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Investigation of electromagnetically induced transparency in the strong probe regime

S. Wielandy* and Alexander L. Gaeta
School of Applied and Engineering Physics, Cornell University, Ithaca, New York 14853

~Received 15 December 1997!

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 pathways.@S1050-2947~98!06609-8#

PACS number~s!: 42.50.Gy, 42.50.Hz
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I. INTRODUCTION

Phenomena associated with electromagnetically indu
transparency~EIT! have attracted considerable attention
recent years and offer a variety of interesting and potenti
important applications@1#. The essence of EIT is that a
atomic coherence is induced in a multilevel system by
strong ‘‘control’’ laser field, which alters the response of t
system to a ‘‘probe’’ laser field. Although systems in whic
both control and probe fields are strong have been stu
previously, the emphasis was understanding the evolu
and propagation of laser pulses@2#. Previous studies of EIT
systems in the steady state with cw lasers have focused
marily on the weak-probe limit. Since many of the potent
applications of EIT@3–6# are to enhance or facilitate nonlin
ear processes in which the probe beam is not necess
weak, it is important to understand the effect of a stro
probe field on the EIT process. An early investigation
atomic coherences in a homogeneously broadened th
level system was performed in the pioneering work of Wh
ley and Stroud@7#, in which they made several interestin
observations that foreshadowed many of the results of l
work on EIT. They demonstrated the modification of t
system’s absorption profile for a strong probe field due t
strong control field and showed that it was possible
achieve a steady-state population inversion that did not re
in optical gain. However, their analysis did not focus atte
tion on the change in the response of their system as
strength of the probe field is increased.

In this work, we consider the closed three-level ladd
scheme shown in Fig. 1, which is experimentally realized
a gas of Rb atoms with the energy levels as shown.
u2&→u3& transition is driven by a control laser field at fre
quencyvc , and theu1&→u2& transition is driven by a probe
laser field atvp , which is not necessarily weak. We prese
both a theoretical and experimental investigation of t
Doppler-broadened system in which the cw pump and pr
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fields are both allowed to be strong. Our results show t
saturation effects resulting from the strong probe dimin
the induced transparency and can even lead to enhance
sorption under circumstances in which a weak probe wo
experience enhanced transmission. In Sec. II, we prese
theoretical treatment, where we solve the steady-s
density-matrix equations for this system and perform a D
pler average over the atomic velocity distribution. In Sec.
we present experimental results and compare them with
predictions of the theory. In Sec. IV, we present a pow
series solution of the density-matrix equations that provi
a physical picture for strong-probe-field effects in terms
interfering multiphoton transition pathways. In Sec. V w
offer concluding remarks.

II. THEORY

Consider the three-level ladder system shown in Fig.
which we assume in this model to be closed. Letv21 be the
frequency of theu1&→u2& transition, andv32 be the fre-
quency of theu2&→u3& transition. The system is driven by
control field with amplitudeEc at frequencyvc , and by a
probe field with amplitudeEp at frequencyvp . Solving the
density-matrix equations for this system in steady state
applying the rotating-wave approximation yields the follow
ing set of equations:

FIG. 1. Energy level scheme for the ladder system. Also sho
are the corresponding states and wavelength separations for a
rubidium.
2500 © 1998 The American Physical Society
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r215
i /2@Vp~r222r11!2Vc* r31#

g212 idp
, ~1a!

r325
i /2@Vc~r332r22!1Vp* r31#

g322 idc
, ~1b!

r315
i /2~Vpr322Vcr21!

g312 i ~dp1dc!
, ~1c!

r225
i

2G2
~Vp* r212Vpr12!, ~1d!

and

r335
i

2G3
~Vc* r322Vcr23!, ~1e!

where dc5vc2v32, dp5vp2v21, Vc52m32Ec /\, and
Vp52m21Ep /\. In the absence of collisions,g i j 5(G i
1G j )/2, whereG i is the natural decay rate of levelu i &. In the
limit of a weak probe, Gea-Banaclocheet al. @8# showed that
the solution to these equations forr21 to first order in the
probe field and to all orders in the control field is

r215
iVp/2

idp2g211
Vc

2/4

i ~dp1dc!2g31

, ~2!

which displays the essence of EIT. The response of the
tem to the probe field is determined by the above expres
through the proportionality between the susceptibility a
r21, that is,

x2152
2Nm21

2

\Vp
r21. ~3!

