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Anti-Stokes Raman lasers without inversion

Andrew J. Merriam and A. V. Sokolov
Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305

~Received 27 February 1997!

We describe the propagation dynamics and gain line shape of pulsed, tunable, anti-Stokes Raman lasers
without inversion. Analytical expressions for the gain are obtained and evaluated for inhomogeneously broad-
ened atomic media. The inversionless gain, which requires selective pumping of one of two lower atomic
states, occurs regardless of the relative populations of these states and vanishes when the atomic populations
are in equilibrium.@S1050-2947~97!08707-6#

PACS number~s!: 42.50.Gy, 42.50.Hz, 42.55.Ye, 32.70.Jz
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INTRODUCTION

The prospect of obtaining stimulated amplification wit
out population inversion has fueled 20 years of intense
oretical and experimental study. In the past, lasers with
population inversion~LWI ! have been associated with th
elimination of loss caused by lower laser-state atoms
quantum interference. The primary difference between
various LWI models is the manner in which the interferen
is obtained, whether by external injection of optical coh
ence@1#, coherent population trapping~CPT! @2–4#, or in-
trinsic atomic relaxation processes@5–7#. ~Other references
of general interest may be found in@8#.!

In this paper, we work in a region far off resonance whe
there is no loss. Even so, we show that there is gain du
the difference in excitation rates between an upper state
a lower state, regardless of the relative populations of th
states. As in other manifestations of LWI, a second, cohe
field must be applied to mediate the two-photon proce
Gain is possible when the sum or difference frequency of
two laser fields is nearly resonant with a Raman~dipole-
forbidden! transition in the medium. Under these condition
the primary loss mechanisms are two-photon absorption
Raman scattering, and so we discuss the possibility of co
ent gain without inversion of thetwo-photontransition mani-
fold. In this region of nominally lossless propagation, gain
made possible by atomic coherence, rather than quan
interference-based negation of lower laser-state atomic
sorption. Still, our formalism may also be used to descr
the usual class of LWI, in which lower-state absorption ca
not be neglected. This gain mechanism, and the result
this paper, can, in principle, be extended to arbitrarily sh
wavelengths, subject to material constraints.

This paper consists of six sections. The first section
rives the semiclassical equations of motion for the individ
atoms of an inhomogeneously-broadened ensemble,
gives the propagation equations for the two laser fields.
second section derives an approximate solution for the
semble atomic coherence, based on a series expansion
the case when the atoms have a Maxwellian~‘‘thermal’’ !
velocity distribution and the response of the ensemble
Doppler broadened. From this series we may delineate
contributions of population inversion and population exci
tion to the ensemble coherence, as a function of the la
intensities and detunings. The terms in this series are clo
561050-2947/97/56~1!/967~9!/$10.00
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related to the plasma dispersion function with complex ar
ment. The third section uses the approximate solution to
rive analytic formulas for the evolution of pulse energy a
pulse area, and the fourth section evaluates the gain co
cient for a model atomic system. The fifth section relates
preparation of a Doppler-broadened medium by the app
laser field~s! to the ensemble coherence and to the form
the inversionless gain lineshape. In the sixth section, we
cuss some of the experimental considerations that will in
ence the operation of this kind of inversionless laser.

Before proceeding, we cite important developments in
history of two-photon amplification. Coherent nonlinear e
ergy extraction via two-photon amplification has been p
posed in the past@9#, and some of the special behavior
two-photon systems, e.g., pulse reshaping, has already
discussed. The idea is to store energy in an inverted m
stable atomic level and then extract it coherently with a tr
ger pulse; this has the added benefit of effectively up c
verting or down converting the trigger laser wavelength w
a higher saturation intensity than may be achieved in nor
laser amplifiers. High-brightness, spontaneous, anti-Sto
Raman sources which do not require inversion have a
been proposed@10#. Inversionless gain in the recent expe
mental observations of continuous-wave, resonance-
LWI in rubidium @11# and sodium@12#, is due to a combi-
nation of atomic coherence and CPT. In other work, pha
dependent, inversionless coherent gain on picosecond
scales has been demonstrated@13#.

I. THE SEMICLASSICAL EQUATIONS OF MOTION

We study a system that has many upper~or intermediate!
statesu i & which are connected by arbitrary matrix elemen
m1i and m2i to lower statesu1& and u2&, respectively. We
consider the one-dimensional propagation of two linearly
larized quasimonochromatic electromagnetic fields w
slowly varying spatial envelopes, a weak probe laser fi
EW p(z,t)5Re@Ep(z,t) x̂expi (vpt2kpz)#, which may be ap-
plied or generated from noise, and a coupling laser fi
EW c(z,t)5Re@Ec(z,t) x̂expi (vct2kcz)#. The sum or differ-
ence frequency of these fields is nearly equal to a two- p
ton atomic transition frequency, as shown in Fig. 1. We
967 © 1997 The American Physical Society
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968 56ANDREW J. MERRIAM AND A. V. SOKOLOV
especially interested in the rate of change of the probe l
pulse energy, as this pulse propagates through a pum
atomic medium. The statesu i & are adiabatically eliminated in
favor of statesu1& and u2& by assuming that the derivative
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of the probability amplitudes of statesu i & are much smaller
than the detunings from these states. The atom-field inte
tion for the two-photon system may then be written in ter
of a two-by-two Hamiltonian
H52
\

