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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[S1050-294{@7)08707-9

PACS numbss): 42.50.Gy, 42.50.Hz, 42.55.Ye, 32.70.Jz

INTRODUCTION related to the plasma dispersion function with complex argu-
ment. The third section uses the approximate solution to de-
The prospect of obtaining stimulated amplification with- rive analytic formulas for the evolution of pulse energy and
out population inversion has fueled 20 years of intense thepulse area, and the fourth section evaluates the gain coeffi-
oretical and experimental study. In the past, lasers withoutient for a model atomic system. The fifth section relates the
population inversionLWI) have been associated with the preparation of a Doppler-broadened medium by the applied
elimination of loss caused by lower laser-state atoms viadaser fields) to the ensemble coherence and to the form of
guantum interference. The primary difference between thehe inversionless gain lineshape. In the sixth section, we dis-
various LWI models is the manner in which the interferencecuss some of the experimental considerations that will influ-
is obtained, whether by external injection of optical coher-ence the operation of this kind of inversionless laser.

ence[1], coherent population trappin@PT) [2—4], or in- Before proceeding, we cite important developments in the
trinsic atomic relaxation processgs—7]. (Other references pjstory of two-photon amplification. Coherent nonlinear en-
of general interest may be found [if]]. ergy extraction via two-photon amplification has been pro-

In this paper, we work in a region far off resonance Whereposed in the pagi9], and some of the special behavior of
there is no loss. Even so, we show that there is gain due o-photon systems, e.g., pulse reshaping, has already been

:1?03\;5?;?2;6 'r'; e;gf:g:nogﬁeesrt;?xve:n ;nu:ilr:i%enrssé?tteh:;mscussed. The idea is to store energy in an inverted meta-
e, reg . . Pop table atomic level and then extract it coherently with a trig-
states. As in other manifestations of LWI, a second, coheren L . ;
er pulse; this has the added benefit of effectively up con-

field must be applied to mediate the two-photon processg . . . X
Gain is possible when the sum or difference frequency of thyerting or down converting the trigger laser wavelength with
two laser fields is nearly resonant with a Ranalipole- a higher saturation intensity than may be achieved in normal

forbidden transition in the medium. Under these conditions, 125€r amplifiers. High-brightness, spontaneous, anti-Stokes
the primary loss mechanisms are two-photon absorption angaman sources which do not require inversion have also
Raman scattering, and so we discuss the possibility of coneReen proposeil0]. Inversionless gain in the recent experi-
ent gain without inversion of thevo-photortransition mani- mental observations of continuous-wave, resonance-line
fold. In this region of nominally lossless propagation, gain isLW! in rubidium [11] and sodium(12], is due to a combi-
made possible by atomic coherence, rather than quantumgtion of atomic coherence and CPT. In other work, phase-
interference-based negation of lower laser-state atomic alslependent, inversionless coherent gain on picosecond time
sorption. Still, our formalism may also be used to describescales has been demonstraf&d].

the usual class of LWI, in which lower-state absorption can-

not be neglected. This gain mechanism, and the results of

this paper, can, in principle, be extended to arbitrarily short | THE SEMICLASSICAL EQUATIONS OF MOTION
wavelengths, subject to material constraints.

This paper consists of six sections. The first section de- /o study a system that has many upfrintermediat

rives the semiclassical equations of motion for the 'nd'v'dualséatesh) which are connected by arbitrary matrix elements

atoms of an inhomogeneously-broadened ensemble, an | and uy to lower stateg1) and |2), respectively. We

