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Comparison of wavelength dependence in cascade-,L-, and Vee-type schemes
for electromagnetically induced transparency
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We present a theoretical study of the effects of mismatching wavelengths for the coupling and probe fields
in Doppler-broadened media for the three basic energy level configurations commonly used to realize electro-
magnetically induced transparency~EIT!. Three wavelength regimes are considered: mismatched wavelengths
for which the coupling frequency is greater than the probe frequency, matched wavelengths for which the
coupling and probe frequencies are equal, and mismatched wavelengths for which the probe frequency is
greater than the coupling frequency. The transparency that may be induced in these regimes is compared for
the cascade-,L-, and Vee-type systems. We show that in the first mismatched regime (lc,lp) EIT is possible
in all schemes and is in fact stronger than in the matched case. It is also demonstrated that for the second
mismatched regime (lc.lp) EIT can be realized most readily in the Vee-type configuration in the presence of
Doppler broadening. These predictions are explained by considering the absorption as a function of both the
probe field detuning and the atomic velocity.@S1050-2947~99!01006-9#

PACS number~s!: 42.50.Gy, 42.50.Hz, 32.80.Qk, 32.60.1i
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I. INTRODUCTION

Amplification and lasing without inversion has recen
been the subject of much experimental work@1–14#. This
research culminated in the first observation of continu
wave ~cw! inversionless lasing by Zibrov and co-workers
1995@10#. The Zibrov scheme utilized matched~equal probe
and coupling frequency! wavelengths in a gaseous mediu
subject to the effects of Doppler broadening. While it h
been thought that mismatched~unequal probe and couplin
frequencies! wavelength systems subject to Doppler broa
ening can only be realized for high coupling field powe
@15#, such mismatched schemes will be necessary to ach
the goal of high-frequency inversionless laser systems.
deed, the impetus for studying lasing in the absence of
version is to create lasing on problematic high-frequen
transitions that cannot be accessed by conventional m
due to the requirement of a population inversion. Now t
the principle of lasing without inversion~LWI ! has been
demonstrated, it is pertinent to consider regimes for wh
the employed optical fields are unequal in wavelength.
this context, we study the phenomenon of electromagn
cally induced transparency~EIT! @16–18# that creates the
underlying reduction in absorption upon which LWI
based.

The consequences of mismatching the probe and coup
wavelengths on the transparency induced in the cascade-L-,
and Vee-type schemes are considered. The limitations
posed by Doppler broadening are explored and we exp
the surprising discovery that EIT is still realizable for mi
matched wavelengths in all three schemes, and particu
for probe frequencies higher than the employed coupling
quency in the Vee-type system. This is an important re
for the study of EIT and lasing without inversion and
explained in terms of the ‘‘many pathways to absorptio
description of EIT, considering the absorption as a funct
PRA 591050-2947/99/59~6!/4675~10!/$15.00
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of atomic velocity as well as probe field detuning. We e
plore how mismatching the wavelengths in each scheme
fects the position of the Autler-Townes components and
single- and two-photon absorption resonances. These ar
determining factors in EIT, along with the magnitude of t
Autler-Townes components as a function of frequency.

Previous work characterizing the effects of Dopp
broadening has shown that matching the probe and coup
frequencies@19# allows the EIT feature to be resolved d
spite such effects, and that this is dependent on selecting
proper geometry of either copropagating or counterpropa
ing beams@20#. Our analysis concurs with these earlier stu
ies and extends to the case of EIT realized with mismatc
wavelengths.

In earlier papers we have shown both experimentally a
theoretically that EIT is more pronounced in cascade syst
for which the coupling frequency is greater than the pro
frequency than for a matched cascade scheme@21#, and that
EIT is possible in a Vee-type Doppler-broadened scheme
probe frequencies greater than the coupling frequency@22#.
This paper widens the study to include all three possi
energy level configurations for EIT and both directions
relative wavelength mismatch.

II. BASIS OF COMPARISON

A valid comparison of the wavelength dependence in
three EIT schemes is impossible without creating hypoth
cal energy level structures. In this way a comparison can
made solely on the basis of the type of scheme and the r
tive mismatch of the probe and coupling wavelengths, wh
all other parameters are kept constant. This would not
possible if we based the study on real atomic systems
comparison of real cascade-,L-, and Vee-type schemes ha
previously been carried out by Fultonet al. @23#, but only for
the case of closely matched wavelengths.