2F (
q5p,c

aquEq~z,t !u2 bEp~z,t !Ec* ~z,t !

b*Ep* ~z,t !Ec~z,t ! (
q5p,c

dquEq~z,t !u222Dv2

G . ~1!
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The termsaq , b, anddq in the above Hamiltonian are ma
terial constants@14# and, for two fields applied in the Rama
configuration of Fig. 1~a!, are

aq5
1

2\2(
i

um i1u2F 1

v i12vq
1

1

v i11vq
G ,

dq5
1

2\2(
i

um i2u2F 1

v i22vq
1

1

v i21vq
G ,

b5
1

2\2(
i

m1im i2F 1

v i12vp
1

1

v i11vc
G . ~2!

Here, the unperturbed atomic frequenciesv i j[(v i2v j ).
These constants include all rotating wave as well as cr
channel effects.~A general treatment should also include i
tegration over the continuum.! The diagonal elements of th
Hamiltonian are the dynamic Stark shifts of statesu1& and
u2& which would result from the application of either laser,
alone, and the off-diagonal terms are two-photon Rabi
quencies. The relative values of these coefficients obviou
depend upon atomic structure and laser detunings, but
may identify two common experimental regimes, ne
resonance and far-detuned, corresponding to the detunin
the laser fields from the intermediate state~s!. In the near-
resonance case, one Stark shift term will dominate for e
laser and the counterrotating and cross-channel contribut
may be dropped. If the interaction with all intermedia
states is dominated by a single state, thenb25apdc and we
recover the ideal three-state results of Harris@15#. In the far-
detuned case, the material constants are roughly equal
the effects of each laser field acting on each state mus
considered. In either case, the procedure that follows is
changed.

As a model of inhomogeneous broadening, we cons
the interaction of the applied fields with an ensemble of
oms which have a Maxwellian velocity distribution. To o
knowledge, an analytical solution of this problem, as it a
plies to LWI, has not been presented previously, although
problem has been studied numerically@16#. Because of the
Doppler shift, different atomic velocity classes will intera
more or less strongly with the applied fields, which may le
to selective velocity-class saturation~hole burning!. We use
the density-matrix formalism, which includes velocity-clas
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dependent rate and transverse relaxation terms, to des
the evolution of each of these velocity-class atoms. T
density-matrix equations, for each particular velocity class
the inhomogeneously broadened ensemble, are gene
from the Hamiltonian of Eq. ~1! according to
(]rab /]t)52 i /\@H,r#ab plus phenomenological rate an
relaxation terms

]r11~z,v,t !
]t

5Im@b*Ep* ~z,t !Ec~z,t !r12~z,v,t !#

1R1
inr rr ~z,v,t !2R1

outr11~z,v,t !

]r22~z,v,t !
]t

52Im@b*Ep* ~z,t !Ec~z,t !r12~z,v,t !#

1R2
inr rr ~z,v,t !2R2

outr22~z,v,t !, ~3a!

FIG. 1. Energy-level diagram for the~a! Raman laser (L field
configuration! and ~b! two-photon laser~ladder or cascade field
configuration!. The sum or difference frequency of the probe las
(vp) and the coupling laser (vc) nearly equals a two-photon atomi
transition frequency; the small two-photon detuning parame
Dv2 is defined byv212(vp6vc) and is positive as shown.R2

in ,
R1
out , etc., are the rates at which population is pumped into or ou

each state.
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56 969ANTI-STOKES RAMAN LASERS WITHOUT INVERSION
]r12~z,v,t !
]t

2 iDr12~z,v,t !5h~z,v,t !

h~z,v,t !5
i

2
bEp~z,t !Ec* ~z,t !@r22~z,v,t !2r11~z,v,t !#.

~3b!

The termsR1
in andR2

in represent arbitrary incoherent popul
tion transfer rates~in units of rad/s! to statesu1& and u2&
from a generalized ‘‘reservoir’’ stateur &; this simple pump-
ing provides no externally injected coherence and may
general, be a function of the atomic velocity class as wel
of position and time. Longitudinal relaxation termsR1

out and
R2
out represent the rate at which population is removed fr

statesu1& and u2& to other arbitrary states. The complex e
fective two-photon detuning parameter is defined asD5
1
2@A(z,t)2D(z,t)#1Dv21 ig21, with Dv2 defined as
shown in Fig. 1. The real part accounts for light shifts, d
liberate laser detunings, and two- photon inhomogene
broadening; the quantitiesA(z,t)5(ap2dp)uEp(z,t)u2 and
D(z,t)5(dc2ac)uEc(z,t)u2 are the net dynamic Stark shift
produced by each of the laser fields acting on either leve
the absence of the other laser. As expected, these fi
induced Stark shifts enter as two-photon detunings, and
far-detuned system,A(z,t) andD(z,t) are both close to zero
The imaginary partg21 is the net transverse relaxation rate
the u1&-u2& transition coherence @17#. We write
g2151/T21

1
2(R1

out1R2
out), whereT2 is the time scale set by

collisional broadening and the longitudinal relaxation ter
are present because removal of phased population const
a dephasing mechanism.

