
RAPID COMMUNICATIONS

PHYSICAL REVIEW A JUNE 1997VOLUME 55, NUMBER 6
Broadband spectral generation with refractive index control
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~Received 15 November 1996!

We describe a method for generating a wide spectrum and at the same time improving propagation through
a model inhomogeneous gaseous medium. The method is based on using a small two-photon detuning from a
Raman resonance to adiabatically establish an appropriate molecular superposition state. This state, in turn,
generates a broad spectrum of sidebands whose refractive index, Rayleigh scatter, and accumulated phase
delay are much less than those of a single spectral component, if propagating alone.@S1050-2947~97!50606-8#

PACS number~s!: 42.50.Gy, 42.65.An, 42.65.Dr, 42.65.Sf
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It is desirable to learn to improve the propagation of la
beams through inhomogeneous and turbulent refrac
gases and vapors. This will happen if, irrespective of
density of the gas, the refractive index is reduced tow
unity. Following the recent results of Jainet al. @1#, it is
expected that, if the nonlinear portion of the dipole mom
is of the same magnitude as is the linear portion, then
generation of a very broad spectrum of sidebands sho
become possible. In this Rapid Communication we desc
a technique for accomplishing both of these objectives i
model molecular system.

It turns out that this is surprisingly easy to do: Noting F
1, the idea is to apply two frequencies whose difference
slightly greater than that of a selected Raman transition
the molecule and whose intensity is sufficiently large so a
cause the magnitude of the coherence of this transition
have its maximum valueurabu50.5. This coherence mixe
with the two incident frequencies to generate a spectrum
Raman sidebands. What is intriguing, and is the central re
of this Rapid Communication, is that these sidebands
phased so as to reduce the refractive index and accumu
phase of much of the spectrum. This occurs irrespective
the density of the medium and, also, over a reasonable ra
of the intensity of the incident fields. This result may also
viewed as broadening the definition of electromagnetica
induced transparency~EIT! to include the interaction of an
arbitrary number of spectral components that are separ
by the frequency of a Raman transition.

In the following paragraphs we first develop a formulati
of the problem that is valid in atomic or molecular syste
where the detunings of the applied frequencies~Fig. 1! from
the electronic statesu i & are large as compared to the Ra
frequencies and where, therefore, the probability amplitu
of these states are small. We will assume that, before
electromagnetic fields are applied, all of the atoms or m
ecules are in a single~nondegenerate! ground state. We take
the two fields that are applied at the input of the medium
be monochromatic and write equations for the genera
spectrum as a function of distance. We then give numer
results for incident wavelengths of 355 and 415 nm app
to molecular parahydrogen. These wavelengths set up
antiphased~dark! molecular superposition state of the (J
50) ground and first vibrational level.

There is now an extensive literature on EIT in its ow
right and on its relation to lasers without population inve
551050-2947/97/55~6!/4019~4!/$10.00
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sion. Representative papers are cited in Refs.@2–7#. Of im-
mediate pertinence, Gaubatzet al. have studied population
trapping and adiabatic preparation in molecules@8#. Re-
cently, and after the completion of the analytical but not t
numerical portion of this work, Hakuta described effects
solid molecular H2 @9#. Earlier, Griskowsky@10# and Oreg
et al. @11# described adiabatic preparation in two-state a
multistate systems.

This work is also related to the work of Kaplan an
Shkolnikov on Raman solitons@12#. These authors show tha
a spectrum of Raman modes of intensity sufficient to form
~two-photon! 2p pulse will propagate without variation in
area. The essential difference of their work from ours is
same as that of self-induced transparency and electrom
netically induced transparency: The former depends on p
area and the latter does not.