Here we assume closed three level systems as show
4675 ©1999 The American Physical Society



t
is

e
al
te

he
il

ob
in
ot
m
y
f

pe
a
h;
o
°C
m
i-
ut

th

ts

y
id

ion
es
n
o

tio
e

d
y

f
by
k
lin
o
ri

ob

er-
he
ion
ler-
The
ith
at-
cts
uld
on

on

a

e-
.
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Fig. 1 for ~a! the cascade-,~b! the L-, and~c! the Vee-type
configurations. All the decay rates, shown in Fig. 1, are se
403106 s21 and the dephasing on the unlinked transition
also set to 403106 s21 for every system. The latter valu
corresponds to the maximum dephasing that would natur
occur due to level lifetime effects alone given the selec
decay rates.

In order to directly compare all the absorption profiles t
wavelength of the probe transition is kept constant wh
three values are selected for the coupling field. The pr
wavelength was taken to be 800 nm with three coupl
wavelengths of 400, 800, and 1600 nm. This leads to a t
of nine considered systems; i.e., three wavelengths regi
~lc,lp , lc5lp , andlc.lp) for each of the three energ
level schemes. We ensure that the chosen probe Rabi
quency, 100 kHz, does not significantly populate the up
level of the probe transition and choose a coupling field R
frequency that is approximately half the Doppler widt
these values are 250 and 500 MHz, respectively. The D
pler width is based on rubidium at a temperature of 40
for which significant absorption on the infrared rubidiu
transitions occurs~80 m21!. Rubidium vapor has been ut
lized in a wide range of EIT amplification and lasing witho
inversion experiments@6,7,9,10#.

The analysis of these systems is carried out utilizing
semiclassical density-matrix formalism@24#. The equations
describing the slowly varying density-matrix componen
have been described by ourselves@25#, and other authors
@26,27#, along with the methods employed to solve them.

III. THEORETICAL RESULTS

The calculated absorption profiles predicted for each s
tem are presented in Fig. 2. Figures 3, 4, and 5 prov
two-dimensional displays of the Autler-Townes absorpt
components and the single- and two-photon absorption r
nance positions as a function of probe field detuning a
atomic velocity for the different schemes. The explanation
our results relies on the fact that the change in absorp
with atomic velocity is different in each of the three schem
and for each of the wavelength regimes. In Figs. 3, 4, an
we follow a similar display technique to that taken b
Townes and Schawlow@28#, in that we plot, as a function o
probe field detuning, the individual contributions made
the different velocity groups across the Doppler profile ma
to the absorption of the probe in the presence of the coup
field. A horizontal line taken across the diagram refers t
particular velocity group. The points at which such an ho
zontal line intersects the two plotted curves gives the pr

FIG. 1. Energy level configurations of~a! the cascade,~b! theL,
and~c! the Vee-type schemes employed in the theoretical comp
son presented in this paper.
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field detunings corresponding to the locations of the Autl
Townes components for that particular velocity group. T
thickness of the plotted curve at each point of intersect
gives the absorption associated with that particular Aut
Townes component as experienced by the probe field.
absorption is calculated using a density-matrix analysis, w
due allowance being made for the relative population of
oms in the particular velocity group as well as for the effe
of detuning. It is important to note that the thickness sho
be read along a normal to the tangent at the given point
the curve. This avoids ambiguities at the turning point

ri-

FIG. 2. Probe field absorption as a function of probe field d
tuning for ~a! the cascade,~b! theL, and~c! the Vee-type schemes
In each case the three wavelength regimes are considered:lc

,lp ~dotted line!, lc5lp ~dashed line!, and lc.lp ~solid line!.
For ease of comparison the same vertical scale is used in~a!, ~b!,
and ~c!.