How is the propagation of the probe and coupling la
pulses influenced by material excitation? Assuming that
electric-field envelopes change slowly in space compare
their wavelengths, the propagation equations for the pr
and coupling electric fields in a Raman configuration, in
cal time, are

]Ep~z,t !

]z
52 ih\vpN$@apr̂11~z,t !1dpr̂22~z,t !#Ep~z,t !

1b*Ec~z,t !r̂12~z,t !%, ~4a!

]Ec~z,t !

]z
52 ih\vcN$@acr̂11~z,t !1dcr̂22~z,t !#Ec~z,t !

1bEp~z,t !r̂12* ~z,t !%. ~4b!

Both fields are driven by the macroscopic polarization of
inhomogeneously broadened medium;r̂11(z,t) and r̂22(z,t)
refer to the total fraction of atoms in these states at timet and
position z, and r̂12 is the ensemble coherence. The mac
scopic quantities are obtained by summation over atomic
locity classes.~The material constantsaq , etc., are valid for
the entire ensemble when the detunings from the interm
ate states are much greater than the Doppler widths of t
states.! The excess phase shift per unit length of the pro
laser alone, with all atoms in stateu1&, is given by
Nh\vpap ; here,N is the atomic density,h the impedance
of free space, and\vpthe energy of probe-laser photons. T
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fields are coupled to each other via the ensemble cohere
@To describe a two-photon laser, when the fields are in
ladder or cascade configuration of Fig. 1~b!, we make the
following replacements: in the definition of theb coefficient
vc becomes -vc , Ec and Ec* terms are replaced by the
respective conjugate variables in Eqs.~1!, ~3a!, ~3b!, and
~4a!, andbEpr̂12* in Eq. ~4b! is replaced by its complex con

jugate,b*Ep* r̂12.#

II. APPROXIMATE SOLUTION FOR THE ENSEMBLE
ATOMIC COHERENCE

We first reformulate Eq.~3b!, the differential equation for
the coherence, as an integral equation. With variations of
quantityD small on a time scale@D#21 over the duration of
the probe-laser pulse, the coherence is

r12~z,v,t !5E
2`

t

h~z,v,t!eiD~ t2t!dt . ~5!

Equation~5! describes the coherence evolution of a partic
lar velocity class of atoms, or of an ensemble of purely h
mogeneously broadened atoms. We have assumed ‘‘natu
initial conditions, so that before the laser fields are appli
the coherence of each velocity class is zero.

To proceed analytically in our description of the Dopple
broadened medium, we work in a small-signal, rate-equa
regime. Thus, when computing the evolution of each atom
velocity-class population,r22(z,v,t) andr11(z,v,t), we ne-
glect the coherent interaction term~a two-photon Rabi fre-
quency proportional to the product of field strengths! in favor
of the rate terms. This is equivalent to the first-order r
equation approximation theory of Sargent, Scully, and La
@18#. Strictly speaking, in a strong-signal regime, ea
atomic population term will evolve in a manner depende
upon the velocity class; retaining this dependence rigorou
would allow us to describe nonadiabatic passage and ma
scopic velocity-class saturation effects, but would render
problem analytically intractable. We assume, therefore, t
the driving term may be factored ash(z,v,t)5g(v)h(z,t),
wherev is the component of velocity along an axis defin
by the wave vectors of the probe and coupling lasers,
g(v) is a normalized Maxwellian thermal velocity distribu
tion function. Note that this assumption requires that
population excitation mechanism also be factored with
same velocity distribution. This situation may be readily r
alized if the pumping is provided by, e.g., spontaneous em
sion from a distribution of thermal atoms.

