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Electromagnetically induced absorption
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A large increase in atomic absorption due to coherent interaction with resonant radiation is predicted for a
closed transition between two degenerate atomic levels verifying <F. (Fg andF, are the total angular
momentum of the ground and the excited levels, respeclivielygood agreement with the theoretical predic-
tion, a total absorption enhancement by a factor 1.7 was obtained ob.thiae of 8Rb in a vapor cell
experiment[S1050-294®9)04106-2

PACS numbef): 42.50.Gy, 32.80.Qk, 42.62.Fi

The possibility of rendering transparent an atomic me-the finite interaction time of the atoms with the light, we
dium around an absorbing optical transition has attracte@ssume an overall relaxation of the density matrix towards
considerable attention in recent years. This effect, namedquilibrium (i.e., all atoms isotropically distributed in the
electromagnetic induced transpareiEyT), results from the ground level at a ratey. We supposd'>y. The atomic
coherent interaction of the medium with a resonant drivingsystem is submitted to the action of a magnetic figldnd

field and has found a large variety of applicati¢f$ EITis  two classical monochromatic electromagnetic fielfs(t)
intimately linked to the coherent_ population trappif@PT)  _ E,8, explog), Ex(t)=E,&, exp(im,t), &, , are complex
[2] Ofl tZet Sﬁtemép ? supl\e/:lrpt?[sntlog_ of Sta(gﬁ_r K statg not nit polarization vectors. Neglecting the rapidly evolving an-
thlf]ptﬁ OI € Ira "'i lon. QSI ?\u |e? on 1 greDconcerne resonant terms in the coupling of the atom with the optical
w ree-level system@mainly A systems[1-3]. Degen- fields (usual rotating wave approximatiprthe total Hamil-

erate and multilevel systems have been less explete§]. tonian of the system isH(t)=Ho+Vi+V, with V,

Nevertheless, the existence of dark states and thus the possi-_ ~ - s % 2t : o .
bility of CPT in degenerate two-level atoms has been theo— Ei€i* Dge€XPlwj) +Ej € -Dyeexp(-iwjt) (1=1.2). Ho is

retically analyzed9,10]. the atom Hamiltonian including Zeeman effect5ge
While large reductions of the atomic absorption via EIT = Pg|5 P. is the lowering part of the atomic dipole operator

have been observed and understood, the opposite effect, gr, and P, are projectors on the ground and excited sub-

enhancement of the absorption resulting from atomic coherspaces, respectively

ence induced by optical radiation, has remained so far unex- The time evolution of the density matrjxis governed by

plored. In this paper we show that a significant enhancemenhe master equatiofi1]:

of the absorption of a probe field can occur in a degenerate

two-level system under the action of a driviggump field p i T+ )

provided that three requirements are satisfigyl:F.=F —=——[H,p]— {Pep}

+1 (F4 and F, are the total angular momentum of the ot h 2

ground and excited levels, respectivelyii) transition g y

—e must be closedjii ) the ground state must be degenerate +br' > QgerQdy— E{Pg P Po}- 1)

(Fg>0). Notice that the first condition corresponds to the a=-101

requirement for the nonexistence of a dark state in the

ground level under excitation by an elliptically polarized po is the equilibrium density matrixin the absence of the

wave [10]. Under these conditions, the increase in the aboptical fields taken aspo=Pg/(2F4+1). Qgez Qg; (g=

sorption relative to the absorption without pump can exceed-1,0,1) are the standard components of the vectorial opera-

100%. We have termed this effect electromagnetically intor defined by Qge=+2Fo+ 1Dye(glDlle) ™, where

duced absorptiokEIA) [7]. . (g||D]|e) is the reduced matrix element of the dipole operator
Consider an atom at rest with a ground legebnd an betweeng ande [11]

gxcited levele with angular_ momenturﬁg anQFe_, respec- To find the steady-state solution of E{) to all orders
tively, and energy separatiohw, (see inset in Fig. 1 We in E, (pump field with E,=0 we consider the slowly

suppose that leved decays by spontaneous emission igto varvi ; _ =
. . X ying matrix oq=PgpPy+PepPc+PypPcexp(—iwyt)
at a ratebI’ whereb is a branching ratio constant £b +PepPyexplwit). Substituting into Eg(1) (with V,=0) one