-
of
e
are

s
e
e
-

ss
n
e
re
ce
ce

PRA 59 4677COMPARISON OF WAVELENGTH DEPENDENCE IN . . .
FIG. 3. Plots of the Autler-Townes and ab
sorption resonance positions as a function
atomic velocity and probe field detuning for th
cascade scheme. Three wavelengths regimes
considered: ~a! lc,lp , ~b! lc5lp , and ~c!
lc.lp . The magnitude of the Autler-Towne
components is indicated, in each plot, by th
thickness of the lines read in the direction of th
normal to the tangent to the Autler-Townes com
ponents at a given atomic velocity. The thickne
of these lines is proportional to the absorptio
coefficient for the atomic velocity specified. Th
positions of the Autler-Townes components a
shown by solid lines, the single photon resonan
by a dashed line, and the two-photon resonan
by a dotted line.
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some of the curves. If a vertical line is drawn on the diagr
corresponding to a particular probe field detuning, the lo
tions of its intersection~s! with the plotted curves identify the
velocity group or groups~predominantly! responsible for the
absorption experienced by the probe field. Further, the s
of the thicknesses of the two curves at these intersec
points indicate the total absorption experienced by the pr
field at such a detuning. These plots thus contain all
information necessary to explain the presence or lack o
transparency in the associated absorption profile.

In calculating the curves, we assume copropaga
beams in theL- and Vee-type schemes and counterpropag
ing beams in the cascade scheme. By selecting these b
geometries, differences in the nature of the energy level c
figurations are counterbalanced, so that the Autler-Tow
components and absorption resonances occur in the s
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positions for all three schemes, for a given set of probe
coupling wavelengths. In other words when we examine
zero velocity group the Autler-Townes components are sy
metrical about the zero detuning point. When the coupl
field is detuned, however, the components become asym
ric. By choosing the appropriate beam geometries we en
that the locations of the two components for a given veloc
group are the same in each of the schemes for a given
of probe and coupling field wavelength. It isonly the mag-
nitudes of the absorption that change between the th
schemes in each of the wavelength regimes.

In the discussion that follows we distinguish two types
Autler-Townes components for any given system by not
that for high velocities the components split further apart a
one follows the position of the single-photon resonan
while the other follows the two-photon resonance. We re
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FIG. 4. Plots of the Autler-Townes and ab
sorption resonance positions as a function
atomic velocity and probe field detuning for th
L scheme. Three wavelengths regimes are c
sidered: ~a! lc,lp , ~b! lc5lp , and ~c! lc

.lp . The magnitude of the Autler-Townes com
ponents is indicated, in each plot, by the thic
ness of the lines read in the direction of the no
mal to the tangent to the Autler-Towne
components at a given atomic velocity. Th
thickness of these lines is proportional to the a
sorption coefficient for the atomic velocity spec
fied. The positions of the Autler-Townes compo
nents are shown by solid lines, the single phot
resonance by a dashed line, and the two-pho
resonance by a dotted line.
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to the former as the primary Autler-Townes component a
the latter as the secondary Autler-Townes component. A
illustration the primary and secondary Autler-Townes co
ponents are labeled in Fig. 6 for the matched wavelen
case.

IV. DISCUSSION

By considering the absorption profiles in Fig. 2 we c
immediately see that the matched wavelength regime d
not provide the best transparency in any of the energy le
schemes. In fact, the highest level of transparency is indu
in the mismatched wavelength regime for which the coupl
frequency is higher than the probe frequency (lc,lp).

In a vee-type scheme we can think of EIT occurring d
to the interference of two pathways to absorption in the ba
state picture@6,29#. Absorption of a single photon may occu
exciting an atom from stateu1& to stateu2&, or involving two
d
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photons—one from each field—stimulating the atom fro
stateu3& to stateu1& and then to stateu2& as shown in Fig. 7.
By considering the positions of the single- and two-phot
absorption resonances in Figs. 3, 4, and 5 we see tha
resonances for the two pathways to absorption are only
incident, for all schemes regardless of the probe and c
pling field wavelengths, for zero atomic velocity. Howeve
the absorption processes associated with a particular velo
group are not confined to a single discrete frequency
extend over a frequency range, which is the homogeneo
broadened line-shape function centered on the positions
dicated in Figs. 3, 4, and 5. Interference, and hence EIT, m
therefore occur at any point for which the single- and tw
photon absorption line shapes overlap to this extent. For
case in which the magnitudes of the absorption routes
equal, for a specific frequency, full cancellation may ta
place. When the magnitudes of the absorptions at a spe
frequency are unequal, a partial reduction in absorption w
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FIG. 5. Plots of the Autler-Townes and ab
sorption resonance positions as a function
atomic velocity and probe field detuning for th
Vee-type scheme. Three wavelengths regimes
considered: ~a! lc,lp , ~b! lc5lp , and ~c!
lc.lp . The magnitude of the Autler-Towne
components is indicated, in each plot, by th
thickness of the lines read in the direction of th
normal to the tangent to the Autler-Townes com
ponents at a given atomic velocity. The thickne
of these lines is proportional to the absorptio
coefficient for the atomic velocity specified. Th
positions of the Autler-Townes components a
shown by solid lines, the single photon resonan
by a dashed line, and the two-photon resonan
by a dotted line.
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occur. If, on the other hand, the absorption resonances f
given velocity are separated by much more than one ho
geneous linewidth EIT does not take place, and it becom
important to ensure that the associated~Autler-Townes split!
absorption components do not obscure the transparency
is created on resonance for other velocity groups.

