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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 transparen@lT). 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-\-, and Vee-type systems. We show that in the first mismatched regigseX;) 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 regimeN;>\ ) 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 velocif$1050-2947®9)01006-9

PACS numbes): 42.50.Gy, 42.50.Hz, 32.80.Qk, 32.60.

I. INTRODUCTION of atomic velocity as well as probe field detuning. We ex-
plore how mismatching the wavelengths in each scheme af-
Amplification and lasing without inversion has recently fects the position of the Autler-Townes components and the
been the subject of much experimental wk-14. This  single- and two-photon absorption resonances. These are the
research culminated in the first observation of continuougletermining factors in EIT, along with the magnitude of the
wave (cw) inversionless lasing by Zibrov and co-workers in Autler-Townes components as a function of frequency.
1995[10]. The Zibrov scheme utilized matchéequal probe Previous work characterizing the effects of Doppler

and coupling frequengywavelengths in a gaseous medium broadening has shown that matching the probe and coupling

subject to the effects of Doppler broadening. While it hasirequencieq 19] allows the EIT feature to be resolved de-

been thought that mismatchédnequal probe and coupling spite such effects, an_d that this is dependent on selecting the
frequencies wavelength systems subject to Doppler broad-ProPer geometry of either copropagating or counterpropagat-
ening can only be realized for high coupling field powers!ng beamg20]. Our analysis concurs W't.h these eatller stud-
. ; . “ies and extends to the case of EIT realized with mismatched

[15], such mismatched schemes will be necessary to aCh'e\Wavelengths
the goal OT high-frequency i_nversi(_)nle_ss laser systems. !n- In earlier bapers we have shown both experimentally and
deed, the impetus for studying lasing in the absence of iNgo o etically that EIT is more pronounced in cascade systems
version is to create lasing on problematic high-frequencyq, \yhich the coupling frequency is greater than the probe
transitions that cannot be accessed by conventional MeaRBquency than for a matched cascade schigig and that
due to the requirement of a population inversion. Now thatg|T is possible in a Vee-type Doppler-broadened scheme for
the principle of |aSing without inVErSiO(]LW') has been probe frequencies greater than the Coup”ng frequéey
demonstrated, it is pertinent to consider regimes for whichrhis paper widens the study to include all three possible
the employed optical fields are unequal in wavelength. Irenergy level configurations for EIT and both directions of
this context, we study the phenomenon of electromagnetirelative wavelength mismatch.
cally induced transparenc{EIT) [16—18 that creates the
gggggying reduction in absorption upon which LWI is Il BASIS OF COMPARISON

The consequences of mismatching the probe and coupling A valid comparison of the wavelength dependence in the
wavelengths on the transparency induced in the cascAde-, three EIT schemes is impossible without creating hypotheti-
and Vee-type schemes are considered. The limitations imcal energy level structures. In this way a comparison can be
posed by Doppler broadening are explored and we explaimade solely on the basis of the type of scheme and the rela-
the surprising discovery that EIT is still realizable for mis- tive mismatch of the probe and coupling wavelengths, while
matched wavelengths in all three schemes, and particularlgll other parameters are kept constant. This would not be
for probe frequencies higher than the employed coupling frepossible if we based the study on real atomic systems. A
guency in the Vee-type system. This is an important resultomparison of real cascadet;, and Vee-type schemes has
for the study of EIT and lasing without inversion and is previously been carried out by Fulteh al.[23], but only for
explained in terms of the “many pathways to absorption” the case of closely matched wavelengths.
description of EIT, considering the absorption as a function Here we assume closed three level systems as shown in
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FIG. 1. Energy level configurations ¢d) the cascaddb) the A, = 55 i
and(c) the Vee-type schemes employed in the theoretical compari £ :,: ]
son presented in this paper. _“é -0.8 ! H
E T T T T i T T
Fig. 1 for (a) the cascade<{b) the A-, and(c) the Vee-type -600 400 200 0 200 400 600
configurations. All the decay rates, shown in Fig. 1, are set t Probe Field Detuning (MHz)

40x10°s ! and the dephasing on the unlinked transition is
also set to 48 10°s ! for every system. The latter value
corresponds to the maximum dephasing that would naturall
occur due to level lifetime effects alone given the selectec
decay rates.