=<1). b=1 corresponds to a close transition;-th denotes ;
- : ’ ets for the steady-state value @f the equation
the probability for an excited atom to decay to a level otherg y o d

thang. No specific relaxation mechanism is considered for
the ground state. However, to account in a simplified way for

i _ (T'+v)
_Ypoz_ﬁ[Ho+V1_ﬁw1Pea0'0]_ 2 {Pe.,0o}

* . : ; Y
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FIG. 1. Calculated probe absorption as a function of the frequency dfisetween pump and probe in absefdetted and in presence

(solid) of the pump field for orthogonal and linear pump and probe polarizafiens= w,, I'/y=1000, Q,=(2E, /#)(g|D|le)=0.4T,
B=0, b=1 (a), (b), b=0.44(c)] for different transitions. The absorption is normalized to the maximum linear absorption of the probe field.

with V,=E,e;- |5ge+ EXer. 5;e_ We have solved Eq2)  external magnetic field, and linear and orthogonal pump and
numerically operating in a Liouville space. The presence irProbe polar|zat|on§. The dotteq lines in Fig. 1 correspond'to
Eq. (2) of the source term- yp, and the possible escape out the probe absorption spectra in the absence of a pump field

of the degenerate two-level systéifb<1) modify the total whose wi_dth is determined bl. _The .Iarge amplitude sub-
population[ Tr(o)]. To account for this, the numerical so- natural-width resonance occurring in the presence of the
lution of Eq. (2) is normalized by a factoN=ng+ng[1 pump is a clear manifestation of EIA. The enhancement fac-

+(T'/)(1—b)] wheren, andn, are the stationary popula- tor of the probe absorption due to EIA, relative to the ab-

tions obtained from Eq2) for the ground and excited levels, fo(;pt@ngmthou“;t;mp, can bs .rather. larges n ﬂf"s ce_ls)e ¢
respectively. t depends on thé&'/y ratio and is an increasing function o

We consider now the probe absorption by the atom pIung' At low pump intensities, the width of the EIA resonance

pump field system. Neglecting higher harmonics of the' 2y [half-width at half maximum(HWHM)]. The spectra

fields, the relevant quantity is the term pf(t)=Pg4pP, Co::reipoondinghto a Qiffle;\ren(tl)';y[ﬁ of f[;rllosed transitigg 1
evolving at frequencyw,. Let ogeexplw,t) be this term. —Fe™ Y are shown in ™g. (b). Here the narrow resonance

Considering only contributions to first order &y, we ob- ;?]rfsgsp dj ;O_E:IT': g'??allzéigé%(df_'glrzsga;ﬁ :ES giﬁirg};t
tain: o4e=P40P, whereo satisfies Penrq N ' g

resonance corresponds to EIT in spite of the fact that no dark
state exists in the ground levglO].

i Q_ge,go :_I_[H0+Vl_ﬁwlpe,0-] Eigure 2 show; the prc_)be.absorptiorll &0 for two
2 h choices of the optical polarizations and different integer val-
(T+ ) ues of the ground-state angular momentéiyp (F.=F,
—ido— > {P.,0} +1,b=1), as a function of the pump saturation parameter

(proportional to pump intensify Also shown in Fig. 2 is the
y incoherent optical pumping contribution to the probe absorp-
—51Pg,o}+bl 772101 QgeQdg- (3 tion obtained taking/;=0 in Eq. (3). In the case of linear
=0 and orthogonal optical polarizatiorj§igs. 2a)—2(c)], the
o absorption enhancement is essentially due to the coherent
Here 6=w;—w; and Qge=(2E;/)(€;:Dge). The NU- jnteraction between the driven atom and the probe beam and
merical solution of Eq(3) is computed by the same methods 1ot tg the pump-beam-induced optical pumping among
used to solve Eq(2). The probe absorption coefficient is ground- state Zeeman sublevels. For circular and equal po-
given bya(w,)=Im[e,- Tr(oyeDeg) |- A large variety of ab-  larizations[Fig. 2(d)—2(f)], the incoherent optical pumping
sorption spectra can be generated depending on the angulesntribution is larger, as expectédi2]. Finally, notice that
momentum of the chosen atomic levels, the polarization anéor F;=0 the absorption af=0 is always smaller than in
detunings of the pump and probe fields, as well as the maghe absence of the pump. In particular, this is the case in Fig.
nitude of the magnetic field. We plan to present a detaile®(d) that corresponds to a pure two-level sys{dr]. Notice