gives the propagation equations for the two laser fields. Thconsider the one-dimensional propagation of two linearly po-
second section derives an approximate solution for the eq- zed : h i lect tic field ith
semble atomic coherence, based on a series expansion, q]uze guasimonochromatic _ €lectromagnetic Tieids wi
the case when the atoms have a Maxwelliigthermal”) iowly varying spatlal e.nvelopes, a Wea-k probe laser field
velocity distribution and the response of the ensemble i§p(Z:t)=REEy(z,t)xexp(wpt—kyz)], which may be ap-
Doppler broadened. From this series we may delineate thlied or generated from noise, and a coupling laser field
contributions of population inversion and population excita-E¢(z,t) = Rg E.(z,t)xexg (w.t—K.z)]. The sum or differ-
tion to the ensemble coherence, as a function of the las@nce frequency of these fields is nearly equal to a two- pho-
intensities and detunings. The terms in this series are closelpn atomic transition frequency, as shown in Fig. 1. We are
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968 ANDREW J. MERRIAM AND A. V. SOKOLOV 56

especially interested in the rate of change of the probe lasaf the probability amplitudes of statéy are much smaller
pulse energy, as this pulse propagates through a pumpedan the detunings from these states. The atom-field interac-
atomic medium. The statéi are adiabatically eliminated in tion for the two-photon system may then be written in terms
favor of state§1) and|2) by assuming that the derivatives of a two-by-two Hamiltonian

W 2 adEzOP bEZUEL Y
e - @
2 * * 2
b Ep(z’t)EC(th) q:Epc dqlEq(Zyt)| _Zsz

The termsa,, b, andd, in the above Hamiltonian are ma- dependent rate and transverse relaxation terms, to describe
terial constant§14] and, for two fields applied in the Raman the evolution of each of these velocity-class atoms. The

configuration of Fig. 1a), are density-matrix equations, for each particular velocity class of
) the inhomogeneously broadened ensemble, are generated
1 ) 1 1 from the Hamiltonian of Eq. (1) according to
aq_mzi: | id wi1—wq+wi1+wq ' (dpap/dt)=—ilh[H,p]lap plus phenomenological rate and
’ relaxation terms
1 1 1
d = — . 2 + ,
q ZﬁZZ |z Wip—wg Wizt og] dpq11(zZ,v,1) N
0 =Im[b*Ef(z,t)Ec(z,t)p1a(Z,v,1)]
_ 1 Z 1 1 A
b= 252 - Atz a)il_wp+a)il+ we]’ @ +RTp(zv,H) —Rp1y(z,0,1)

Here, the unperturbed atomic frequencieg=(w;— v;).
These constants include all rotating wave as well as cross-  9p2AZ,v,t) I
channel effects(A general treatment should also include in- at =~ Im[b* B, (2 Ec(z, 1) p1Az,v,1)]
tegration over the continuupnThe diagonal elements of the . out
Hamiltonian are the dynamic Stark shifts of stal&s and +R2pr(zv,t) =Ry paz,v,t), (33
|2) which would result from the application of either laser, if
alone, and the off-diagonal terms are two-photon Rabi fre-
guencies. The relative values of these coefficients obviously _|z)
depend upon atomic structure and laser detunings, but we
may identify two common experimental regimes, near- = 73—
resonance and far-detuned, corresponding to the detuning of
the laser fields from the intermediate stateln the near-
resonance case, one Stark shift term will dominate for each
laser and the counterrotating and cross-channel contributions
may be dropped. If the interaction with all intermediate
states is dominated by a single state, thér: a,d; and we
recover the ideal three-state results of Hartis]. In the far-
detuned case, the material constants are roughly equal and
the effects of each laser field acting on each state must be
considered. In either case, the procedure that follows is un-
changed.

As a model of inhomogeneous broadening, we consider (a) (b)
the interaction of the applied fields with an ensemble of at-
oms which have a Maxwellian velocity distribution. To our g5 1. Energy-level diagram for th@ Raman laser A field

kn0W|edge’ an analytical solution of this .problem, as It ap-configuration and (b) two-photon laser(ladder or cascade field
plies to LWI, has not been presented previously, although thggnfiguration. The sum or difference frequency of the probe laser
problem has been studied numericgly6]. Because of the (wp) and the coupling laset(;) nearly equals a two-photon atomic
Doppler shift, different atomic velocity classes will interact transition frequency; the small two-photon detuning parameter
more or less strongly with the applied fields, which may leadA w, is defined byw,;—(w,* w.) and is positive as showrRl,