We proceed with the analysis of this system by includi
all possible sidebands, whether the sideband frequencies
applied at the input or are generated as part of the prop
tion process. We denote the envelopes and frequencie
these arbitrarily phased sidebands byEq andvq ,

vq5v01q~vb2va2Dv!, ~1!

whereva andvb are the frequencies of the ground and e
cited molecular states andq is integer and positive or nega
tive. The quantityDv is the two-photon detuning of any pa
of sidebands from the Raman~nonallowed! transition. It is

FIG. 1. Energy-level schematic for establishing coherencerab

in a molecular system. Laser fields are applied at the frequencie
the q50 and21 sidebands. In the configuration shown, the tw
photon detuningDv from the Raman resonance is negative.
R4019 © 1997 The American Physical Society
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taken to be positive when the frequency difference (vq
2vq21) is smaller than the frequency of the Raman re
nance (vb2va). We allow an arbitrary number of virtua
statesu i & with energiesv i . The matrix elements from state
ua& andub& to these states aremai andmbi , respectively. We
assume that the derivatives of the probability amplitudes
the upper statesu i & are small compared to the detunings fro
these states and can be neglected. We also assume th
two-photon detuning is small compared to the frequency
the Raman transition. These assumptions allow the prob
to be written in terms of an effective 232 Hamiltonian@13#:

Heff52
1

2F (
q

aquEqu2 (
q

bqEqEq21*

(
q

cqEqEq11* (
q

dquEqu222Dv
G

~2a!

[2
1

2FA B

C D22Dv
G . ~2b!

The constantsaq , bq , cq , anddq are

aq5
1

2\2(
i

F umaiu2

~v i2va!2vq
1

umaiu2

~v i2va!1vq
G ,

dq5
1

2\2(
i

F umbiu2

~v i2vb!2vq
1

umbiu2

~v i2vb!1vq
G ,

bq5
1

2\2(
i

F maimbi

~v i2va!2vq
1

maimbi

~v i2vb!1vq
G ,

cq5bq11* . ~3!

All rotating and nonrotating, as well as cross-transitio
terms are retained within this Hamiltonian.~If the cross-
transition and nonrotating terms are neglected, the Ha
tonian reduces to that of Ref.@13#.! We also assume the idea
case of zero linewidth for theua&-ub& transition.

With the assumption that the envelope of each spec
component varies slowly in space, as compared to its wa
length, the propagation equation for theqth sideband, in lo-
cal time, is

]Eq

]z
52 jh\vqN~aqraaEq1dqrbbEq

1bqrabEq211cqrab* Eq11!. ~4!

The quantitiesr i j are the elements of the 232 density ma-
trix. N is the number of molecules per volume andh
5(m/e0)

1/2. The refractive index of theqth mode, if alone
with all molecules in stateua& is nq511(N\aq /e0), and
with all molecules in stateub& is 11(N\dq /e0).

From Eqs.~3! and~4! we obtain conservation relations fo
photons and power,
-
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]zS (q 1

\vq

uEqu2

2h D 50,

]

]zS (q uEqu2

2h D 52
N\

2
~vb2va!F ]

]t
~rbb2raa!G . ~5!

Even in the presence of a changing atomic population,
total number of photons remains constant with distance.

In common with other types of electromagnetically i
duced transparency and population trapping, we must cho
an eigenstate of the effective Hamiltonian that evolv
smoothly from the ground stateua&. Writing B5uBuejw, this
eigenstate and the difference of the eigenvalues of
Hamiltonian of Eq.~2! are

u1&5cos
u

2
ejw/2ua&1sin

u

2
e2 jw/2ub&, ~6a!

E12E25AS Dv2
D

2
1
A

2 D 21uBu2, ~6b!

where

tanu5
2uBu

2Dv2D1A
.

The phased or antiphased state is selected by the sig
the two-photon detuning. The coherencerab is then

rab5
1
2 sinue

iw. ~7!

For molecular systems with large detunings, the St
shifts A and D are approximately equal andu
>tan21(2uBu/2Dv). One method of achieving the conditio
rab520.5 atz50 is to chooseDv negative and to increas
the product of the two incident fields untilu is near 90°. This
is done adiabatically with the product of the fields chang
slowly, as compared to the separation of the eigenvalu
Instead, at a fixed field, one may allowDv to chirp from an
initial negative value toward zero.

Before describing the numerical simulation, we first d
scribe the ideal case that motivated this work: In the hy
thetical ideal case where the matrix elements in Eq.~3! and
all of the Eq are equal and where the molecular transiti
frequency is very small compared to the average energ
the electronic states, the constantsaq , bq , cq , anddq would
be approximately equal. Withrab520.5, the right-hand
side of Eq.~4! is zero and one would expect a small pha
variation with distance and thus an effectively small refra
tive index. This is in the spirit of EIT, where the coheren
terms have a sign opposite to the diagonal terms. Convers
if there were no broad spectral comb of frequencies and o
two sidebands were present, then from Eq.~4! we see that, at
maximum coherence, the reduction in the refractive ind
would be only 50%.

