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Investigation of electromagnetically induced transparency in the strong probe regime
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We study the response of an inhomogeneously broadened atomic three-level ladder system to a strong probe
beam under conditions in which electromagnetically induced transparency would be induced on a weak probe
beam. Theoretical analysis and experimental data show that saturation effects associated with the strong probe
can substantially alter the behavior of the system and can result in enhanced probe absorption under exactly the
same circumstances in which a weak probe would experience enhanced transparency. Strong probe effects are
also shown to lead to a breakdown of the correspondence between population inversion and gain. A power-
series solution of the density-matrix equations describing the ladder system provides a physical picture for
strong probe effects in terms of interfering multiphoton transition pathwW&050-2947@8)06609-9

PACS numbsdrs): 42.50.Gy, 42.50.Hz

I. INTRODUCTION fields are both allowed to be strong. Our results show that
saturation effects resulting from the strong probe diminish
Phenomena associated with electromagnetically inducethe induced transparency and can even lead to enhanced ab-
transparency(EIT) have attracted considerable attention insorption under circumstances in which a weak probe would
recent years and offer a variety of interesting and potentiallyexperience enhanced transmission. In Sec. I, we present a
important applicationg1]. The essence of EIT is that an theoretical treatment, where we solve the steady-state
atomic coherence is induced in a multilevel system by ajensity-matrix equations for this system and perform a Dop-
strong “control” laser field, which alters the response of thepler average over the atomic velocity distribution. In Sec. IlI,
system to a “probe” laser field. Although systems in which e present experimental results and compare them with the
both control and probe fields are strong have been StUdieﬁredictions of the theory. In Sec. IV, we present a power-

previously, the emphasis was understanding the evolutioBeries solution of the density-matrix equations that provides
and propagation of laser pulsgd]. Previous studies of EIT 5 physical picture for strong-probe-field effects in terms of

systems in the steady state with cw lasers have focused Piisterfering multiphoton transition pathways. In Sec. V we
marily on the weak-probe limit. Since many of the potential y¢te, concluding remarks.

applications of EIT3—6] are to enhance or facilitate nonlin-
ear processes in which the probe beam is not necessarily
weak, it is important to understand the effect of a strong
probe field on the EIT process. An early investigation of
atomic coherences in a homogeneously broadened three- Consider the three-level ladder system shown in Fig. 1,
level system was performed in the pioneering work of Whit-which we assume in this model to be closed. et be the

ley and Stroud 7], in which they made several interesting frequency of the|1)—|2) transition, andws, be the fre-
observations that foreshadowed many of the results of latejuency of thg2)—|3) transition. The system is driven by a
work on EIT. They demonstrated the modification of thecontrol field with amplitudeE,, at frequencyw., and by a
system’s absorption profile for a strong probe field due to grobe field with amplitudde,, at frequencyw,. Solving the
strong control field and showed that it was possible todensity-matrix equations for this system in steady state and

achieve a steady-state population inversion that did not resulipplying the rotating-wave approximation yields the follow-
in optical gain. However, their analysis did not focus atten-ing set of equations:

tion on the change in the response of their system as the
strength of the probe field is increased. 2
In this work, we consider the closed three-level ladder 3 —F— 5°%05, F=1234
scheme shown in Fig. 1, which is experimentally realized by |
a gas of Rb atoms with the energy levels as shown. The @ =776 M
|2)—|3) transition is driven by a control laser field at fre-
quencyw., and the|1)—|2) transition is driven by a probe
laser field atw,, which is not necessarily weak. We present o =780 nm
both a theoretical and experimental investigation of this P
Doppler-broadened system in which the cw pump and probe 1y — L — 52g

Il. THEORY

2
|2) =——— 5°P,, (F=123)

12 (F=2)