to selective velocity-class saturatidimole burning. We use RS, etc., are the rates at which population is pumped into or out of
the density-matrix formalism, which includes velocity-class-each state.
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Ip1AzZv,t) fields are coupled to each other via the ensemble coherence.
o 1ApAzv.)=h(zv,1) [To describe a two-photon laser, when the fields are in the
ladder or cascade configuration of Figbjl we make the
i following replacements: in the definition of thecoefficient
h(Z,v,t)=EbEp(Z,t)E:(Z,t)[pzz(z,v,t)—pll(z,v,t)]. o, becomes o., E. and E} terms are replaced by their
(3b) respective conjugate variables in Ed$), (3a), (3b), and
(4a), andbEp,Bi‘2 in Eq. (4b) is replaced by its complex con-
The termsRy' andRy' represent arbitrary incoherent popula- jugate,b*E} py,.]
tion transfer rategin units of rad/$ to states|1) and |2)

from a g_eneralized “reservqirj’ statp ); this simple pump- |l. APPROXIMATE SOLUTION FOR THE ENSEMBLE

ing provides no externally injected coherence and may, in ATOMIC COHERENCE

general, be a function of the atomic velocity class as well as

of position and time. Longitudinal relaxation terrR§" and We first reformulate Eq(3b), the differential equation for

Rgut represent the rate at which population is removed fronthe coherence, as an integral equation. With variations of the
states|1) and|2) to other arbitrary states. The complex ef- quantityA small on a time scalpA]™~* over the duration of
fective two-photon detuning parameter is definedaas  the probe-laser pulse, the coherence is
IA(z,t)-D(z,t) ]+ Awy+iy,, Wwith Aw, defined as
shown in Fig. 1. The real part accounts for light shifts, de- (z t):f
liberate laser detunings, and two- photon inhomogeneous P10,
broadening; the quantitied(z,t)=(a,—d,)|Ey(zt)|* and
D(zt)=(d.—a.)|Ec(z,1)|? are the net dynamic Stark shifts Equation(5) describes the coherence evolution of a particu-
produced by each of the laser fields acting on either level inar velocity class of atoms, or of an ensemble of purely ho-
the absence of the other laser. As expected, these fielghogeneously broadened atoms. We have assumed “natural”
induced Stark shifts enter as two-photon detunings, and in gjtial conditions, so that before the laser fields are applied,
far-detuned system#(z,t) andD(z,t) are both close to zero. the coherence of each velocity class is zero.
The imaginary party,; is the net transverse relaxation rate of  To proceed analytically in our description of the Doppler-
the [1)-]2) transition coherence [17]. We write  broadened medium, we work in a small-signal, rate-equation
Yor= 1T, + 3R+ R3™), whereT, is the time scale set by regime. Thus, when computing the evolution of each atomic
collisional broadening and the longitudinal relaxation termsvelocity-class populatiorp,,(z,v,t) andp,4(z,v,t), we ne-
are present because removal of phased population constitutgiect the coherent interaction ter(a two-photon Rabi fre-
a dephasing mechanism. guency proportional to the product of field strengtimsfavor
How is the propagation of the probe and coupling laserof the rate terms. This is equivalent to the first-order rate
pulses influenced by material excitation? Assuming that thequation approximation theory of Sargent, Scully, and Lamb
electric-field envelopes change slowly in space compared tp18]. Strictly speaking, in a strong-signal regime, each
their wavelengths, the propagation equations for the probatomic population term will evolve in a manner dependent
and coupling electric fields in a Raman configuration, in lo-upon the velocity class; retaining this dependence rigorously
cal time, are would allow us to describe nonadiabatic passage and macro-
scopic velocity-class saturation effects, but would render the
problem analytically intractable. We assume, therefore, that
the driving term may be factored &$z,v,t) =g(v)h(z,t),
. wherev is the component of velocity along an axis defined
+b*Ec(z,1)p1AZ,1)}, (48 by the wave vectors of the probe and coupling lasers, and
E. (2.0 g(v) is a normalized Maxwellian thermal velocity distribu-
JE(z,t . - - tion function. Note that this assumption requires that the
oz~ imhoN{[ap1(z.) +depaiz. ) JEL(ZD) population excitation mechanism aI§0 be fa?:tored with the
R same velocity distribution. This situation may be readily re-
+bEy(z,t)pIz,1)}. (4b)  alized if the pumping is provided by, e.g., spontaneous emis-
sion from a distribution of thermal atoms.
Both fields are driven by the macroscopic polarization of the Unlike the cw case considered [i8], if we postulate
inhomogeneously broadened mediw};@-l(z,t) andﬁzz(z.t) ns-length laser pulses, mm size beams, and typical thermal
refer to the total fraction of atoms in these states at timed ~ velocities, we may ignore the field averaging due to the mo-
position z, and p;, is the ensemble coherence. The macro-tion of individual atoms and conS|der only the detuning _ef—
scopic quantities are obtained by summation over atomic vd€CtS- Because of the Doppler shift, an extra velocity-
locity classes(The material constant, , etc., are valid for dépendent detuning factaiw[v ] must be added td. The
the entire ensemble when the detunings from the intermedi/€0City variable is converted to a two-photon detuning ac-
ate states are much greater than the Doppler widths of theg®rding todw[v]= (k,—K.)-v, and the Maxwellian velocity
states. The excess phase shift per unit length of the probdlistribution leads to a gaussian two-photon detuning distri-
laser alone, with all atoms in Statﬂ>, is given by bution function with full width at half maximumA wp:
N7nhwpa,; here,N is the atomic densityy the impedance g(dw)= (4 In2)/(7rAw2D)exq—4 IN2(dw/Awp)?].  We
of free space, antlwthe energy of probe-laser photons. The note that in two-photon processes, the inhomogeneous line-