The best transparency occurs when the coupling
quency is higher than the probe frequency because
Doppler-shifted contribution to the coupling field detunin
referred to here as the Doppler detuning, is greatest in
case. The Doppler shift in the frequency of the coupling fi
is proportional to the frequency of the coupling field itse
and will, therefore, increase in magnitude when we decre
the coupling field wavelength. Consequently, Autler-Town
splitting, which is dependent on detuning, will also increa
as the coupling wavelength decreases. In thelc,lp regime
a
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es
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-
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e

the Autler-Townes components for the nonzero velocity
oms are split further apart and, therefore, further away fr
resonance. Thus, EIT created at line center for the zero
locity group is better preserved in this mismatched wa
length regime because the Autler-Townes components of
nonzero velocity atoms are Doppler detuned away from re
nance and do not overlap with the transparency. Part~a! of
Figs. 3, 4, and 5 clearly show the Autler-Townes splitti
increasing with the modulus of the velocity so that coin
dence of the single- and two-photon resonances~the point for
which maximum EIT occurs! at line center is unobscured.

As we increase the coupling wavelength relative to
probe wavelength the magnitude of the Doppler detun
decreases relative to the Doppler width of the absorpt
profile, which is fixed by the probe wavelength. The Autle
Townes splitting for the nonzero velocity atoms will ten



te
e
p

ro
rin
oc
ar
n
p
t

th
n
in

ine
a
pe
yp
a
ud
ar

m
or
F
ec

fol-
his
pre-
ated
de
o-
nd-

po-
the
se

in-
er is
nd

des
ore
e-
een
he
a

ing
oves
ng
the
the

wo-
ance
ary
in-
ap-
er

red
den
es
the
orp-
on
u-

ler
ion
ly

the
ee
ary
are
be

o-
for

om
s
ou-
he
use
co-
on
ow-

ap-
it

nc
in
tl

It

4680 PRA 59J. R. BOON, E. ZEKOU, D. McGLOIN, AND M. H. DUNN
towards that for the zero velocity atoms and the associa
Autler-Townes absorptions will start to overlap with the lin
center transparency. The matched wavelength regime re
sents the special case when the Doppler shifts of the p
and coupling fields are equal and exactly cancel, ensu
that the two-photon resonance position is fixed for all vel
ity groups. The result is that the nonzero velocity, second
Autler-Townes absorptions only partially obscure the o
resonance transparency. The extent to which the trans
ency can be maintained in this regime depends largely on
dephasing. If dephasing is increased the linewidth of
Autler-Townes absorption components close to resona
will increase and further encroach on the transparency w
dow.

In the lc.lp regime Figs. 3~c!, 4~c!, and 5~c! show that
the Autler-Townes components overlap completely with l
center. We would reasonably expect the transparency cre
on resonance to be obscured and this is exactly what hap
in the L and cascade systems. However, in the Vee-t
scheme the transparency window is maintained to a gre
extent. This can be explained by considering the magnit
of the Autler-Townes components close to resonance. C
ful inspection of the traces depicted in Figs. 3, 4, and
reveals that while the positions of the Autler-Townes co
ponents are the same in each energy-level scheme, f
given set of wavelengths, the magnitudes are different.
high, positive and negative velocities the primary and s

FIG. 6. Plot of the Autler-Townes and absorption resona
positions as a function of atomic velocity and probe field detun
in the matched wavelength case. The primary and secondary Au
Townes components are clearly labeled.