FIG. 1. Energy level scheme for the ladder system. Also shown
*Department of Physics, Cornell University, Ithaca, New York are the corresponding states and wavelength separations for atomic
14853. rubidium.
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probe absorption as a function of probe detuning from resonance
_ _ . under different conditions. The dotted line is with the control field
‘;"lhire 50_“’/Cﬁ @32, rfp_ o ?Fﬁ.“?ZEC/ Ry aFd off, and the solid line is with the control field on. @) Q,=0.1

p=2u21Fp/7. In the absence of collisionsy;;=(T'i  \W; ") —200 MHz, 5,0; (b) ©,=0.1 MHz, 0,=200 MHz,
J'rl“.,-)lz, wherel'; is the natural decay rate of levié). In the 5,=200 MHz; (¢) 0,100 MHz, 0,=200 MHz, 5,=0; (d)
limit of a weak probe, Gea-Banaclockeal.[8] showed that ,=100 MHz, ;=200 MHz, 5,=200 MHz.

the solution to these equations fpg, to first order in the

probe field and to all orders in the control field is We calculate the response of the Doppler-broadened
. three-level ladder system to a strong probe field for the case
_ i1Qy/2 7 of counterpropagating probe and control fields by making the
par— Q4a substitutions
RGN R N R )
. . 5p~>5p+—wp, (49)
which displays the essence of EIT. The response of the sys- c
tem to the probe field is determined by the above expression
through the proportionality between the susceptibility and v
P21, that is, 5C—> 5C_ Ew01 (4b)
2N,u§l and
X21=— ﬁ—Qppzl- (€©))
v
The effect of the control laser is seen in the extra term that (8pF60) = (9p+ 8c) T - (wp—we) (40)

appears in the denominator of E@). Moreover, the two-
photon detuning term suggests that even in a Dopplerin the density-matrix equations of E¢L). We then numeri-
broadened atomic vapor it is possible to realize a system thailly solve this system of equations fpg; and perform an
benefits from significant two-photon Doppler cancellation byaverage of the result over a Maxwell-Boltzmann velocity
using counterpropagating control and probe lasers. The balistribution. To provide a connection to our experiments,
havior of the Doppler-broadened system can be calculated bsalculations were performed using the parameters appropri-
adding appropriate Doppler-detuning terms to E2). and  ate for the ladder system provided by th§,5, 5P, and
performing a weighted average over a Maxwellian velocity5D¢, levels of atomic Rb, as shown in Fig. 1. The values
distribution. used for the decay rates alé,/27=6 MHz, I'3/27=1

In the limit in which the probe beam is strong, the aboveMHz, andT"; /27=0 since|1) is the ground state.
system of equations is more complicated to solve, and the Although experimentally we operate in the Doppler-
behavior of the analytic solution is less transparent. Furtherbroadened regime, insight into the behavior of this system
more, to make the problem tractable it is necessary to assunean nonetheless be gained by first looking at the homoge-
that the system is closed, which is not required in the weakneously broadened case. Figure 2 shows a typical set of theo-
probe limit since in that limit there is no population transfer.retically calculated, homogeneously broadened absorption
Experimentally, the energy-level structure is more complexprofiles under a variety of conditions, and several features
and in particular the presence of hyperfine structure in there worthy of note. For zero detuning of the control beam
ground state results in possible complications caused by opFigs. 2a) and Zc)], the initial probe absorption line splits
tical pumping effects in the presence of a strong probe fieldinto two peaks of equal amplitude, known as an Autler-
Nonetheless, significant physical insight can be gained fronTownes doublet. In the weak probe linfifig. 2@)], the
our simple three-level model into the effect of driving the peaks are separated by the Rabi frequency of the control
ladder system with probe and control fields that are botHield, but for a stronger probe fie[dFig. 2(c)] the separation
allowed to be strong. of the peaks increases. For nonzero control detuning, the
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FIG. 3. Theoretically calculated, Doppler-broadened probe ab-sl)-p:100 MHz, ©1,=100 MHZ; (b) 0,=100 MHz, ;=200 MHz;

sorption as a function of probe detuning from resonance for sever 5 (. =1000 MHz.Q. =500 MHz: (d) Q..=5000 MHz Q..=1000
probe and control field strengths. The solid line in each figure ia( sz ne AL e

with the control field on, the dotted line is with the control field off.
Control and probe field strengths are indicated in the column an

. %han for the case of perfect two-photon Doppler cancellation.
row headings.