t

h(z,v,7)e*t""dr. (5)

JEp(z,t)

= —inhagN{[appi(z,) + dppaA 2, JEG(ZE)
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width is proportional to the wave vect@um (two-photon 1
laser, in which fields are applied in a ladder or cascade con- E
figuration or difference(Raman laserA configuration; as is b (a) .
well known, for special “Doppler-free” configurations, this 0.5 FATR
residual inhomogeneous broadening can be minimized. Car
rying out the integration over the detuning variable, we

find :_
E ———

G, (]

p1Az,t)= J, p1Az,v,t)dv -0.5 NS

[ i(A+ Sw)(t—7) -4 -2 0 2 4
B J e j ,xh(z’ 7)€ 9(Sw)d(dw)dr Normalized Two-Photon Detuning, Re[{]

0.6

t )
B J h(z,m)e!*( Ve 75", (6) : /\

o.4E (b3 /

with the parameteyp=A wp/4In2=0.3A wp . We now ex- _ozf !
pand this Doppler- averaged integral in a series solution via > : / i
integration by parts. This procedure is similar to the solution © 0 pesa=e - ;
technique for homogeneously broadened multilevel systems i Q\/ :

-0.2 N !

described by Puell and Viddll9] and references therein. 27 X
Series expansions have also been used in the description ¢ _ 3
adiabatic following 20]. The time scales for variations of the 0.4 1 tas
different quantities in the integrand determine the rate of T T2 0 2 2
series convergence. Assuming that the time scale of varia- . .

tions of the driving term h(zt) are such that Normalized Two-Photon Detuning, Re(C]
[(92_h(_z,t)/&tz]/[ah(z,t)/&t]<yD, (note that this sets a re- FIG. 2. Real partgsolid lineg and imaginary part§dashed
striction on the_ rate of _Chz_inge, rather tha_m on the magn_'tUd?’mes) of the functions@) G4[ ], and(b) G,[ {]. The abscissa is the
of the population excitation rakeq. (6) is well approxi- normalized effective two-photon detuning [Rg, with {=A/2yp .