Unlike the cw case considered in@18#, if we postulate
ns-length laser pulses, mm size beams, and typical the
velocities, we may ignore the field averaging due to the m
tion of individual atoms and consider only the detuning
fects. Because of the Doppler shift, an extra veloci
dependent detuning factordv@v# must be added toD. The
velocity variable is converted to a two-photon detuning a
cording todv@v#5(kW p2kW c)•vW , and the Maxwellian velocity
distribution leads to a gaussian two-photon detuning dis
bution function with full width at half maximumDvD :
g(dv)5A(4 ln2)/(pDvD

2 )exp@24 ln2(dv/DvD)
2#. We

note that in two-photon processes, the inhomogeneous
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970 56ANDREW J. MERRIAM AND A. V. SOKOLOV
width is proportional to the wave vectorsum ~two-photon
laser, in which fields are applied in a ladder or cascade c
figuration! or difference~Raman laser,L configuration!; as is
well known, for special ‘‘Doppler-free’’ configurations, thi
residual inhomogeneous broadening can be minimized. C
rying out the integration over the detuning variabledv, we
find

r̂12~z,t !5E
2`

`

r12~z,v,t !dv

5E
2`

t E
2`

`

h~z,t!ei ~D1dv!~ t2t!g~dv!d~dv!dt

5E
2`

t

h~z,t!eiD~ t2t!e2gD
2

~ t2t!2dt, ~6!

with the parametergD[DvD/4Aln2.0.3DvD . We now ex-
pand this Doppler- averaged integral in a series solution
integration by parts. This procedure is similar to the solut
technique for homogeneously broadened multilevel syst
described by Puell and Vidal@19# and references therein
Series expansions have also been used in the descriptio
adiabatic following@20#. The time scales for variations of th
different quantities in the integrand determine the rate
series convergence. Assuming that the time scale of va
tions of the driving term h(z,t) are such that
@]2h(z,t)/]t2#/@]h(z,t)/]t#!gD , ~note that this sets a re
striction on the rate of change, rather than on the magnitu
of the population excitation rate! Eq. ~6! is well approxi-
mated by the first two terms of an infinite series. As a fun
tion of the ~complex! normalized two-photon detuning pa
rameterz[(D/2gD), the approximate ensemble coheren
solution is

r̂12~z,t,z!>
Ap

2gD
Fh~z,t !G1@z#2

1

gD

]h~z,t !

]t
G2@z#G .

~7!

This approximate solution is valid in all limits ofg21/gD .
The two functions in this equation,G1@z# andG2@z#, are
related to the plasma dispersion functionZ@z# with a com-
plex argument@18#

G1@z#5Z@z#

G2@z#5 i zZ@z#1
1

Ap

Z@z#5e2z2erfc~2 i z!5
i

pE2`

` e2y2dy

z2y
~8!

and are shown in Fig. 2. We see that the ensemble coher
is determined by both the population difference termh(z,t)
and the rate of population excitation, described
]h(z,t)/]t. Spectral and laser intensity dependencies
contained within the functionsG1@z# andG2@z#.
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III. THE EVOLUTION OF PULSE ENERGY AND AREA

We consider the variation of the probe-laser pulse ene
densityE and pulse areaA caused by propagation through a
arbitrarily pumped atomic system. The pulse energy den
at any point in the medium is the integral of the intensi
The change of this quantity as the pulse propagates thro
the medium is

]E~z!

]z
5

]

]zF E2`

` 1

2h
uEp~z,t !u2dtG

5
1

2hE2`

`

2 ReFEp* ~z,t !
]Ep~z,t !

]z Gdt. ~9!

When we substitute]Ep /]z from the probe propagation
equation and use the approximate solution for the ensem
coherencer̂12, the gain and loss of probe-laser energy
found to be

]E~z,z!

]z
5s0E

2`

`

I c~z,t !I P~z,t !

3FRe†G1@z#‡2
1

2gD
Re†G2@z#‡

]

]t G
3~ r̂222 r̂11!dt, ~10!

FIG. 2. Real parts~solid lines! and imaginary parts~dashed
lines! of the functions~a! G1@z#, and~b! G2@z#. The abscissa is the
normalized effective two-photon detuning Re@z#, with z5D/2gD .
For these curves, the normalized coherence relaxation
(g21/2gD)50.01.
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56 971ANTI-STOKES RAMAN LASERS WITHOUT INVERSION
with a two-photon absorption parameter s0

5Nh2\vpubu2Ap/gD @21#. I c is the coupling laser intensity
Since the coherent interaction terms have been neglecte
the derivation of Eq.~6!, the energy loss and gain coeffi
cients are independent of pulse area, and due strictly to
herence relaxation and population excitation mechanis
There are two terms in this equation that modify the pro
laser energy density during propagation.~We have neglected
a term proportional to the rate of change of the phase dif
ence of the laser fields, which arises from the bandwidth
chirp of the lasers, and frequency pulling due to interact
with the medium. Its value, averaged over the spectral c
tent of the laser fields, is assumed to be much smaller t
the Doppler widthgD , a condition generally satisfied whe
using transform- limited, several ns-long, laser pulses.!

The first term is due to two-photon absorption and stim
lated Raman scattering. We note that this term causes a
at the probe field unless a two-photon inversion is ma
tained since the direction of the two- photon absorption
driven by the population difference. Application of a stro
probe ~pump! laser field to the input of an noninverte
Raman-active medium will generate a coherent coup
~Stokes! laser field with a line shape proportional
Re@G1@z## with maximum gain obtained at the position
the Stark-shifted two-photon resonance. If the lower ma
fold is inverted, then Eq.~10! can describe a stimulated ant
Stokes Raman device. Due to its importance in atomic
molecular spectroscopy, this Raman line shape has b
studied extensively in the past; it is also the line shape
coherent anti-Stokes Raman scattering~CARS! @22#.