FIG. 7. The one- and two-photon routes in a Vee scheme.
interference between these routes that leads to EIT.
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ondary Autler-Townes components separate and closely
low the single- and two-photon resonance positions. In t
regime the magnitudes of each component is determined
dominantly by the particular absorption resonance associ
with it. The single-photon absorption defines the magnitu
of the primary Autler-Townes component and the tw
photon absorption determines the magnitude of the seco
ary component. It is the secondary Autler-Townes com
nents that overlap with the on-resonance transparency in
lc.lp regime. In a Vee-type system the magnitude of the
secondary components falls off very rapidly as velocity
creases and consequently the transparency at line cent
not destroyed to the same extent as it is in the cascade aL
schemes.

In all three schemes it is also apparent that the magnitu
of these secondary Autler-Townes components fall off m
rapidly with increasing velocity when the coupling wav
length is lower. This trend occurs because, as has b
pointed out above, the Doppler-shifted contribution to t
coupling field detuning, for a given velocity, is greater for
higher coupling field frequency. Consequently, the coupl
field detuning changes and the two-photon resonance m
further from the intermediate atomic level as the coupli
field wavelength is decreased. Since the magnitude of
secondary Autler-Townes components are dependent on
strength of the two-photon process they reduce as the t
photon resonance moves away from simultaneous reson
with the intermediate state. This diminution of the second
Autler-Townes components always occurs as velocity
creases in a given system. Importantly, it occurs more r
idly when coupling wavelength is lower and the Doppl
shift is consequently greater for a given velocity.

The preceding argument applies to all three conside
schemes but the Vee configuration exhibits a more sud
reduction in the magnitude of the secondary Autler-Town
components. The explanation for this lies in the nature of
two-photon process. In a Vee scheme the two-photon abs
tion route begins in the upper level of the coupling transiti
and, therefore, relies on that level being significantly pop
lated. When the coupling field is detuned by the Dopp
shift associated with nonzero velocity atoms, the populat
excited into the upper level of the coupling transition rapid
falls off. Consequently, the reduction in the magnitude of
two-photon absorption is markedly more rapid in a V
scheme with increasing atomic velocity and the second
Autler-Townes components that overlap with line center
of such a low magnitude that the transparency may still
observed.

To demonstrate the difference in the nature of the tw
photon process in each scheme we consider the situation
which the coupling laser is scanned in frequency away fr
resonance with theu1&-u2& transition. Figure 8 shows a serie
of traces, for each energy level scheme, in which the c
pling field is manually detuned. EIT diminishes as t
manual detuning of the coupling laser is increased beca
the two-photon and single-photon resonances no longer
incide at line center. Gradually the single and two-phot
processes are resolved as distinct absorption peaks. H
ever, the isolated two-photon absorption peak quickly dis
pears with increasing detuning in the Vee scheme while
persists for theL and cascade systems.
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FIG. 8. A series of absorption profiles showing manual detuning of the coupling field in~a! the cascade,~b! theL, and~c! the Vee-type
systems. The coupling field detuning associated with each trace is indicated to the right of the figure. The topmost trace shows the
two-photon absorption routes interfering to create EIT and the bottom trace shows the resolved absorption profiles of the sin
two-photon processes.
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Returning to the case in which the coupling field is n
manually detuned, we conclude that the two-photon proc
in a Vee scheme is strong for the zero velocity atoms
cause the coupling field is on resonance and significa
populates levelu2&. Furthermore, when the coupling field
Doppler shifted from resonance the two-photon effect dim
ishes because significant population is no longer excited
level u2&. Consequently, the two-photon absorption is pres
for atomic velocities close to zero for which the two routes
absorption interfere and we have EIT, and it is absent
higher-velocity atoms when it would otherwise overlap a
mask the transparency at line center.

Due to the fortuitous nature of the two-photon process
a Vee scheme the transparency induced therein is better
in a cascade orL scheme for each of the wavelength r
gimes. Indeed, comparison of the transparency induce
the mismatched (lc.lp) Vee scheme and the matched (lc
5lp) cascade andL systems indicates that while the tran
parency is slightly deeper in the latter case it is broader in
former. Direct comparison of the absorption profiles in t
mismatchedlc.lp regime for all schemes shows that tran
parency is present in the Vee scheme while completely
stroyed in the cascade andL systems, for our selected cou
pling field Rabi frequency. Figure 9 indicates the o
resonance absorption as a function of coupling field R
frequency. We can see that transparency is possible in
cascade andL schemes by employing a coupling field Ra
frequency large enough to split the overlapping Autl
Townes components away from line center by more than
Doppler width, as expected. However, importantly, transp
ency is achieved in the Vee scheme for a coupling field R
frequency significantly lower than the Doppler width~ap-
proximately 500 MHz!.
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V. FURTHER THEORETICAL CONSIDERATIONS