mated by the first two terms of an infinite series. As a funCo; these curves, the normalized coherence relaxation rate

tion of the (compleX normalized two-photon detuning pa- (v21/27p) =0.01.
rameter{=(A/2vyp), the approximate ensemble coherence

solution is lll. THE EVOLUTION OF PULSE ENERGY AND AREA
h(zt) We consider the variation of the probe-laser pulse energy
;,12(2,t'§)g N h(z,t)G4[{]—— Z G, ]]. density€ and pulse areal caused by propagation through an
29p Yo ot arbitrarily pumped atomic system. The pulse energy density

7  at any point in the medium is the integral of the intensity.
The change of this quantity as the pulse propagates through

This approximate solution is valid in all limits of,;/yp . the medium is
The two functions in this equatiorG4[ ] and G,[{], are
related to the plasma dispersion functigpZ] with a com- 9&(z) a| (= 1 )
plex argumen{18] 9z oz 7mﬂ|Ep(th)| dt
Gi[{1=7[¢] :if”’ (o PEp(ZD
20 7002 ReEg(zt) P dt. 9)

G, [{]=ilZ[{]+ — When we substitutédE,/dz from the probe propagation
Jr equation and use the approximate solution for the ensemble

coherencep;,, the gain and loss of probe-laser energy is

e eV found to be
Z[g]:eigzerfc(_ | {): I_f € — y (8)
m) - g y (95(2,4") *
e IR IIER

and are shown in Fig. 2. We see that the ensemble coherence

is determined by both the population difference tér(a,t)

and the rate of population excitation, described by X
oh(z,t)/at. Spectral and laser intensity dependencies are o
contained within the function&4[ ¢] andG,[ {]. X (p2o— p11)dt, (10

1 d
RAG[¢]]- 5 RG]l
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with a two-photon  absorption  parameter oy 0.2 ' !

=N7*hw,|b|?\7/ yp [21]. 1 is the coupling laser intensity. ok ' (4)— :

Since the coherent interaction terms have been neglected i 0.2 ;

the derivation of Eq.(6), the energy loss and gain coeffi- o B \ (1) ,

cients are independent of pulse area, and due strictly to co = -0-4¢

herence relaxation and population excitation mechanisms %ﬁ -0.6F \

There are two terms in this equation that modify the probe & _4 g} E

laser energy density during propagatigi/e have neglected S ; ]

a term proportional to the rate of change of the phase differ- i - (a) ]

ence of the laser fields, which arises from the bandwidth or -1.2 : (4)—\/ .

chirp of the lasers, and frequency pulling due to interaction -1.atL

with the medium. Its value, averaged over the spectral con- -4 -3 -2 -1 0 1 2 3 4

tent of the laser fields, is assumed to be much smaller thar Normalized Two-Photon Detuning, Re{{]

the Doppler widthyp , a condition generally satisfied when 0.05

using transform- limited, several ns-long, laser pulses. U (4) —_— ]
The first term is due to two-photon absorption and stimu- 0 [ (3) %r A ——

lated Raman scattering. We note that this term causes a los . ?—'—‘—“

at the probe field unless a two-photon inversion is main- \o° [ /% (1) ]

tained since the direction of the two- photon absorption is 570051 /

driven by the population difference. Application of a strong © r //// (2)

probe (pump laser field to the input of an noninverted -g -0.1 : //

Raman-active medium will generate a coherent coupling © ; /// (b)

(Stoke$ laser field with a line shape proportional to 0181 ]

Rd G4[ £]] with maximum gain obtained at the position of o2 f //// .

the Stark-shifted two-photon resonance. If the lower mani-
fold is inverted, then Eq.10) can describe a stimulated anti-
Stokes Raman device. Due to its importance in atomic anc
molecular spectroscopy, this Raman line shape has been FIG. 3. Anti-Stokes Raman gain line shaga) Small-signal
studied extensively in the past; it is also the line shape oPlane-wave gainr({)/oo, (with £(2) =Eexd o({)(1o/2m)z]) is
coherent anti-Stokes Raman scatteri@fRS) [22]. plotted vs normalized effective two-photon detuning. The normal-