The second term, which depends on the temporal ev
tion of the atomic population and the functionG2@z#, is the
primary result of this paper. This term describes change
probe laser energy due to the coherent trapping of at
which have been incoherently pumped into the system.
ergy is extracted from both the atomic medium and the c
pling laser field.The key to the realization of inversionle
lasers is the fact that gain may be provided by the rate
change of a population difference, and not just the abso
value of that difference.Probe-laser gain is possible regar
less of the relative lower manifold atomic populations,
independent of the pulse area, and depends only on
pumping mechanism and the laser intensities and detuni
This result is borne out in numerical simulations, but is
contradiction with the results of earlier theoretical work
Raman LWI by Agarwal, Ravi, and Cooper@23#, who pre-
dicted that gain will be terminated when the two-photon tra

sition becomes inverted, i.e., whenr̂22 exceedsr̂11. This
gain cannot be regarded simply as a Raman-scatte
mechanism since it does not require the existence of a n
allowed transition homogeneous linewidth. In addition,
does not require phase matching. The complete line sha
plotted in Fig. 3 for several normalized pumping rates; n
how it blends smoothly with the unsaturated Raman l
shape when the pumping rate becomes very small.

Similarly, the pulse areaA is defined as the integral of th
magnitude of the electric field and may change as the pu
propagate. We determine its evolution in a manner simila
Eq. ~10!; if the coupling laser is taken as constant over
in
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duration of the probe pulse~which is the case if the probe
laser intensity is much weaker than that of the coupling la
@24#! then

]A~z,z!

]z
5

s0

2 E2`

`

I c~z,t !uEp~z,t !uRe†G1@z#‡~ r̂222 r̂11!dt.

~11!

This indicates that evolution of the pulse area is independ
of the pumping rate. In general, therefore, as the probe-la
pulse is amplified without inversion, it is also temporal
compressed to keep the total pulse area constant, and thu
Raman and two-photon laser amplifiers are also nonlin
pulse compressors, as predicted by Narducciet al. @9#.
Dephasing mechanisms also act to modify the pulse a
regardless of amplification.

Following the rate equation approximation, the differen
of the state populations in Eq.~10! is determined by rates
only, i.e., ]/]t@ r̂222 r̂11#5R2

inr̂221R1
outr̂111•••. However,

pulse propagation itself will cause the populations to cha

FIG. 3. Anti-Stokes Raman gain line shape.~a! Small-signal
plane-wave gains(z)/s0, „with E(z)5E0exp@s(z)(I c/2p)z#… is
plotted vs normalized effective two-photon detuning. The norm

ized pumping parameterP5(1/2gD)(]/]t)@ r̂22(z,t)2 r̂11(z,t)# is
increased from 0.0~curve 1!, to 0.10~curve 2!, to 0.25~curve 3!, to
0.5 ~curve 4!. In each curve, the normalized coherence relaxat

rate (g21/2gD)50.01 and the factor@ r̂22(z,t)2 r̂11(z,t)#521.0,
i.e., all atoms in stateu1&. ~b! Expansion of the positive region o
these curves. The normal two- photon absorption line shape is
tained~curve 1! in the absence of pumping; a large pumping ra
~curve 4! permits significant inversionless gains over a wide ran
of effective detuning, to either side of the two-photon resonanc
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972 56ANDREW J. MERRIAM AND A. V. SOKOLOV
slightly in a characteristic group velocity signature@24#, in-
dependently of the pumping mechanism. Energy is absor
from the front part of the probe pulse to prepare the sup
position eigenstate~increasing the upper-state populatio!
and then coherently added to the back of the pulse. If
fields are applied adiabatically, the integral of this proces
nearly zero; changes in probe energy are a result of prepa
fresh and dephased atoms. Comparison with Eq.~10! for net
energy gain indicates that if the difference of atomic pop
lations is in a steady state, i.e.,]/]t@ r̂222 r̂11#50, inversion-
less gain is impossible. This is a major difference betwe
the far-detuned, two-photon system considered here
continuous-wave, resonant-intermediate experiments:
gain is possible in steady state in the far-detuned syst
Far-detuned, coherent, inversionless gain effects are th
transient phenomena and will lend themselves to pulsed l
experiments. In resonant experiments@11,12#, it is the cou-
pling of the intermediate stateu i & to stateu2& which recycles
part of the atomic population and makes small-signal
LWI possible even while the atomic populations are
steady state. We note that the dynamics described abov
characteristic to both Raman and two-photon LWI.