The effect of the control laser is seen in the extra term t
appears in the denominator of Eq.~2!. Moreover, the two-
photon detuning term suggests that even in a Dopp
broadened atomic vapor it is possible to realize a system
benefits from significant two-photon Doppler cancellation
using counterpropagating control and probe lasers. The
havior of the Doppler-broadened system can be calculate
adding appropriate Doppler-detuning terms to Eq.~2! and
performing a weighted average over a Maxwellian veloc
distribution.

In the limit in which the probe beam is strong, the abo
system of equations is more complicated to solve, and
behavior of the analytic solution is less transparent. Furth
more, to make the problem tractable it is necessary to ass
that the system is closed, which is not required in the we
probe limit since in that limit there is no population transfe
Experimentally, the energy-level structure is more compl
and in particular the presence of hyperfine structure in
ground state results in possible complications caused by
tical pumping effects in the presence of a strong probe fi
Nonetheless, significant physical insight can be gained fr
our simple three-level model into the effect of driving th
ladder system with probe and control fields that are b
allowed to be strong.
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We calculate the response of the Doppler-broade
three-level ladder system to a strong probe field for the c
of counterpropagating probe and control fields by making
substitutions

dp→dp1
v
c

vp , ~4a!

dc→dc2
v
c

vc , ~4b!

and

~dp1dc!→~dp1dc!1
v
c

~vp2vc! ~4c!

in the density-matrix equations of Eq.~1!. We then numeri-
cally solve this system of equations forr21 and perform an
average of the result over a Maxwell-Boltzmann veloc
distribution. To provide a connection to our experimen
calculations were performed using the parameters appro
ate for the ladder system provided by the 5S1/2, 5P3/2, and
5D5/2 levels of atomic Rb, as shown in Fig. 1. The valu
used for the decay rates areG2 /2p56 MHz, G3 /2p51
MHz, andG1 /2p50 sinceu1& is the ground state.

Although experimentally we operate in the Dopple
broadened regime, insight into the behavior of this syst
can nonetheless be gained by first looking at the homo
neously broadened case. Figure 2 shows a typical set of t
retically calculated, homogeneously broadened absorp
profiles under a variety of conditions, and several featu
are worthy of note. For zero detuning of the control bea
@Figs. 2~a! and 2~c!#, the initial probe absorption line split
into two peaks of equal amplitude, known as an Autle
Townes doublet. In the weak probe limit@Fig. 2~a!#, the
peaks are separated by the Rabi frequency of the con
field, but for a stronger probe field@Fig. 2~c!# the separation
of the peaks increases. For nonzero control detuning,

FIG. 2. Theoretically calculated, homogeneously broade
probe absorption as a function of probe detuning from resona
under different conditions. The dotted line is with the control fie
off, and the solid line is with the control field on. In~a! Vp50.1
MHz, Vc5200 MHz, dc50; ~b! Vp50.1 MHz, Vc5200 MHz,
dc5200 MHz; ~c! Vp5100 MHz, Vc5200 MHz, dc50; ~d!
Vp5100 MHz,Vc5200 MHz,dc5200 MHz.
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2502 PRA 58S. WIELANDY AND ALEXANDER L. GAETA
amplitudes of the two peaks are no longer equal and t
separation is larger. In the weak probe limit@Fig. 2~b!#, the
separation is well described by the generalized Rabi
quency, given by

Vc85AVc
21dc

2. ~5!

At high probe powers withdcÞ0 @Fig. 2~d!#, the doublet
spacing is again larger than in the weak probe case. Th
changes in the doublet spacing alter the overlap of the c
tributions of the different velocity subgroups to the Dopple
averaged susceptibility and have an important impact on
behavior of the inhomogeneously broadened system. As
probe power is increased, the amplitude of a particular
sorption peak decreases and its width increases, displa
the expected saturation and power-broadening behavior
illustrated in Fig. 2~a!, as long asVc*AG2G3, in the weak-
probe case there will be nearly zero absorption atdp50.
However, in the presence of significant power broaden
due to a strong probe field as shown in Fig. 2~c!, the broader
peaks that make up the Autler-Townes doublet now ove
and contribute to significant absorption atdp50. This also
leads to a deterioration of EIT in the Doppler-broaden
case.