In order to directly compare all the absorption profiles the
wavelength of the probe transition is kept constant while,
three values are selected for the coupling field. The prob
wavelength was taken to be 800 nm with three coupling
wavelengths of 400, 800, and 1600 nm. This leads to a tote
of nine considered systems; i.e., three wavelengths regime
(Ne<Ap, A=A, and\>\,) for each of the three energy : ‘ T . . . :
level schemes. We ensure that the chosen probe Rabi fr 600 400 200 0 200 400 600
qguency, 100 kHz, does not significantly populate the uppe Probe Field Detuning (MHz)
level of the probe transition and choose a coupling field Rab
frequency that is approximately half the Doppler width;
these values are 250 and 500 MHz, respectively. The Dog
pler width is based on rubidium at a temperature of 40°C
for which significant absorption on the infrared rubidium
transitions occurg80 m %). Rubidium vapor has been uti-
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lized in a wide range of EIT amplification and lasing without 0.4
inversion experimentgs,7,9,10. © )
The analysis of these systems is carried out utilizing the 064
semiclassical density-matrix formalisf24]. The equations ’
describing the slowly varying density-matrix components
0.8

have been described by ourselMe&5], and other authors
[26,27], along with the methods employed to solve them.

Probe Field Absorption (arbitrary units)

T T i T T T T
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IIl. THEORETICAL RESULTS

The calculated absorotion profiles predicted for each svs- FIG. 2. Probe field absorption as a function of probe field de-
: p p . P y tuning for (a) the cascadgp) the A, and(c) the Vee-type schemes.
tem are presented in Fig. 2. Figures 3, 4, and 5 provid

. - . . In each case the three wavelength regimes are considexed:
two-dimensional displays of the Autler-Townes absorptlon<)\p (dotted ling, Ao=\,, (dashed ling and\s>\, (solid line).

components and the single- and two-photon absorption resq, ease of comparison the same vertical scale is uséa,ifb),
nance positions as a function of probe field detuning ancq ).

atomic velocity for the different schemes. The explanation of

our results relies on the fact that the change in absorptiofield detunings corresponding to the locations of the Autler-
with atomic velocity is different in each of the three schemesTownes components for that particular velocity group. The
and for each of the wavelength regimes. In Figs. 3, 4, and &hickness of the plotted curve at each point of intersection
we follow a similar display technique to that taken by gives the absorption associated with that particular Autler-
Townes and Schawloy28], in that we plot, as a function of Townes component as experienced by the probe field. The
probe field detuning, the individual contributions made byabsorption is calculated using a density-matrix analysis, with
the different velocity groups across the Doppler profile makedue allowance being made for the relative population of at-
to the absorption of the probe in the presence of the couplingms in the particular velocity group as well as for the effects
field. A horizontal line taken across the diagram refers to af detuning. It is important to note that the thickness should
particular velocity group. The points at which such an hori-be read along a normal to the tangent at the given point on
zontal line intersects the two plotted curves gives the probgéhe curve. This avoids ambiguities at the turning point on
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FIG. 3. Plots of the Autler-Townes and ab-
sorption resonance positions as a function of
atomic velocity and probe field detuning for the
cascade scheme. Three wavelengths regimes are
considered: (8 A<\, (b) Ac=\,, and (c)
A¢>Np. The magnitude of the Autler-Townes
components is indicated, in each plot, by the
thickness of the lines read in the direction of the
normal to the tangent to the Autler-Townes com-
ponents at a given atomic velocity. The thickness
of these lines is proportional to the absorption
coefficient for the atomic velocity specified. The

positions of the Autler-Townes components are

40 08 06 04 02 00 02 04 06 08 10 shown by solid lines, the single photon resonance

Probe Field Detuning (GHz) by a dashed line, and the two-photon resonance
by a dotted line.
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some of the curves. If a vertical line is drawn on the diagranpositions for all three schemes, for a given set of probe and
corresponding to a particular probe field detuning, the locaeoupling wavelengths. In other words when we examine the
tions of its intersectiofs) with the plotted curves identify the zero velocity group the Autler-Townes components are sym-
velocity group or groupgpredominantly responsible for the metrical about the zero detuning point. When the coupling
absorption experienced by the probe field. Further, the surfield is detuned, however, the components become asymmet-
of the thicknesses of the two curves at these intersectioric. By choosing the appropriate beam geometries we ensure
points indicate the total absorption experienced by the probthat the locations of the two components for a given velocity
field at such a detuning. These plots thus contain all thgroup are the same in each of the schemes for a given ratio
information necessary to explain the presence or lack of af probe and coupling field wavelength. It aly the mag-
transparency in the associated absorption profile. nitudes of the absorption that change between the three
In calculating the curves, we assume copropagatingchemes in each of the wavelength regimes.