In cases wheré) . significantly exceeds the Doppler width,

. the results qualitatively resemble the homogeneously broad-
amplitudes of the two peaks are no longer equal and thei g y 9 y

S LA Ened case, in which a single absorption line is split into two
separat!on IS larger. In th_e weak probe I"fm'g'_ 2b)], thg peaks separated by the Rabi frequency of the control laser.
separation is well described by the generalized Rabi fre

X " Typically, under conditions in which both fields are
quency, given by strong but the control field is stronger than the probe field,
the qualitative behavior is similar to that of the weak probe
Q= \/Q§+5§- ®) limit. However, comparing the results at a fixed control
power while varying the probe power leads to a reduction in
At high probe powers withs.#0 [Fig. 2(d)], the doublet the maximum induced transparency that can be achieved. A
spacing is again larger than in the weak probe case. Thespialitative change in behavior occurs for a relatively weak
changes in the doublet spacing alter the overlap of the coreontrol field when the probe field is comparable to or greater
tributions of the different velocity subgroups to the Doppler-in magnitude than the control field. In these cases, different
averaged susceptibility and have an important impact on thepectral features appear near the line center, and atomic co-
behavior of the inhomogeneously broadened system. As thigerences can even give rise to enhanced absorption rather
probe power is increased, the amplitude of a particular abthan induced transparency. This point is made clear by com-
sorption peak decreases and its width increases, displayingaring the traces in the first column of Fig. 3 fr,=20
the expected saturation and power-broadening behavior. AgiHz at probe strengths d2,=0.1 MHz and(),=50 MHz.
illustrated in Fig. 2a), as long ad) .= I',I'5, in the weak- Under identical conditions except for the strength of the
probe case there will be nearly zero absorptionsgt0.  probe field, there is an absorption dip in the weak probe limit
However, in the presence of significant power broadeningt §,=0 that transforms into a region of enhanced absorp-
due to a strong probe field as shown in Fi¢c)2the broader tion in the presence of a stronger probe field. In the latter
peaks that make up the Autler-Townes doublet now overlagase, induced transparency can be recovered by increasing
and contribute to significant absorption &=0. This also  the strength of the control field as shown by the traces in the
leads to a deterioration of EIT in the Doppler-broadenedast three columns of the second row of Fig. 3. The “elec-
case. tromagnetically enhanced absorption” behavior shown here
Figure 3 shows calculated absorption profiles for theis similar to behavior recently observed using pulsed lasers
Doppler-averaged case for several control field and prob& molecular NO[10].
field strengths. At low probe powers, we reproduce previous Figure 4 shows the level populations for the Doppler
results[8], where EIT results in a hole in the absorption broadened case under a variety of conditions. Note that there
profile whose width is comparable .. In cases wher€ .  are conditions under which a steady-state population inver-
is small compared to the Doppler width of the absorptionsion exists between level8) and|2) [Figs. 4a), 4(b), and
profile, Avp, this hole appears as a very narrow feature.4(c)] and where a small inversion exists between ley2}s
Although the persistence of EIT in the presence of Doppleland |1) [Fig. 4(d)]. Moreover, examination of the corre-
broadening fo) . <Avyp is a result of the two-photon Dop- sponding susceptibilitiegnot shown reveals that these in-
pler cancellation arising from counterpropagating lasersersions are not correlated with optical gain and illustrates
beams, Shepherd, Fulton, and Duf8] demonstrated the the breakdown of the traditional correspondence between in-
surprising result that EIT is optimized whe#,>w, rather  version and gain. The converse effect of gain without inver-
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FIG. 5. Schematic of the experimental setup. Probe and control beams are counterpropagating and orthogonally polarized.