IV. SMALL-SIGNAL GAIN

We now estimate the gain coefficients for a model atom
system. For the sake of continuity with existing experimen
we calculate numbers for a low-pressure atomic vapor
isotopically pure208Pb @24#. This is a Raman (L) system
with a large 10 650 cm21 shift ~1 cm21530 GHz! with
ns-duration probe and coupling lasers detuned 1000 cm21

from the intermediate state. Probe-laser photon energy is
eV and matrix elements are each taken as 1 a.u., so tha
value of b is approximately 1.731025 ~mks units!. At a
temperature of 900 °C, the two-photon transition is primar
Doppler broadened: the density is about 1015 cm23, and the
Doppler width is 0.02 cm21, 100 times greater than th
231024 cm21 collisionally broadened linewidth.~This cor-
responds to a 25 ns dephasing timeT2). Higher-order cor-
rections to the gain formula of Eq.~10! may be ignored,
therefore, when the time scale for pulse evolution, etc.
much longer than about 800 ps. The small-signal, pla
wave gain coefficient under these conditions is given by

s~z!5s0FRe†G1@z#‡2
1

2gD
Re†G2@z#‡

]

]t G~ r̂222 r̂11!

E~z!5E0expFs~z!
I c
2p

zG , ~12!

where all frequencies are radian frequencies, andI c is the
coupling laser intensity. The following numerical estimat
take I c in units of @MW/cm2#. The value ofs0 for these
parameters is 4.731023 cm/MW. For comparison purpose
if this system were completely inverted and a stron
coupling laser were applied, the probe field would be gen
ated by normal stimulated anti-Stokes Raman scatter wi
gain coefficient of 7.5310243I c cm

21. The magnitude of
the inversionless gain depends upon the rate at which
pump the system. In particular, it is desirable
maximize the dimensionless pumping parameterP
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5(1/2gD)]/]t @( r̂222 r̂11)#. Assuming that 10% of the
population is pumped into stateu2& in 0.5 ns~a pumping rate
5 times the coherence relaxation rate! thenP50.10. At this
pumping rate, the gain factor„s(z)/s0… reaches a maximum
value of 2.731023 when the difference of Stark shifts an
laser detuning is approximately two Doppler widths.~See
Fig. 3, curve 2! In the most severe case, with all atoms in t
ground state (u1&), the maximum inversionless anti-Stoke
gain is found to be 2310263I c cm

21. Similar to other reso-
nantly enhanced two-photon processes, this gain is a st
function of detuning from the intermediate level. Decreas
the detuning to 5 cm21, with other parameters held constan
brings the inversionless anti-Stokes gain up by a fac
(200)2 to 0.083I c cm

21. However, increasing the couplin
laser intensity~especially near resonance! modifies the effec-
tive two-photon detuningD through the stark shift paramete
D(z,t), and reduces the available gain; in order to maint
an optimum value ofD, the laser two-photon detuning ma
also be adjusted accordingly.

V. PREPARATION OF AN INHOMOGENEOUSLY
BROADENED ATOMIC MEDIUM

Although the Raman loss maximizes at the position of
Stark-shifted two-photon resonance as expected, it is not
mediately obvious why the gain due to population excitat
does not also maximize at this point. We see from Fig. 2 t
the functionG2@z# actually maximizes at values of the e
fective detuning roughly equal to the inhomogenous lin
width. These detunings determine the maximum gain t
may be achieved in a laser amplifer configuration, or t
frequency of a probe-laser oscillator which builds fro
noise.We posit that these optimum detunings maximize
real part of the ensemble atomic coherence for given pr
and coupling laser intensities, and that this maximally coh
ent condition is the basis for tunable inversionless lasers

Our understanding of the inversionless gain line sha
will be aided considerably by a knowledge of what is ha
pening on a single-atom level. Under the influence of
applied fields, atoms inu1& are adiabatically evolved into a
phased or an anti-phased superposition of statesu1& and
u2&. The coherence of a given velocity-class atom in t
superposition state, is given~with z and t dependence omit-
ted but understood! by @14#

r12~v !56
bEpEc

2AD@v#21ubu2uEpu2uEcu2
. ~13!

The evolution of a particular velocity-class ground-sta
atom is determined by the sign of the effective two-phot
detuningD. If the effective detuning is negative, then a
atom initially in u1& is evolved into the antiphased superp
sition state„so that Re@r12(z,v,t)# is negative…, and vice
versa. In order to maximize the time-averaged ensemble
herence, the net difference in Stark shifts and laser detun
must be of one sign for each atom in the ensemble,
1
2@A(z,t)2D(z,t)#1Dv2!2DvD . With this detuning, a
large fraction of the atomic velocity classes are ‘‘prepare
into the antiphased superposition state. As the magnitud
the effective detuning is increased, the magnitude of the
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semble coherence first increases, as more and more vel
classes are prepared; however, increasing the two-photo
tuning actually reduces the single velocity-class interact
strength and so the ensemble coherence will begin to
crease. The maximum value occurs for effective detuning
approximately one inhomogeneous linewidth to either side
the resonance. This preparation condition is common
many electromagnetically induced transparency~EIT! ex-
periments.