Figure 3 shows calculated absorption profiles for
Doppler-averaged case for several control field and pr
field strengths. At low probe powers, we reproduce previ
results @8#, where EIT results in a hole in the absorptio
profile whose width is comparable toVc . In cases whereVc
is small compared to the Doppler width of the absorpt
profile, DnD , this hole appears as a very narrow featu
Although the persistence of EIT in the presence of Dopp
broadening forVc,DnD is a result of the two-photon Dop
pler cancellation arising from counterpropagating las
beams, Shepherd, Fulton, and Dunn@9# demonstrated the
surprising result that EIT is optimized whenvc.vp rather

FIG. 3. Theoretically calculated, Doppler-broadened probe
sorption as a function of probe detuning from resonance for sev
probe and control field strengths. The solid line in each figure
with the control field on, the dotted line is with the control field o
Control and probe field strengths are indicated in the column
row headings.
ir

-

se
n-
-
e

he
b-
ng
As

g

p

d

e
e
s

.
r

s

than for the case of perfect two-photon Doppler cancellati
In cases whereVc significantly exceeds the Doppler width
the results qualitatively resemble the homogeneously bro
ened case, in which a single absorption line is split into t
peaks separated by the Rabi frequency of the control las

Typically, under conditions in which both fields ar
strong but the control field is stronger than the probe fie
the qualitative behavior is similar to that of the weak pro
limit. However, comparing the results at a fixed contr
power while varying the probe power leads to a reduction
the maximum induced transparency that can be achieve
qualitative change in behavior occurs for a relatively we
control field when the probe field is comparable to or grea
in magnitude than the control field. In these cases, differ
spectral features appear near the line center, and atomic
herences can even give rise to enhanced absorption ra
than induced transparency. This point is made clear by c
paring the traces in the first column of Fig. 3 forVc520
MHz at probe strengths ofVp50.1 MHz andVp550 MHz.
Under identical conditions except for the strength of t
probe field, there is an absorption dip in the weak probe li
at dp50 that transforms into a region of enhanced abso
tion in the presence of a stronger probe field. In the la
case, induced transparency can be recovered by increa
the strength of the control field as shown by the traces in
last three columns of the second row of Fig. 3. The ‘‘ele
tromagnetically enhanced absorption’’ behavior shown h
is similar to behavior recently observed using pulsed las
in molecular NO@10#.

Figure 4 shows the level populations for the Dopp
broadened case under a variety of conditions. Note that th
are conditions under which a steady-state population inv
sion exists between levelsu3& and u2& @Figs. 4~a!, 4~b!, and
4~c!# and where a small inversion exists between levelsu2&
and u1& @Fig. 4~d!#. Moreover, examination of the corre
sponding susceptibilities~not shown! reveals that these in
versions are not correlated with optical gain and illustra
the breakdown of the traditional correspondence between
version and gain. The converse effect of gain without inv
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FIG. 4. Theoretically calculated, Doppler-broadened level po
lations for various probe and control Rabi frequencies. The s
line is r11, the dotted line isr22, and the dashed line isr33. In ~a!
Vp5100 MHz,Vc5100 MHz; ~b! Vp5100 MHz,Vc5200 MHz;
~c! Vp51000 MHz,Vc5500 MHz; ~d! Vp55000 MHz,Vc51000
MHz.
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FIG. 5. Schematic of the experimental setup. Probe and control beams are counterpropagating and orthogonally polariz
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sion has led to the demonstration of an inversionless la
@11#.