beams in the\- and Vee-type schemes and counterpropagat- In the discussion that follows we distinguish two types of
ing beams in the cascade scheme. By selecting these bedgkatler-Townes components for any given system by noting
geometries, differences in the nature of the energy level corthat for high velocities the components split further apart and
figurations are counterbalanced, so that the Autler-Townesne follows the position of the single-photon resonance
components and absorption resonances occur in the samdile the other follows the two-photon resonance. We refer
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Probe Field Detuning (GHz) FIG. 4. Plots of the Autler-Townes and ab-

; sorption resonance positions as a function of
atomic velocity and probe field detuning for the
A scheme. Three wavelengths regimes are con-
sidered: (&) Nc<Ap, (b) A¢=\,, and (c) A,
>\p . The magnitude of the Autler-Townes com-
ponents is indicated, in each plot, by the thick-
ness of the lines read in the direction of the nor-
mal to the tangent to the Autler-Townes
components at a given atomic velocity. The
thickness of these lines is proportional to the ab-
sorption coefficient for the atomic velocity speci-

— ] fied. The positions of the Autler-Townes compo-
10 08 06 04 02 00 02 0.4 06 08 1.0 nents are shown by solid lines, the single photon

Probe Field Detuning (GHz) resonance by a dashed line, and the two-photon
> resonance by a dotted line.

600 -
-400 -

-200

200

400

(b)
Atomic Velocity (m/s)

600 -

-600 |
-400

-200

200 -

400 -

(c)
Atomic Velocity (m/s)

600

e T — T T T

0.8 06 04 02 00 02 o4 06 0.8
Probe Field Detuning (GHz)

to the former as the primary Autler-Townes component anghotons—one from each field—stimulating the atom from
the latter as the secondary Autler-Townes component. As astate|3) tp st_ate|1> and t.h.en to stat¢?) as shown in Fig. 7.
illustration the primary and secondary Autler-Townes com-By considering the positions of the single- and two-photon

ponents are labeled in Fig. 6 for the matched wavelengtigbsorption resonances in Figs. 3, 4, and 5 we see that the
case. resonances for the two pathways to absorption are only co-

incident, for all schemes regardless of the probe and cou-
pling field wavelengths, for zero atomic velocity. However,
the absorption processes associated with a particular velocity
By considering the absorption profiles in Fig. 2 we cangroup are not confined to a single discrete frequency but
immediately see that the matched wavelength regime doesxtend over a frequency range, which is the homogeneously
not provide the best transparency in any of the energy levabroadened line-shape function centered on the positions in-
schemes. In fact, the highest level of transparency is inducedicated in Figs. 3, 4, and 5. Interference, and hence EIT, may
in the mismatched wavelength regime for which the couplingherefore occur at any point for which the single- and two-
frequency is higher than the probe frequeniy<\ ;). photon absorption line shapes overlap to this extent. For the
In a vee-type scheme we can think of EIT occurring duecase in which the magnitudes of the absorption routes are
to the interference of two pathways to absorption in the bareequal, for a specific frequency, full cancellation may take
state picturg6,29]. Absorption of a single photon may occur place. When the magnitudes of the absorptions at a specific
exciting an atom from statg) to state|2), or involving two  frequency are unequal, a partial reduction in absorption will