sion has led to the demonstration of an inversionless lasatigital oscilloscope. Frequency calibration of the laser scan
[11]. is obtained by using the known hyperfine splitting and iso-
tope shifts of the Rb S;;, ground state, which for the two
IIl. EXPERIMENTAL RESULTS common isotopes results in four resolvable peaks as the laser
is scanned across thg2 line. Although the hyperfine levels
Our three-level ladder system is experimentally realizedbf the 5P, state are not resolvable as a result of their small
by a gas of Rb atoms. As shown in Fig. 1, the probe transisplittings in comparison to the Doppler width, the overall
tion is the 55,,,—5P3;, D2 line at a wavelength of 780 nm, linewidth is slightly in excess of what would be expected for
and the control transition isP;,,— 5D5, at a wavelength of  a single Doppler-broadened line. EIT is observed for each of
776 nm. The natural linewidth of the probe transition is 6the four resolvable peaks, and all the data shown in this
MHz, and the natural linewidth of the control transition is 1 paper are associated with transitions fromEhe2 hyperfine
MHz. The geometry of the apparatus is shown in Fig. 5. Thdevel of the 8Rb 5S,,, ground state. The Rb vapor pressure
Rb vapor cell is 5 mm thick and is held at a fixed tempera-s adjusted so that the transmission of the probe at the center
ture between 50 °C and 100 °C by heater elements, whicbf this line with no control field is approximately 30%. In all
allows the atomic number density to be varied from approxicases, the control laser is tuned nearly to resonance by ad-
mately 163* cm 3 to 10 cm 3. Doppler broadening of justing its frequency so that EIT is optimized in the weak
both the control and probe transitions in this temperaturgrobe limit.
range results in linewidths for each transition of roughly 600 Probe transmission measurements are shown in Fig. 6.
MHz and is the dominant broadening mechanism under thes@/e find good qualitative agreement between experiment and
conditions. The control transition is driven by a single-
frequency Ti:sapphire laser, which can produce powers in
excess bl W at the Rbcell. The probe transition is driven
by a single-frequency external-cavity diode laser. The
Ti:sapphire laser beam is focused into the cell with fan
=40-cm lens, which can result in values for the Rabi fre-
guency of the control beam in excess of 10 GHz. To achieve
favorable overlap with the control beam, the probe beam
mode is made round with an anamorphic prism pair and is
focused more tightly than the control beam byfan25-cm
lens. The lasers are counterpropagating and have orthogonal
linear polarizations to allow for easy separation of the con-
trol and probe beams with a polarizing beamsplitter. A dif-
fraction grating is used as one of the steering elements for
the probe beam, so that Ti:sapphire light 776 nm rather Tha e
than 780 nm does not feed directly into the diode laser. In ’
addition, the diode laser is protected from other optical feed-

back by a Faraday isolator that provides in excess of 30 dB g6, Experimental probe transmission measurements for sev-

of isolation. The probe beam is detected by a photodiodegra| probe strengths. The solid line is with the control field on, and

and background light is reduced by the use of a polarizer anghe dotted line is with the control field off. In(@ I,

a 3-nm-bandwidth interference filter. =10 mWwienf, 1.=35 Wicnf; (b) 1,=10 mWicn?, I,
Data are taken by scanning the frequency of the diode-400 wrcen?; (o) 1,=2 Wrlen?, 1.,=35 Wienf; (d) |,

laser and recording the detected probe transmission on a2 Wicn?, |,=400 Wicnf.

transmission

transmission

8, (GHz) 3, (GHz)
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theory. Under optimal conditions, the presence of the control 2>
beam causes the transmission of the weak probe beam to
increase from roughly 35% to over 90%. At modest values of
Q., we observe EIT as a deep but narrow dip in the trans-

A4 A4
mission profilg Fig. 6(a)], and at large control Rabi frequen- 2y } K
cies the probe transmission profile splits into two clearly
distinct peaks separated by, [Fig. 6(b)]. As the strength of
the probe is increased, the level of induced transparency is 1
reduced, and under conditions whelg, becomes compa- (a) ) (©

rable to ()., strong-probe effects are seen to lead to en- )
hanced absorptiofFig. 6c)]. Finally, if the probe remains ~ F!G. 7. Alternate quantum-mechanical pathways for i
strong and the strength of the control field is increased, EIT~2) transition.

can be recoverefFig. 6(d)]. . .
trig. 6(d)] tive interference between the two pathways and in the reduc-

Quantitative comparison with theory is difficult for a . " .
number of reasons. One difficulty lies in determining thetio Of the total probability that a probe photon will be ab-
sorbed. If the probe field is allowed to be strong, then

effective Rabi frequency of the beams, particularly the probe>~" -~ , st f
Since the probe is absorbed as it propagates through the cefidditional multiphoton pathways exist frofd) tﬁ [2). In
its intensity is not uniform throughout the cell. In addition, Particular, there is the five-photon transition shown in Fig.