III. EXPERIMENTAL RESULTS

Our three-level ladder system is experimentally realiz
by a gas of Rb atoms. As shown in Fig. 1, the probe tran
tion is the 5S1/2→5P3/2 D2 line at a wavelength of 780 nm
and the control transition is 5P3/2→5D5/2 at a wavelength of
776 nm. The natural linewidth of the probe transition is
MHz, and the natural linewidth of the control transition is
MHz. The geometry of the apparatus is shown in Fig. 5. T
Rb vapor cell is 5 mm thick and is held at a fixed tempe
ture between 50 °C and 100 °C by heater elements, wh
allows the atomic number density to be varied from appro
mately 1011 cm23 to 1013 cm23. Doppler broadening of
both the control and probe transitions in this temperat
range results in linewidths for each transition of roughly 6
MHz and is the dominant broadening mechanism under th
conditions. The control transition is driven by a singl
frequency Ti:sapphire laser, which can produce powers
excess of 1 W at the Rbcell. The probe transition is driven
by a single-frequency external-cavity diode laser. T
Ti:sapphire laser beam is focused into the cell with anf
540-cm lens, which can result in values for the Rabi f
quency of the control beam in excess of 10 GHz. To achi
favorable overlap with the control beam, the probe be
mode is made round with an anamorphic prism pair and
focused more tightly than the control beam by anf 525-cm
lens. The lasers are counterpropagating and have orthog
linear polarizations to allow for easy separation of the c
trol and probe beams with a polarizing beamsplitter. A d
fraction grating is used as one of the steering elements
the probe beam, so that Ti:sapphire light~at 776 nm rather
than 780 nm! does not feed directly into the diode laser.
addition, the diode laser is protected from other optical fe
back by a Faraday isolator that provides in excess of 30
of isolation. The probe beam is detected by a photodio
and background light is reduced by the use of a polarizer
a 3-nm-bandwidth interference filter.

Data are taken by scanning the frequency of the di
laser and recording the detected probe transmission o
er
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digital oscilloscope. Frequency calibration of the laser sc
is obtained by using the known hyperfine splitting and is
tope shifts of the Rb 5S1/2 ground state, which for the two
common isotopes results in four resolvable peaks as the l
is scanned across theD2 line. Although the hyperfine levels
of the 5P3/2 state are not resolvable as a result of their sm
splittings in comparison to the Doppler width, the over
linewidth is slightly in excess of what would be expected f
a single Doppler-broadened line. EIT is observed for each
the four resolvable peaks, and all the data shown in
paper are associated with transitions from theF52 hyperfine
level of the 85Rb 5S1/2 ground state. The Rb vapor pressu
is adjusted so that the transmission of the probe at the ce
of this line with no control field is approximately 30%. In a
cases, the control laser is tuned nearly to resonance by
justing its frequency so that EIT is optimized in the we
probe limit.

Probe transmission measurements are shown in Fig
We find good qualitative agreement between experiment

FIG. 6. Experimental probe transmission measurements for
eral probe strengths. The solid line is with the control field on, a
the dotted line is with the control field off. In~a! I p

510 mW/cm2, I c535 W/cm2; ~b! I p510 mW/cm2, I c

5400 W/cm2; ~c! I p52 W/cm2, I c535 W/cm2; ~d! I p

52 W/cm2, I c5400 W/cm2.
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2504 PRA 58S. WIELANDY AND ALEXANDER L. GAETA
theory. Under optimal conditions, the presence of the con
beam causes the transmission of the weak probe bea
increase from roughly 35% to over 90%. At modest values
Vc , we observe EIT as a deep but narrow dip in the tra
mission profile@Fig. 6~a!#, and at large control Rabi frequen
cies the probe transmission profile splits into two clea
distinct peaks separated byVc @Fig. 6~b!#. As the strength of
the probe is increased, the level of induced transparenc
reduced, and under conditions whereVp becomes compa
rable to Vc , strong-probe effects are seen to lead to
hanced absorption@Fig. 6~c!#. Finally, if the probe remains
strong and the strength of the control field is increased,
can be recovered@Fig. 6~d!#.