IV. DISCUSSION
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FIG. 5. Plots of the Autler-Townes and ab-
sorption resonance positions as a function of
Jaooj : atomic velocity and probe field detuning for the
S : Vee-type scheme. Three wavelengths regimes are
considered: (@ A<\, (b) Ac=\p, and (c)
A¢>\p. The magnitude of the Autler-Townes
components is indicated, in each plot, by the
thickness of the lines read in the direction of the
normal to the tangent to the Autler-Townes com-
ponents at a given atomic velocity. The thickness
of these lines is proportional to the absorption
coefficient for the atomic velocity specified. The
positions of the Autler-Townes components are
— — . . . shown by solid lines, the single photon resonance
10 08 08 04 02 0.0 02 04 06 08 1.0 by a dashed line, and the two-photon resonance
Probe Field Detuning (GHz) by a dotted line.
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occur. If, on the other hand, the absorption resonances for the Autler-Townes components for the nonzero velocity at-
given velocity are separated by much more than one homams are split further apart and, therefore, further away from
geneous linewidth EIT does not take place, and it becomesesonance. Thus, EIT created at line center for the zero ve-
important to ensure that the associatAdtler-Townes split  locity group is better preserved in this mismatched wave-
absorption components do not obscure the transparency thigngth regime because the Autler-Townes components of the
is created on resonance for other velocity groups. nonzero velocity atoms are Doppler detuned away from reso-
The best transparency occurs when the coupling frenance and do not overlap with the transparency. Rarof
qguency is higher than the probe frequency because thEigs. 3, 4, and 5 clearly show the Autler-Townes splitting
Doppler-shifted contribution to the coupling field detuning, increasing with the modulus of the velocity so that coinci-
referred to here as the Doppler detuning, is greatest in thidence of the single- and two-photon resonarittes point for
case. The Doppler shift in the frequency of the coupling fieldwhich maximum EIT occupsat line center is unobscured.
is proportional to the frequency of the coupling field itself ~As we increase the coupling wavelength relative to the
and will, therefore, increase in magnitude when we decreasprobe wavelength the magnitude of the Doppler detuning
the coupling field wavelength. Consequently, Autler-Townesdecreases relative to the Doppler width of the absorption
splitting, which is dependent on detuning, will also increaseprofile, which is fixed by the probe wavelength. The Autler-
as the coupling wavelength decreases. InNpe ), regime  Townes splitting for the nonzero velocity atoms will tend
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-600 ! ondary Autler-Townes components separate and closely fol-
: low the single- and two-photon resonance positions. In this
- 4007 AN secondary regime the magnitudes of each component is determined pre-
K= : dominantly by the particular absorption resonance associated
} -200 7 : with it. The single-photon absorption defines the magnitude
é 0- of the primary Autler-Townes component and the two-
> : photon absorption determines the magnitude of the second-
E 200 - ; ary component. It is the secondary Autler-Townes compo-
<*9 nents that overlap with the on-resonance transparency in the
400 secondary —» { \¢>\,, regime. In a Vee-type system the magnitude of these
i secondary components falls off very rapidly as velocity in-
600 T T T I creases and consequently the transparency at line center is
-800 -600 -400 -200 0 200 400 600 800 not destroyed to the same extent as it is in the cascadé and

Probe Field Detuning (MHz) schemes. N |
In all three schemes it is also apparent that the magnitudes

FIG. 6. Plot of the Autler-Townes and absorption resonanceof these secondary Autler-Townes components fall off more
positions as a function of atomic velocity and probe field detuningrapidly with increasing velocity when the coupling wave-
in the matched wavelength case. The primary and secondary Autlefength is lower. This trend occurs because, as has been
Townes components are clearly labeled. pointed out above, the Doppler-shifted contribution to the

coupling field detuning, for a given velocity, is greater for a

] _higher coupling field frequency. Consequently, the coupling
towards that for the zero velocity atoms and the associatefla|g detuning changes and the two-photon resonance moves