survey elsewhere. that the largest resonances are predicted for pump intensity
Consider the specific case of a closeg—F.=F3+1  below saturation.
transition. Figure (@) shows(in solid line) the absorption When the two optical waves propagate in the same direc-

spectra calculated for dfy=2—F.=3 transition with zero tion, the resonance condition for a Raman transition between
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FIG. 2. Calculated absorption for zero pump-probe frequency 1 % '?:i
offset (6=0) for differentF —F + 1 transitions as a function ofthe | <A W \ Sy g §
pump saturation parameteB=202/T%=2(2E,/#T')%(g||D|e)? z<
for w;=wq, I'/y=1000,B=0, andb=1. Solid: total absorption. y ?
Dotted: incoherent contributiofsee text The pump and probe N
polarizations are linear and orthogortal—(c) or circular and equal - : Q,&\ >
(d)—(f).The absorption is normalized to the maximum linear absorp- -0.4 02 & §
tion of the probe field. 0.0 ] Ko
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Zeeman sublevels of the ground state is negligibly affected _ .
by the atomic motion. However, the amplitude of the coher- F'C: 3: (@ Experimental weak probe absorption spectra as a
. . function of the frequency offse§ between pump and probe for
ent resonances depends on the detunings of the fields reIaUgég . ties. The leftmost parts of th ‘
to the optical transition which is a function of the atomic fierent pump intensities. The leftmost parts of the spectra were
. recorded in the absence of the pump. The pump frequency is kept
veI_ocny th_rough the Doppler effect. In consequence, the veg 4 at the®Rb 5S,,(F = 3)—5P4,(F = 4) transition except for
locity d's,mbu,t'on of t_he atoms must be taken into account bythe rightmost part of the spectra where both fields were shifted
a numerical integration. - _ outside the absorption linéb) Numerical simulation corresponding
The experiment was realized on rubidium vapor using g the experimental conditions. The absorption is normalized to the
setup similar to the one described [ifi]. We used an eX- maximum linear absorption of the probe field.
tended cavity diode lasefsub-MHz linewidth. The laser
frequency was locked to the $(F=3)—5P;,(F=4) tical field intensity and the relaxation rage(determined by
transition of ®Rb with the help of a servoloop based on thetime of flight) were varied using the full available power and
saturation absorption signal from an auxiliary Rb q@éle-  modifying the beam diameter at the cell. The largest absorp-
quency fluctuations within 1 MHz The probe beam was tion enhancement was obtained f@ 1 cmbeam diameter
frequency shifted with respect to the pump by two consecu¢2y=12 kHz [7], | ,yn=0.8 mW/cnt). Careful cancella-
tive acousto-optic modulators, one driven by a variable rftion of the magnetic field was necessary for maximum am-
source. In this way two mutually coherent pump and probeplitude of the coherent resonance.
waves were generated with tunable frequency oftsefthe Figure 3a) shows a series of experimental probe absorp-
polarizations of the two fields were independently controlledtion spectra obtained with the pump frequency tuned to the
Perfect overlap between the two waves was achieved b§S,(F=3)—5P3,(F=4) transition of ®Rb. Notice that
propagating them simultaneously along a 50 cm single-modthe scanning range of is small compared td* (I'/2#
optical fiber that did not significantly modify the polariza- =6 MHz). The polarizations of the optical fields are linear
tions. After the fiber, the light was sent thrdug 2 cmlong  and orthogonal. The ambient magnetic field has been com-
cylindrical cell containing rubidium vapor at room tempera- pensated8B=0+5 mG). On the leftmost part of the spectra
ture. Maximum power of the pump and probe at the cellthe absorption was monitored in the absence of the pump
were 0.8 mW and 50uW, respectively. When necessary, beam(sample absorption 14ptvhile the rightmost part was
the pump intensity was attenuated with neutral density filtersrecorded withw; and w, shifted outside the Doppler broad-
The atomic cell was placed within Helmholtz coils for mag- ened absorption line. Visible in Fig.(& is the increase of
netic field control. After the cell, the pump beam wasthe transparency of the sample over most of the frequency
blocked by a linear polarizefextinction ratio larger than range due to saturation by the pump field. However, in
200 while the probe intensity was monitored with a photo- agreement with our theoretical prediction, a sharp increase of
diode. A fraction of the probe beam, collected before thethe absorption develops arouide=0. The magnitude of the
atomic cell, was simultaneously monitored on a referencelA peak overcomes the reduction in the absorption due to
photodiode. The output of the signal photodiode was dividedaturation and reaches at high pump intensity a 1.7 increase
by the output of the reference photodiode to compensateelative to the absorption without pump.
probe intensity fluctuations. Since a linear polarizer in front of the detector was used
In order to maximize the absorption enhancement, the opto block the pump bearfio prevent detector saturatipipos-
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sible contributions to the absorption spectra due to inducettansition was weighted by the relative contribution of the
birefringence[5] have been investigated although no bire-corresponding velocity class in the Maxwell-Boltzmann dis-
fringence is expected in our case due to symmetry. This waibution at room temperature. No free parameter was varied
checked by changing the polarizer angle a few degreei the calculation. Based on the experimental measurement
around the position for minimum pump transmission. NoOf the resonance width at low intensity we udéldy = 1000.
change was visible in the spectra. In fact, EIA resonances arEhe pump intensity was chosen to correspond to the maxi-
clearly visible even when the detector polarizer is removedMum EIA effect. The results of the calculations are presented