Quantitative comparison with theory is difficult for
number of reasons. One difficulty lies in determining t
effective Rabi frequency of the beams, particularly the pro
Since the probe is absorbed as it propagates through the
its intensity is not uniform throughout the cell. In additio
since both lasers are intense and are nearly resonant wi
atomic transition, self-focusing effects may lead to a cha
in the spatial profile of the focused beams. Since EIT its
has been shown to have an effect on the self-focusing
cess@12,13#, accurately determining the focused spot size
the two beams is made more complicated. The hyper
structure associated with the intermediate 5P3/2 state and
with the 5D5/2 state results in additional complications n
considered in our theoretical model and makes it difficult
determine effective Rabi frequencies and field detunings
addition, our experimental three-level system is not clos
and the presence of hyperfine structure in the ground s
allows for the possibility of optical pumping effects. How
ever, optical pumping effects would tend to increase
transmission of the probe beam as its intensity is increa
which is the opposite of what we observe experimenta
indicating that it is less important than other strong pro
effects that are included in our model. Finally, the effects
the finite linewidth of both lasers are not considered in o
model. Despite all of these complications, the fact that
experimental data demonstrate the principal qualitative
tures predicted by our theoretical model clearly indicates
it contains the most important physical mechanisms resp
sible for strong probe effects.

IV. DISCUSSION

Our theoretical and experimental results demonstrate
the strength of the probe field can alter the behavior of
system in important ways. In particular, increasing the pro
strength decreases the degree of EIT and can result in
tromagnetically enhanced absorption. To understand the
derlying reason for this behavior, recall that the fundamen
mechanism responsible for EIT is the quantum interfere
between two alternate pathways for theu1&→u2& transition.
In the presence of the probe alone, there is the conventi
one-photon pathway directly fromu1& to u2& @Fig. 7~a!#. If
one adds a strong control field, then an additional pathw
results from the three-photon transition shown in Fig. 7~b!,
which entails the absorption of a single probe photon and
absorption and subsequent reemission of a control photo
our system, the signs of the transition amplitudes associ
with these two pathways are opposite, resulting in destr
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tive interference between the two pathways and in the red
tion of the total probability that a probe photon will be a
sorbed. If the probe field is allowed to be strong, th
additional multiphoton pathways exist fromu1& to u2&. In
particular, there is the five-photon transition shown in F
7~c! involving three probe photons and two control photon
This term and other higher-order terms become importan
the strength of the probe is increased and interfere with
one-photon and three-photon terms, which can result i
deterioration of the induced transparency and even in
duced absorption. This ‘‘interfering-pathways’’ descriptio
is illustrated by performing an iterative solution to the sy
tem of Eqs.~1a!–~1e! for resonant probe and control fields
obtain a power series expansion forr21 that contains terms
up to third order inVp andVc . The result is

r215
2 iVp

2g21
F12

Vc
2

4g21g31
2

Vp
2

G2g21
1AVp

2Vc
2G , ~6!

where

A5
1

2G2g21
2 g31

1
1

8G2g21g31g32
1

1

16g21g31
2 g32

2
1

4G3G2g21g32
2

1

8G3g21g31g32
. ~7!

In the absence of collisional dephasing, the last four term
Eq. ~7! cancel, and Eq.~6! reduces to

r215
2 iVp

2g21
F12

Vc
2

4g21g31
2

Vp
2

G2g21
1

Vp
2Vc

2

2G2g21
2 g31

G . ~8!

This expression clearly shows the various multiphoton p
cesses that contribute to the response of the ladder sy
when the probe and control fields are both strong. The fi
term in Eq.~8! represents linear absorption@Fig. 7~a!#, and
the second is the lowest-order term in the control field wh
interferes destructively with the linear absorption term and
responsible for EIT@Fig. 7~b!#. The third term is independen
of the control field, and is the lowest-order term responsi
for saturated absorption. Finally, the fourth term in Eq.~8!
represents the five-photon process shown in Fig. 7~c!, which
has the same sign as the linear absorption term and there
tends to increase the absorption of the probe field. Ot
higher-order terms become important for sufficiently stro
probe and control fields, but the general trends indicated
both our complete numerical solution of the density-mat

FIG. 7. Alternate quantum-mechanical pathways for theu1&
→u2& transition.
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equations and by our experimental results are clearly
flected by the various terms in Eq.~8!.

V. CONCLUSION

In this paper, we presented theoretical results describ
EIT in a three-level ladder system without any approxim
tt.
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tions with respect to the strength of the probe field. O
predictions along with our experimental measurements sh
that departing from the weak-probe limit leads to a deter
ration of EIT and can result in electromagnetically enhanc
absorption. A power-series solution of the density-mat
equations provides a physical picture for strong probe effe
in terms of interfering multiphoton transition pathways.
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