Autler-Townes absorptions will start to overlap with the line f,rther from the intermediate atomic level as the coupling
center transparency. The matched wavelength regime reprga|g wavelength is decreased. Since the magnitude of the
sents the special case when the Doppler shifts of the probgcondary Autler-Townes components are dependent on the
and coupling fields are equal and exactly cancel, ensuringtrength of the two-photon process they reduce as the two-
that the two-photon resonance position is fixed for all velocpnoton resonance moves away from simultaneous resonance
ity groups. The result is that the nonzero velocity, secondaryyith the intermediate state. This diminution of the secondary
Autler-Townes absorptions only partially obscure the on-pytier-Townes components always occurs as velocity in-
resonance transparency. The extent to which the transpagreases in a given system. Importantly, it occurs more rap-
ency can be maintained in this regime depends largely on th@y when coupling wavelength is lower and the Doppler
dephasing. If dephasing is increased the linewidth of theypit is consequently greater for a given velocity.
Autler-Townes absorption components close to resonance Tpe preceding argument applies to all three considered
will increase and further encroach on the transparency wingchemes but the Vee configuration exhibits a more sudden
dow. i i reduction in the magnitude of the secondary Autler-Townes
In the >\, regime Figs. &), 4(c), and §c) show that  components. The explanation for this lies in the nature of the
the Autler-Townes components overlap completely with ””etwo—photon process. In a Vee scheme the two-photon absorp-
center. We would reasonably expect the transparency creatg@n route begins in the upper level of the coupling transition
on resonance to be obscured and this is exactly what happeggq, therefore, relies on that level being significantly popu-
in the A and cascade systems. However, in the Vee-typgated. When the coupling field is detuned by the Doppler
scheme the transparency window is maintained to a greatehift associated with nonzero velocity atoms, the population
extent. This can be explained by considering the magnitudgycited into the upper level of the coupling transition rapidly
of the Autler-Townes components close to resonance. Carga|is off. Consequently, the reduction in the magnitude of the
ful inspection of the traces depicted in Figs. 3, 4, and Syo-photon absorption is markedly more rapid in a Vee
reveals that while the positions of the Autler-Townes com-scheme with increasing atomic velocity and the secondary
ponents are the same in each energy-level scheme, for ftjer-Townes components that overlap with line center are

given set of wavelengths, the magnitudes are different. Fogf such a low magnitude that the transparency may still be
high, positive and negative velocities the primary and secppserved.

3 To demonstrate the difference in the nature of the two-
5>

A 4

|

|

|

|

|

|

|

photon process in each scheme we consider the situation for
which the coupling laser is scanned in frequency away from
resonance with thil)-|2) transition. Figure 8 shows a series
of traces, for each energy level scheme, in which the cou-
> pling field is manually detuned. EIT diminishes as the
manual detuning of the coupling laser is increased because
the two-photon and single-photon resonances no longer co-
incide at line center. Gradually the single and two-photon
\ > processes are resolved as distinct absorption peaks. How-
ever, the isolated two-photon absorption peak quickly disap-
FIG. 7. The one- and two-photon routes in a Vee scheme. It ipears with increasing detuning in the Vee scheme while it
interference between these routes that leads to EIT. persists for the\ and cascade systems.
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FIG. 8. A series of absorption profiles showing manual detuning of the coupling fié¢ll ihe cascaddb) the A, 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 single and
two-photon absorption routes interfering to create EIT and the bottom trace shows the resolved absorption profiles of the single- and
two-photon processes.

Returning to the case in which the coupling field is not V. FURTHER THEORETICAL CONSIDERATIONS
manually detuned, we conclude that the two-photon process

. . . The main results of the presented analysis have been dis-
in a Vee scheme is strong for the zero velocity atoms be P y

. . ) A cussed. We now consider some further points of interest that
cause the coupling field is on resonance and significantlyise from the theoretical model. Firstly, in Figs. 3, 4, and 5
populates leve|2). Furthermore, when the coupling field is \ e see that as the coupling wavelength increases so does the
Doppler shifted from resonance the two-photon effect diminyange over which absorption may be observed in all three
ishes because significant population is no longer excited intgchemes. This increase in bandwidth occurs because the two-
level [2). Consequently, the two-photon absorption is presenphoton process persists for higher-velocity atoms due to the
for atomic velocities close to zero for which the two routes toreduction in the magnitude of the Doppler shift for a given
absorption interfere and we have EIT, and it is absent foatomic velocity. There is a corresponding reduction in the

higher-velocity atoms when it would otherwise overlap andpeak-predicted absorption because the total number of ab-
mask the transparency at line center.

