S valueds OffsameF and F_dilfffF' Thed CO_"'S'OES between
rates between the sublevels of fgstate that interacts with Fg_kz an Fg—lhare I?rgua th_pro ucing the EIIA'TEP
the pump to be different from those to the sublevels of anyP€@K- However, the collisions within tiig,=2 state alter the

nearby hyperfine states. In Fig. 5, we show the absorptiofiontributions of the individual two-level systems due to
spectrum for theF ,=2—F.=3 closed transition of’Rb c_han_ges in the pump-induced populat|or_ls and population os-
interacting  with ag m-polarized Am=0) pump and a cillations. As a result, the overall absorption becomes smaller

coll
o-polarized Am= *1) probe, for various values of the col-

and broader with increasingg,cg
lision ratel'g g between the=g=2 sublevels reo .o and

betweerF ;=2 andF,=1 (I'{{r). We see that collisions to

Fy=1 sublevels decrease the EIA-TOC peak. Collisions be-
tween theF ;=2 sublevels decrease the EIA-TOC peak sub- It is interesting to compare the FWM signals that arise in
stantially and may even wash it out completely due to colli-cases where EIA-TOC and EIA-TOP are obtained. The four-
sional broadening. wave mixing signal is given by the absolute value squared of

V. FWM

IV. EIA: TRANSFER OF POPULATION

As we explained in Sec. lllA, EIA-TOC cannot occur > Meg Peg (201~ w)). (23
when the polarizations of the pump and probe are the same. eg 0
It is precisely in this case that EIA-TOP, which is analogous
to EIA in two-level system$13], occurs. The reason for this o . .
is that the degenerate two-level system then reduces to AN eXplicit expression fopeq (2w, — w,) in the steady state
series of two-level systems, which are interlinked due tocan be obtained from Eq17):

033807-6
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1

(weigj—Za)l-i- wy)—IiT

Peigj(zwl_wz): ;
&g

X ; peiek(wl_ wZ)Vekgj(wl)
k

o
3
:

- QE Veigk(wl)pgkgj(wl_ wy) |.
k

(29)

Probe Absorption (arb. units)

By the same analysis as in Sec. Il A, we find that the FWM
signal obtained with fields of different polarizatiofiso] de-
pends on the ground- and excited-state oscillating coherence
and will be called FWM-TOC for convenience. On the other : ‘ :
hand, the FWM signdl14] obtained with the same polariza- -400 0 400
tions depends on the population oscillations and will be (©,-0,) (2TMHz

called FWM-TOP.

A. FWM: Transfer of coherence

It can be shown by comparing Eq4.6) and(17) that the
contribution of the coherence oscillations to the imaginary
part Ofpeigj(wz) has the opposite sign to the imaginary part

of peigj(Zwl—wz). Thus the sharp EIA-TOC peak obtained

for closed systemgsee Fig. 7a)] leads to a deep dip of
negative sign in the imaginary part p@igj(Zwl—wz) and
hence to a sharp peak in its contribution to the FWM signal.
The real part of peigj(Zwl— w,) is dispersive passing
through zero whem,= w;, S0 that its square contributes a
peak with a sharp dip in the center. If the dip in the imagi- -

nary part is sufficiently negative, it will show up as a sharp j k
peak in the FWM signalsee Fig. Tb) and also Fig. 9 of Ref. %00 ‘ ‘ ‘ 0 ‘ ' ‘ 400
[27]). We showed in Sec. Il C that the EIA-TOC signal de- (@,-0,) (2e)MHz

creases ab decreases, that is, as the system becomes more

open. Thus, the dip in the imaginary part pgigj(Zwl FIG. 7. (a) Calculated probe absorption afig) four-wave mix-

— w,) also decreases and is overtaken by the background 489 for the closed transitiorF=1—F,=2. Pump intensity is

that the FWM is now characterized by a dip. The FWM-TOC® mWicnt, the pump ism-polarized @m=0), the probe iso

spectrum for the same open system as in Fig. 4 is shown Rolarized @m==1), andye=y,=0.001".

Fig. 8. There we see that a dip in the absorption for pump

intensity 1 mW cm? corresponds to a peak in the FWM is due to TOC from the excited state to the ground state via

spectrum, whereas the small peaks in the absorption apontaneous emission whereas EIA-TOP is due to the colli-

higher intensities correspond to small dips in the FWM specsjonal TOP to Zeeman sublevels that do not interact with the

trum. pump. From an analysis of the equations of motion, we have

shown that there is a correlation between the magnitude of

B. FWM: Transfer of population the excited-state oscillating coherences and the pump-

The FWM spectrum of a two-level system whose absorpjnduced population in the excited state so that EIA-TOC can
tion spectrum has a small sharp peak is characterized by @nly occur forFg—F.=F4+1 transitions. We demonstrated
deep dip[14]. The same is true for the FWM-TOP spectrum that the excited-state oscillating coherences only exist when
as shown in Fig. 9, which was calculated for the same pathe pump and probe have differefmtot necessarily perpen-
rameters as in Fig. 6. We see a correlation between th@iculay polarizations. EIA-TOC was shown to occur on
heights of the sharp EIA-TOP peaks in Fig. 6 and the depth§Pen systems as well as closed systems provided the pump

of the dips in the FWM-TOP spectra of Fig. 9. Rabi frequency is sufficiently high.
EIA-TOP which is characterized by smaller sharp peaks

than EIA-TOC is analogous to an effect that was predicted in
simple two-level systems. It occurs when the degenerate

We have shown that there are two kinds of EIA in degentwo-level system reduces to a series of two-level systems
erate two-level systems: EIA-TOC and EIA-TOP. EIA-TOC interlinked by spontaneous emission and collisional TOP

Four wave mixing (arb. units)
o w

—_
T

VI. CONCLUSION
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FIG. 8. Four-wave mixindFWM-TOC) spectrum for the same FIG. 9. Four wave mixingFWM-TOP) spectrum for the same
system as in Fig. 4. system as in Fig. 6.

between the ground Zeeman sublevels of the pumped hypetion. Furthermore, it explains why EIA-TOP, like EIA-TOC,
fine state and, more importantly, to other unpumped hypertakes place foiFy—F.=Fy+1 transitions where there is
fine states. The analogy with the simple two-level systensignificant population in the excited states. Finally, we dis-
explains why EIA-TOP only occurs for closed systems inter-cussed the FWM spectra that are obtained in the presence of
acting with a pump and probe that have the same polarizaFOC and TOP.
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