In addition to the requirement on the magnitude of t
effective two-photon detuning, the field strengths must
adiabatically changed to ensure that each atom remains
given eigenstate; the time scale for field variations m
therefore be small compared to the inverse of the separa
between eigenstates of the system, which, at any poin
@2ARe@D#21ubu2uEp(z,t)u2uEc(z,t)u2#21.

It is evident that preparation may be accomplished eit
with laser intensity~through the difference in Stark shift fac
tors! or with a deliberate two-photon detuning, depending
the detunings from the intermediate state~s! and the available
laser power. Preparation into the antiphased eigenstate
minimum Dv2 /D(z,t) is advisable, whenever possible,
take advantage of the inherent beam propagation protec
that occurs in EIT@25#. In the near-resonant intermedia
case, optimal preparation may be realized by zero detun
and counterintuitive pulse propagation, whence a stro
coupling laser@such thatD(z,t).2DvD# is sent into the
medium prior to the probe laser.~If the probe laser builds up
from noise, we expect that the medium will ‘‘self-prepare
by generating matching coupling and probe-laser envelo
@26#.! The recent development of high-power, narro
linewidth, laser systems like those described in@27# has en-
abled experimenters to adiabatically prepare atoms o
strongly absorbing, Doppler-broadened media with la
fields alone at two-photon resonance. Note that in the
detuned case, where the Stark shift coefficients are rou
equal, preparation is accomplished by deliberate detunin
either side of the two-photon resonance.

VI. EXPERIMENTAL CONSIDERATIONS

We now make some general remarks on the type
preparation of atomic media suitable for the demonstra
of these concepts. The requirement on the coupling lase
not terribly restrictive, because the gain is independen
pulse shape. The gain does, however, depend on the de
ing rate, which, in turn, depends upon the laser pha
diffusion linewidth, which recommends the use of transfor
limited lasers. The atomic medium may be chosen to ma
available or desired laser wavelengths; while the gain may
polarization-dependent, there are no phase-matching con
erations and thus material dispersion is irrelevant.

The choice of statesu1& and u2& is quite important. In
both normal and inversionless lasers, a certain state mu
pumped faster than the relevant relaxation mechanism
normal lasers, an inversion condition must be maintained
inversionless lasers, the coherence must be maintained.
is not possible in either case if the medium is in local th
modynamic equilibrium~LTE!. In LTE, there will, of course,
be no inversion, but the more subtle point, which preclu
inversionless gain under these conditions, is that the gain
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to the forward rate into stateu2& is exactly cancelled by the
backward rate-induced dephasing loss. The ability to ma
tain ‘‘one-way’’ rates~e.g., via spontaneous emission pum
ing! is key to the success of inversionless lasers. To m
mize the coherence relaxation rate, a metastable stateu2& is
the obvious choice. It may be possible to develop a uniq
kind of recombination laser from these concepts, but elect
pumping is unavoidably accompanied by some measure
Stark broadening~collisional broadening by charged pa
ticles! of the u1&-u2& transition. This effect is relatively be
nign to standard recombination laser systems, but deadl
the coherence-based laser described here.

We note that the transient nature of the gain leads t
natural choice of long, single-pass cells. This is differe
from Raman cells, in which a single, multipass cell config
ration may be optimized for maximal generation of a giv
sideband@28#; further increase in path length actually r
duces the conversion efficiency to this sideband, an ind
tion of the parametric nature of the energy transfer in Ram
scattering. Moreover, narrow beams or experimental c
will generally be required in order to minimize optical tra
ping effects which lead to reverse rates. If permitted by m
terial constraints, both two-photon and Raman proces
will, in general, occur simultaneously, resulting in the amp
fication of probe frequenciesv216vc .

There is a subtle aspect to the nature of the pump
mechanism that will drive an inversionless laser. Thermo
namically, the gain of any laser, with or without inversion,
derived from an irreversible process. In an inversionless
ser, gain is the result of a nonadiabatic interaction betw
the laser fields and those atoms pumped into the lower m
fold. In a sense, we have replaced nature’s ready-made
versibility ~the elastic and inelastic dephasing rate of t
lower manifold, which constitutes the linewidth of the two
photon transition! with our own. The single-atom pumpin
process must therefore occur on a time scale which is s
compared to the reaction time of the system. Otherwise,
system will have time to evolve in a reversible manner d
ing the course of the pumping and any energy gained by
radiation fields will be returned to the medium at the end
the pulse. The relevant reaction time scale for atomic me
described in this paper is the inverse of the effective tw
photon detuning, which, for a weak probe laser may be w
tenuDv22D(z,t)/2u21. Following the prescription for maxi-
mum gain, the magnitude of this detuning will be rough
equal to the two-photon Doppler width, which for typic
atomic vapors implies a reaction time of several hundred
Not all pumping mechanisms satisfy this requirement, e
slow collisions between atoms and low-energy electro
Equation ~3! implicitly assumes instantaneous single-ato
pumping events, a valid approximation for, e.g., spontane
emission.