since both lasers are intense and are nearly resonant with 4 involving three probe photons and two control photons.

atomic transition, self-focusing effects may lead to a changd NS t€rm and other higher-order terms become important as
in the spatial profile of the focused beams. Since EIT itself€ strength of the probe is increased an_d interfere W'th. the
has been shown to have an effect on the self-focusing prd2N€-Photon and three-photon terms, which can result in a
cess12,13, accurately determining the focused spot size ofdeterioration of the induced transparency and even in in-

the two beams is made more complicated. The hyperfingu_ced absorption. This_"interfgring-.pathway_s” description
structure associated with the intermediatBs5 state and 'S illustrated by performing an iterative solution to the sys-
with the 5Dy, state results in additional complications not tem of Egs(1a)—(1€) for resonant probe and control fields to

considered in our theoretical model and makes it difficult to®Ptain a power Series expansion for, that.contams terms
determine effective Rabi frequencies and field detunings. 1P tO third order inf, and()¢. The result is

addition, our experimental three-level system is not closed, _i0 [ 02 02
and the presence of hyperfine structure in the ground state Por= Plq— c __P +AQZQ§ , (6)
allows for the possibility of optical pumping effects. How- 2721[ Aynya Tava P

ever, optical pumping effects would tend to increase the
transmission of the probe beam as its intensity is increaseéf,’here
which is the opposite of what we observe experimentally,

indicating that it is less important than other strong probe A= 1 + 1 + 1

effects that are included in our model. Finally, the effects of 2T, y575 8l27v217a31Y32  16y,195,732

the finite linewidth of both lasers are not considered in our

model. Despite all of these complications, the fact that the 3 1 B 1 @
experimental data demonstrate the principal qualitative fea- 4T3l 221732 8l'3v21v31Y32

tures predicted by our theoretical model clearly indicates that o _ .
it contains the most important physical mechanisms resporif the absence of collisional dephasing, the last four terms in
sible for strong probe effects. Eq. (7) cancel, and Eq(6) reduces to

: 2 2 202
-0 02 0r 020

IV. DISCUSSION p21= - - + '
21 2721{ 4yarvsr Tovar 2T,95,v41

®

Our theoretical and experimental results demonstrate that
the strength of the probe field can alter the behavior of ouiThis expression clearly shows the various multiphoton pro-
system in important ways. In particular, increasing the probeesses that contribute to the response of the ladder system
strength decreases the degree of EIT and can result in elegthen the probe and control fields are both strong. The first
tromagnetically enhanced absorption. To understand the urterm in Eq.(8) represents linear absorptigrig. 7(a)], and
derlying reason for this behavior, recall that the fundamentathe second is the lowest-order term in the control field which
mechanism responsible for EIT is the quantum interferencénterferes destructively with the linear absorption term and is
between two alternate pathways for 1§ —|2) transition.  responsible for EITFig. 7(b)]. The third term is independent
In the presence of the probe alone, there is the conventionaf the control field, and is the lowest-order term responsible
one-photon pathway directly frofi) to |2) [Fig. 7(@]. If ~ for saturated absorption. Finally, the fourth term in E8j.
one adds a strong control field, then an additional pathwayepresents the five-photon process shown in Fig), Which
results from the three-photon transition shown in Fifh)7 has the same sign as the linear absorption term and therefore
which entails the absorption of a single probe photon and théends to increase the absorption of the probe field. Other
absorption and subsequent reemission of a control photon. Imigher-order terms become important for sufficiently strong
our system, the signs of the transition amplitudes associatgatobe and control fields, but the general trends indicated by
with these two pathways are opposite, resulting in destrucboth our complete numerical solution of the density-matrix
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equations and by our experimental results are clearly retions with respect to the strength of the probe field. Our

flected by the various terms in E(B). predictions along with our experimental measurements show
that departing from the weak-probe limit leads to a deterio-
V. CONCLUSION ration of EIT and can result in electromagnetically enhanced

absorption. A power-series solution of the density-matrix
In this paper, we presented theoretical results describingquations provides a physical picture for strong probe effects
EIT in a three-level ladder system without any approxima-in terms of interfering multiphoton transition pathways.
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