EIA resonances correspond to a significant change in thé Fig. 3(b). A good agreement with the observations is ob-
atomic fluorescence as was confirmed by monitoring thd@ined. The maximum absorption enhancement observed and
fluorescence from the atomic cell. This clearly indicates thaf@/culated is 1.7. According to the theoretical model, this

the effect of EIA is associated to a modification of the atomicreSUIt correspon_d_s to an EIA enhancement factor of 3.3 for
dissipation. the closed transition alone.

To compare the spectra presented in Figy Sith theory In conclusior_l, we hav_e demqnstrated t_he possibility of a
it is necessary to take into account that, due to the Dopplellarge resonant increase in atomic absorption due to coherent
effect, three different atomic transitions, one closgg+3 interaction with optical radiation. The phenomenon of EIA is
—F¢=4) and two open ,=3—F,=2,3), contribute to in many aspects complemen_tary_ to EIT. It may extend the
the signal. While the closed transition gives rise to EIA, both'2"9€ of the suggested applications of coher_er_my prepared
open ones, which are not totally bleached by optical pumpgtomm systems and open the way to new possibilities such as

ing [8], give rise to EIT. The contributions to the absorptionthe realization of steep anomalous dispersion. Finally, the

- : onnection between the increased dissipation associated to
of the three transitions were independently computed an . o
” W indep Y hu EIA and the mechanical effects of radiation on atdmS]

added. According to the experimental conditions, the pum daserves to be examined
laser was assumed to be on resonance withFifre3—F, '
=4 ftransition. For each of the transitions involve# ( The authors are thankful to D. Bloch, M. Ducloy, and R.
=2,3,4), the reduced matrix element of the dipole momenMarotti for stimulating discussions. This work was supported
was scaledrelative values: 0.35, 0.66, and 1, respectively in part by CONICYT (Uruguay under Project No. 92048,
and the corresponding branching ratiaised p=0.22, 0.56 the EU under Contract No. CI1-CT93-0001, and ECOS
and 1 respective)ly[14]. Finally, the contribution of each (France.
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