Intermediate state resonant enhancement of the cohe
two-photon gain is quite significant. Traditionally, the cost
tuning lasers ever closer to an intermediate state is dra
beam quality degradation due to one- photon absorption
a self-phase and cross-phase modulation-induced nonli
index of refraction. Under these circumstances, howeve
the medium is prepared in the manner described in the
vious sections into the antiphased superposition~dark! state,
the index of refraction is zeroed, and the lasers can utilize
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intermediate resonance with impunity. In a manner ident
to resonant-intermediate LWI, the generated probe beam
be protected from reabsorption by quantum interference.
perimentally, we expect to tune both probe and coupling
sers to resonance with the intermediate state and obs
significantly enhanced gains. This is the mechanism for
enhanced nonlinear optical conversion efficiency of@29#.
Our formalism may in fact be used to describe resona
intermediate interactions, when the resonant intermed
state can be adiabatically eliminated. This is possible w
its homogeneous linewidth is very large, or when the m
dium is counterintuitively prepared with a strong-coupli
laser@30#.

However, it will not be desirable to tune toexact reso-
nance with the intermediate state. High-gain, resona
intermediate experiments are severely limited by coupl
laser absorption@31#. At a fixed pumping rate, the symmetr
of the line shape in Fig. 3 leads us to expect gain regard
of the sign of the effective detuning from two-photon res
nance. As discussed previously, the sign of the net detu
determines the superposition state into which stateu1& atoms
are evolved; hence the behavior of the superposition state
the regime far-detuned from the intermediate state~s! is iden-
tical. However, when the lasers are tuned within the abso
tion profile of the intermediate resonance, this symmetry
broken, and the fraction of atoms which are not stimulated
the antiphased superposition state will couple strongly to
intermediate state, and lead to an absorption coefficien
the coupling laser nearly equal to the gain coefficient of
probe laser. Hence, after a characteristic propagation
tance, resonant-intermediate, inversionless lasers will s
terminate. On the other hand, far-detuned experiments o
a photon conservation relation; for every probe photon g
erated, a coupling laser photon is absorbed~Raman laser! or
generated~two-photon laser! @32#. In far-detuned experi-
ments, therefore, the ratio of the coupling laser loss coe
cient to the probe-laser gain coefficient is nearly equal to
ratio of the intensities, and for weak-probe experiments,
coupling laser absorption~or gain! is quite small. We there-
fore expect that inversionless lasers in opaque media
exhibit maximum gain when both lasers are detuned
outside the absorption profile of the intermediate resona
and when the ensemble is prepared in the antiphased~dark!
eigenstate.

VII. SUMMARY

We have discussed the propagation dynamics and spe
dependence of pulsed, widely tunable, inversionless a
Stokes Raman laser amplifiers in inhomogeneously bro
ened atomic media, in regions of loss-free probe laser pro
gation. Our formalism also describes normal Raman
tt.
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two-photon absorption phenomena. The approximate s
tion for the ensemble coherence may be employed, with
higher-order terms, when higher-order temporal derivati
of the atomic variableh(z,t) are small compared to th
two-photon doppler width, i.e., @]2h(z,t)/]t2#/
@]h(z,t)/]t#!gD . The prescription for observing inversion
less amplification is simple: one of two lower atomic states
selectively pumped and the differential pumping rate of th
states must exceed the total dephasing rate of the two-ph
transition coherence. Because inversionless gain requir
nonadiabatic interaction between the applied fields and
pumped atom, the single-atom pumping event must occu
a time scale short compared to the inverse of the effec
two-photon detuning. For a given atomic system and la
frequencies, maximum gain is obtained when the fields
detuned roughly one inhomogeneous linewidth to either s
of a two-photon resonance. Unlike the resonant-intermed
case, in the off-resonance region, the behavior of the pha
and antiphased superposition eigenstates is identical; it is
magnitude of the real part of the ensemble coherence, no
sign ~which is closely linked to quantum interference e
fects!, that matters most. The gain in such lasers will van
when the atoms are in local thermodynamic equilibriu
Consistent with existing experimental EIT results, it shou
be possible to significantly resonantly enhance the invers
less gain without propagation distortion if the atoms are p
pared in the antiphased superposition~dark! state by appro-
priate negative effective detuning. We note that a typi
Raman laser~and parametric four-wave-mixing processe
such as CARS! operates without inversion, but the energy
this case is not obtained from the atomic medium: it is pa
metrically transferred from one laser field to another. An
Stokes gain, i.e., probe-laser gain, is not normally poss
unless the two-photon transition is inverted. In the inversio
less laser scheme described here, energy is extracted
from the atomic medium and from a separate coherent fi
The major difficulty in the realization of inversionless lase
continues to be the selection of an optimal pumping mec
nism. Once this problem is overcome, however, it may
possible to extend the principles of this paper to the desig
short-wavelength laser amplifiers.
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