Due to the fortuitous nature of the two-photon process in 0 L
a Vee scheme the transparency induced therein is better tha -
in a cascade oA scheme for each of the wavelength re-
gimes. Indeed, comparison of the transparency induced in
the mismatchedN.>\ ) Vee scheme and the matched, (
=\p) cascade and systems indicates that while the trans-
parency is slightly deeper in the latter case it is broader in the
former. Direct comparison of the absorption profiles in the
mismatched\ ;>\ , regime for all schemes shows that trans-
parency is present in the Vee scheme while completely de- ’
stroyed in the cascade ardsystems, for our selected cou- -0.25 7 /
pling field Rabi frequency. Figure 9 indicates the on-
resonance absorption as a function of coupling field Rabi -0.
frequency. We can see that transparency is possible in the 0 200 400 600 800 1000
cascade and schemes by employing a coupling field Rabi Coupling Field Rabi Frequency (MHz)
frequency large enough to split the overlapping Autler-
Townes components away from line center by more than the FiG. 9. The on-resonance transparency is plotted as a function
Doppler width, as expected. However, importantly, transparof linear coupling field Rabi frequency for all three EIT schemes.
ency is achieved in the Vee scheme for a coupling field Rabihe Vee-type scheme is depicted by a solid line and the cascade
frequency significantly lower than the Doppler widtap-  and A systems are indicated by dotted and dashed lines, respec-
proximately 500 MHz tively.

ts)

unt

-0.05
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0.2 - / — -A

Probe Field Absorption (arbitrary

w



4682 J. R. BOON, E. ZEKOU, D. McGLOIN, AND M. H. DUNN PRA 59

sorbing atoms remains constant. The total integrated absorfer the zero velocity group at line center. In fact, EIT still
tion is always the same regardless of the choice of probe artdkes place for atoms at rest, but it is masked by the second-
coupling wavelengths. ary Autler-Townes absorptions of the higher-velocity groups.
Secondly, if we compare the magnitudes of the Autler-In the Vee scheme, we still observe the transparency that is
Townes components of the cascade andchemes we no- induced at line center in the normal way, because the sec-
tice, for example, that while the absorption profiles for theondary Autler-Townes components—associated with the
matched wavelength systems are identical in Fig. 2 thdligh-velocity groups—that overlap with line center are very
Autler-Townes absorptions in Figs. 3 and 4 are of a loweSMall in magnitude. As discussed earlier, these Autler-

magnitude in the\ scheme. This apparent discrepancy is due! ©WN€s components are reduced in magnitude because the
two-photon process is greatly diminished when the coupling

to linewidth effects. Referring back to Fig. 1, we see that forfield is detuned form resonance, i.e., when the coupling field
the Lambda scheme both the decay rdfgs and I's, de- saturation effect is negligible. it is,, therefore, the lack of

scribe population movement out of the upper level of the L . . .
probe transition. The total decay from this level in the coupling field saturation for high-velocity atoms that allows

us to observe transparency in the Vee-type scheme for probe
efrequencies higher than the coupling field frequency. It is, of
the value for the cascade- and Vee-type systems. CONSgyrse  the case that absorption is halved by coupling field
quently, the absorption profile of each individual Autler- g4¢ration of the zero velocity group atoms, but EIT effects
Townes component is spread out in wavelength and reducggqce absorption well beyond this limit.

in peak magnitude, with no change in the total absorption.

When we integrate over all atomic velocities, we therefore

get the same “net” absorption profile in the cascade and VI. EXTENDING THE WAVELENGTH MISMATCH