The main results of the presented analysis have been
cussed. We now consider some further points of interest
arise from the theoretical model. Firstly, in Figs. 3, 4, and
we see that as the coupling wavelength increases so doe
range over which absorption may be observed in all th
schemes. This increase in bandwidth occurs because the
photon process persists for higher-velocity atoms due to
reduction in the magnitude of the Doppler shift for a giv
atomic velocity. There is a corresponding reduction in t
peak-predicted absorption because the total number of

FIG. 9. The on-resonance transparency is plotted as a func
of linear coupling field Rabi frequency for all three EIT scheme
The Vee-type scheme is depicted by a solid line and the cas
and L systems are indicated by dotted and dashed lines, res
tively.
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sorbing atoms remains constant. The total integrated abs
tion is always the same regardless of the choice of probe
coupling wavelengths.

Secondly, if we compare the magnitudes of the Autl
Townes components of the cascade andL schemes we no
tice, for example, that while the absorption profiles for t
matched wavelength systems are identical in Fig. 2
Autler-Townes absorptions in Figs. 3 and 4 are of a low
magnitude in theL scheme. This apparent discrepancy is d
to linewidth effects. Referring back to Fig. 1, we see that
the Lambda scheme both the decay ratesG31 and G32 de-
scribe population movement out of the upper level of
probe transition. The total decay from this level in theL
scheme, which determines the linewidth, is therefore tw
the value for the cascade- and Vee-type systems. Co
quently, the absorption profile of each individual Autle
Townes component is spread out in wavelength and redu
in peak magnitude, with no change in the total absorpti
When we integrate over all atomic velocities, we therefo
get the same ‘‘net’’ absorption profile in the cascade andL
schemes for the matched wavelength case.

Interestingly, if we consider the absorption profiles for t
matched energy level schemes in Fig. 2 we see two sh
peaks on either side of line center. These are created bec
the two-photon resonance point is fixed for all velocities a
the secondary Autler-Townes components line up with
zero velocity components to form sharp peaks of high m
nitude on either side of resonance. In the Vee-type ene
level scheme these peaks are of a significantly lower ma
tude. This result is a consequence of the two-photon pro
diminishing rapidly when the coupling field is detuned.

So far, we have failed to take into account the effect
coupling field saturation. The cynic may claim that the d
ference in the three energy level schemes is a result of p
lation transfer due to this effect rather than EIT. It is true
say that coupling field saturation plays its part in reduc
the absorption as it does in any system based on a
scheme, but it is not the presence of this effect that allows
to observe transparency in thelc.lp regime, rather the ab
sence of it. Coupling field saturation occurs in a Vee sche
because the coupling field is connected to the ground s
and, therefore, excites a fraction of the population from t
state into the upper level of the coupling field transition. T
exact proportion of the population excited in this way w
depend upon the strength of the coupling field. There is
course, an upper limit that occurs when the coupling fi
transition is saturated and the populations in the upper
lower levels are equalized. In a Doppler-broadened sys
this process is velocity selective. While the velocity group
atoms for which the coupling field is on resonance w
quickly become saturated, other velocity groups for wh
the coupling field is detuned will not. In the latter case, t
effects of coupling field saturation are minimal.

Coupling field saturation is inextricably linked to EI
since the latter effect relies on the interference of single-
two-photon absorption, and the magnitude of the two-pho
absorption is dependent on the population in the upper le
of the coupling transition. If we consider Figs. 3, 4, and 5
see that the lack of a reduction in absorption in the casc
andL schemes is not due to a lack of induced transpare
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for the zero velocity group at line center. In fact, EIT st
takes place for atoms at rest, but it is masked by the seco
ary Autler-Townes absorptions of the higher-velocity grou
In the Vee scheme, we still observe the transparency tha
induced at line center in the normal way, because the s
ondary Autler-Townes components—associated with
high-velocity groups—that overlap with line center are ve
small in magnitude. As discussed earlier, these Aut
Townes components are reduced in magnitude because
two-photon process is greatly diminished when the coupl
field is detuned form resonance, i.e., when the coupling fi
saturation effect is negligible. It is, therefore, the lack
coupling field saturation for high-velocity atoms that allow
us to observe transparency in the Vee-type scheme for p
frequencies higher than the coupling field frequency. It is,
course, the case that absorption is halved by coupling fi
saturation of the zero velocity group atoms, but EIT effe
reduce absorption well beyond this limit.