A typical real system becomes more complicated and
quires a numerical calculation. The reasons for this inclu
the many vibrational states and Franck-Condon factors~or
their equivalent! that causebqcq,aqdq and, also, the termi-
nation of the spectrum on the low-frequency side, which,
turn, limits its growth@Eq. ~5!# on the high-frequency side.
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Our numerical simulation is based on parahydrogen w
linearly polarized fields with all molecules in theJ50
ground state. The constantsaq , bq , cq , anddq include the
contributions of the 0th–36th vibrational transitions of th
Lyman band and the 0th–13th transitions of the Wern
band. Oscillator strengths and Franck-Condon factors are

FIG. 2. Normalized amplitude~left! and phase~right! variation,
with the distance of the central sidebands generated in parahyd
gen. In all plots the solid lines show the sidebands generated by
antiphased~or dark! state. The dashed lines show the sideban
generated by the phased state. For comparison, the phase plots~dot-
ted! show the phase accumulation of a single sideband if propag
ing alone.
h

r
b-

tained from Allison and Dalgarno@14# and energies are ob
tained from Herzberg@15#. The applied laser frequencies a
v21524 100 cm21 ~frequency-doubled Ti:sapphire! and
v0528 200 cm21 @frequency-tripled Nd:YAG~neodymium-
doped yttrium aluminum garnet!#.

We solved Eq.~4! assuming that all the molecules are
the u1& state @Eq. ~6a!#. The power densities ofE21 and
E0 at z50 are both 1011 W/cm2. All other sidebands be-
tween q526 and 14 have an amplitude of zero atz50.
Distance is measured in units ofbz, which is the phase shif
that the zeroth sideband, if alone, would accumulate a
propagates. The density and length are such that this p
accumulation would be 3p rad. At a pressure of 10 atm,
3p-rad phase shift is attained in a length of 1.0 mm.

Figure 2 shows numerical results for the amplitude a
phase variation with distance of the central sidebands
driven by either the antiphased or phased states (Dv nega-
tive or positive, respectively!. For comparison, the phas
plots also show the phase accumulation of a single sideb
if propagating alone. If plots such as these are continue
larger total phase shifts, energy may flow back toward
zeroth sideband and the behavior becomes more comp
However, the average reduction in the refractive index
mains roughly the same. Figure 3 shows the amplitude
3p rad of the spectrum generated by both the antiphased
phased molecular superposition states.

The main conclusion of this work is that the se
protection of the refractive indexes as provided by the g
erated broadband spectral structure, though not perfec
still substantial; and the difference in the behavior of t
refractive indexes of the spectrum, as generated by

ro-
he
s

t-

FIG. 3. Normalized sideband amplitudes in parahydrogen:~a! as
generated by the antiphased state and~b! as generated by the phase
state. In this plot the density length product corresponds to a t
phase retardation of 3p for the zeroth sideband. At a pressure of 1
atm, this retardation is obtained in a 1-mm-long cell.
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phased and antiphased molecular superposition states, s
be readily observable. By changing only the sign of the
tuning one should observe a reduction~or increase! in the
right-angle Rayleigh scatter. For theq50 sideband, the pre
dicted ratio of the Rayleigh scattering,;(n21)2, for the
phased, as compared to the antiphased state, and ave
over the cell length is 11.

In the past, EIT has only been studied, or experiment
demonstrated@7#, for detunings from the statesu i &, which are
sufficiently small that the rotating-wave approximation a
plies. By operating at maximum coherence and allowing
the full generated spectrum, extensions to systems with
tunings on the order of 105 cm21 become possible. Many
questions remain: For example, can a single two-photon
tuning be used to compensate for many degenerate or n
degenerate rotational states?
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We note the relation of this work to the problem of th
generation of subfemtosecond time-scale structure: The t
nique described here should allow the generation of a co
ent spectrum of sidebands with a width exceeding 75 0
cm21. Though the spectrum does not Fourier transform t
train of pulses, there will be periodic structure on a tim
scale of the inverse of this bandwidth, i.e.,.0.1 fsec. It may
also be possible to learn to adjust or compensate for ph
variation of the sidebands.
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