schemes for the matched wavelength case. : S .
Interestingly, if we consider the absorption profiles for the The regults discussed in this paper can be broadly applied
' S to any mismatched Doppler-broadened system. We have
matched energy 'Ievel sphemes in Fig. 2 we see two Shar@nosen to mismatch the wavelengths by varying the coupling
peaks on either side of line center. These are created becaygg frequency while that of the probe is constant. In a real
the two-photon resonance point is fixed for aI_I velocme_s a”dexperimental scheme it would be more likely that the cou-
the secondary Autler-Townes components line up with thejing field remained in the visible region of the spectrum
zero velocity components to form sharp peaks of high magghile a higher frequency was sought on the probe transition.
nitude on either side of resonance. In the Vee-type energiowever, it is the case that the level of transparency achiev-
level scheme these peaks are of a significantly lower magniable in a system is the same for the same ratios of both
tude. This result is a consequence of the two-photon processupling field to probe field wavelengths and driving Rabi
diminishing rapidly when the coupling field is detuned. frequency to Doppler width, regardless of the actual wave-
So far, we have failed to take into account the effect oflengths involved. One further caveat is that the transition
coupling field saturation. The cynic may claim that the dif- decay rates will also effect the level of observed transpar-
ference in the three energy level schemes is a result of pope@ncy.
lation transfer due to this effect rather than EIT. Itis true to  For the Vee scheme we have seen that in Xe- A,
say that coupling field saturation plays its part in reducingregime significant transparency is predicted for a driving fre-
the absorption as it does in any system based on a Veguency that is half the Doppler width. In this system, the
scheme, but it is not the presence of this effect that allows ugtio of coupling and probe wavelengths is 2:1. We can,
to observe transparency in the> X\, regime, rather the ab- therefore, expect that a 200-nm coupling transition driving a
sence of it. Coupling field saturation occurs in a Vee schem&00-nm probe transition will induce that same level of trans-
because the coupling field is connected to the ground stafgarency if the coupling field Rabi frequency is adjusted to be
and, therefore, excites a fraction of the population from thahalf the new Doppler width and the transition decay rates are
state into the upper level of the coupling field transition. Theunchanged. If we further increase the ratio of coupling and
exact proportion of the population excited in this way will probe fields then we would expect the induced transparency
depend upon the strength of the coupling field. There is, ofo degrade. In order to investigate this we have selected a
course, an upper limit that occurs when the coupling fieldvee scheme in which the coupling field is visidg00 nm)
transition is saturated and the populations in the upper andnd kept constant while the probe field wavelength is re-
lower levels are equalized. In a Doppler-broadened systerduced; decay rates are the same as before. The ratios looked
this process is velocity selective. While the velocity group ofat are approximately 2:1, 4:1, 8:1, and 16:1 and the results
atoms for which the coupling field is on resonance will are shown in Fig. 10. As the probe field is changed the cou-
quickly become saturated, other velocity groups for whichpling field strength is altered to maintain the coupling field
the coupling field is detuned will not. In the latter case, theRabi frequency at half the probe field Doppler width in each
effects of coupling field saturation are minimal. case; if the Rabi frequency were not changed in this way we
Coupling field saturation is inextricably linked to EIT would expect the transparency to degrade more significantly.
since the latter effect relies on the interference of single- and’his takes the probe field down to 30 nm, well into the
two-photon absorption, and the magnitude of the two-photorvacuum ultraviolet. As can be seen, once the ratio increases
absorption is dependent on the population in the upper leveb 8:1(the probe at 60 nirthere is no transparency window.
of the coupling transition. If we consider Figs. 3, 4, and 5 weThere is, however, a reduction in absorption due to the pres-
see that the lack of a reduction in absorption in the cascadence of the coupling field beyond that expected from cou-
and A schemes is not due to a lack of induced transparencpling field saturation alone. This reduction does manifest it-
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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 coupling field
is 500 nm. In(a) the probe field is 250 nmb) 125 nm,(c) 60 nm,(d) 30 nm. The transparency window is seen to degrade as the ratio of
coupling field to probe field is increased.

self as an EIT window as the absorption reduction is spreafrequency probe systems in a Vee-type scheme. Indeed, the
out over the entire Doppler line-shape function. transparency induced in the mismatched Vee configuration
The implication is that EIT can be induced, in cases(\.>\,) compares favorably with that induced in the
where the Rabi splitting is half the Doppler width, for cou- matched cascade anll systems. While we have not em-
pling field-probe field wavelength ratios of approximately ployed a real atomic system in this analysis we have clearly
4:1 or less. In moving to higher ratios the Vee-scheme adshown that EIT can be realized in a probe field twice the
vantage is lost and Rabi splitting comparable or greater thafrequency of the coupling field for a sub-Doppler width Rabi
the Doppler width is required. Such results are importanfrequency. These results imply that the exploitation of quan-
when practical inversionless lasing systems are under consitim coherence effects are not confined to matched wave-
eration. They are also important in schemes where a radilength systems in Doppler-broadened media, and that the
frequency field acts as the coupling fi¢RD], indicating that Vee scheme provides the best potential level of transparency
a large amount of power will be required to induce transparin a system subject to Doppler effects, particularly for con-
encies on an optical transition. figurations in which the probe frequency is far in excess of
the coupling field frequency. These results may also have
wider implications for other inhomogeneously broadened

VII. CONCLUSION .
media such as quantum wells.
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