VI. EXTENDING THE WAVELENGTH MISMATCH

The results discussed in this paper can be broadly app
to any mismatched Doppler-broadened system. We h
chosen to mismatch the wavelengths by varying the coup
field frequency while that of the probe is constant. In a r
experimental scheme it would be more likely that the co
pling field remained in the visible region of the spectru
while a higher frequency was sought on the probe transit
However, it is the case that the level of transparency ach
able in a system is the same for the same ratios of b
coupling field to probe field wavelengths and driving Ra
frequency to Doppler width, regardless of the actual wa
lengths involved. One further caveat is that the transit
decay rates will also effect the level of observed transp
ency.

For the Vee scheme we have seen that in thelc.lp
regime significant transparency is predicted for a driving f
quency that is half the Doppler width. In this system, t
ratio of coupling and probe wavelengths is 2:1. We c
therefore, expect that a 200-nm coupling transition drivin
100-nm probe transition will induce that same level of tran
parency if the coupling field Rabi frequency is adjusted to
half the new Doppler width and the transition decay rates
unchanged. If we further increase the ratio of coupling a
probe fields then we would expect the induced transpare
to degrade. In order to investigate this we have selecte
Vee scheme in which the coupling field is visible~500 nm!
and kept constant while the probe field wavelength is
duced; decay rates are the same as before. The ratios lo
at are approximately 2:1, 4:1, 8:1, and 16:1 and the res
are shown in Fig. 10. As the probe field is changed the c
pling field strength is altered to maintain the coupling fie
Rabi frequency at half the probe field Doppler width in ea
case; if the Rabi frequency were not changed in this way
would expect the transparency to degrade more significan
This takes the probe field down to 30 nm, well into th
vacuum ultraviolet. As can be seen, once the ratio increa
to 8:1 ~the probe at 60 nm! there is no transparency window
There is, however, a reduction in absorption due to the p
ence of the coupling field beyond that expected from c
pling field saturation alone. This reduction does manifest
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FIG. 10. Plots of probe field absorption as a function of probe field detuning in a mismatched Vee scheme. In all cases the coup
is 500 nm. In~a! the probe field is 250 nm,~b! 125 nm,~c! 60 nm,~d! 30 nm. The transparency window is seen to degrade as the rat
coupling field to probe field is increased.
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self as an EIT window as the absorption reduction is spr
out over the entire Doppler line-shape function.

The implication is that EIT can be induced, in cas
where the Rabi splitting is half the Doppler width, for co
pling field-probe field wavelength ratios of approximate
4:1 or less. In moving to higher ratios the Vee-scheme
vantage is lost and Rabi splitting comparable or greater t
the Doppler width is required. Such results are import
when practical inversionless lasing systems are under con
eration. They are also important in schemes where a ra
frequency field acts as the coupling field@30#, indicating that
a large amount of power will be required to induce transp
encies on an optical transition.

VII. CONCLUSION

The result that EIT is strongest for the mismatchedlc
,lp wavelength regime in a Cascade scheme has been
onstrated to apply to all three energy level configuratio
We have also highlighted the robust nature of the Vee-t
system that results from the unique form of the two-pho
process. While the induced transparency is more pronoun
when the coupling field frequency is higher than that of
probe, induced transparency is still realizable for hig
d

s

-
n
t
id-
io

r-

m-
.
e
n
ed
e
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frequency probe systems in a Vee-type scheme. Indeed
transparency induced in the mismatched Vee configura
(lc.lp) compares favorably with that induced in th
matched cascade andL systems. While we have not em
ployed a real atomic system in this analysis we have cle
shown that EIT can be realized in a probe field twice t
frequency of the coupling field for a sub-Doppler width Ra
frequency. These results imply that the exploitation of qu
tum coherence effects are not confined to matched wa
length systems in Doppler-broadened media, and that
Vee scheme provides the best potential level of transpare
in a system subject to Doppler effects, particularly for co
figurations in which the probe frequency is far in excess
the coupling field frequency. These results may also h
wider implications for other inhomogeneously broaden
media such as quantum wells.
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