The second term, which depends on the temporal evoluzed pumping parameteP=(1/2yp)(9/3t)[ p2oZ,t) — p1:(Z,1)] is
tion of the atomic population and the functi@y[ ], is the increased from 0.Qcurve 1, to 0.10(curve_2, to 0.25(curve 3, to _
primary result of this paper. This term describes changes t8'5 (curve 9. In each curve, the nor[nallzed ctherence relaxation
probe laser energy due to the coherent trapping of atom@t€ (721/2yp)=0.01 and the factof p,5(z,t) —pa(z,)]=—1.0,
which have been incoherently pumped into the system. En:€ all atoms in stat¢l). (b) Expansion of the positive region of

. . . these curves. The normal two- photon absorption line shape is ob-

ergy is extracted from both the atomic medium and the cou:

. . . . . tained (curve 1 in the absence of pumping; a large pumping rate
pling laser field.The key to the realization of inversionless curve 4 permits significant inversionless gains over a wide range

lasers is the fact that gain may be provided by the rate ofy effective detuning, to either side of the two-photon resonance.
change of a population difference, and not just the absolute

value of that differenceProbe-laser gain is possible regard- quration of the probe puls@vhich is the case if the probe-
less of the relative lower manifold atomic populations, islaser intensity is much weaker than that of the coupling laser
independent of the pulse area, and depends only on the4]) then

pumping mechanism and the laser intensities and detunings.

This result is borne out in numerical simulations, but is in d.A(z,{) og (* - -
contradiction with the results of earlier theoretical work on ~— 57 2 ﬂolC(Z’t)|EP(Z't)|Re[Gl[ﬂ](pZZ_pll)dt'
Raman LWI by Agarwal, Ravi, and Coopg23], who pre- (11)
dicted that gain will be terminated when the two-photon tran-

sition becomes inverted, i.e., when, exceedsp;,. This  This indicates that evolution of the pulse area is independent

gain cannot be regarded simply as a Raman-scatteringf the pumping rate. In general, therefore, as the probe-laser
mechanism since it does not require the existence of a noulse is amplified without inversion, it is also temporally
allowed transition homogeneous linewidth. In addition, it cOmpressed to keep the total pulse area constant, and thus the
does not require phase matching. The complete line shape f@man and two-photon laser amplifiers are also nonlinear
plotted in Fig. 3 for several normalized pumping rates; noteg?ulse compressors, as predicted by Narduetal. [9].
how it blends smoothly with the unsaturated Raman lineP€phasing mechanisms also act to modify the pulse area,
shape when the pumping rate becomes very small. regardless of amplification. o _
Similarly, the pulse areal is defined as the integral of the ~ Following the rate equation approximation, the difference
magnitude of the electric field and may change as the pulsé¥ the state populations in EQ10) is determined by rates
propagate. We determine its evolution in @ manner similar t@nly, i.e., 3/ t[ p,,— p11]= Ry poo+ RIp11+ - - -. However,
Eq. (10); if the coupling laser is taken as constant over thepulse propagation itself will cause the populations to change

1 1.5 2 2.5 3
Normalized Two-Photon Detuning, Re[{]
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slightly in a characteristic group velocity signaty@], in- = (1/2yp)d/dt[(pao—p11)]. Assuming that 10% of the
dependently of the pumping mechanism. Energy is absorbegopulation is pumped into staf2) in 0.5 ns(a pumping rate
from the front part of the probe pulse to prepare the supers times the coherence relaxation jatieenP=0.10. At this
position eigenstatdincreasing the upper-state populagion pumping rate, the gain fact¢e(£)/ o) reaches a maximum
and then coherently added to the back of the pulse. If thgajue of 2.2<10°2 when the difference of Stark shifts and
fields are applied adiabatically, the integral of this process igyger detuning is approximately two Doppler widtl{See
nearly zero; changes in probe energy are a result of preparingg. 3, curve 2 In the most severe case, with all atoms in the
fresh and dephased atoms. Comparison with(EQ. for net  ground state |0)), the maximum inversionless anti-Stokes
energy gain indicates that if the difference of atomic POPU-gain is found to be X 106X 1, cm~*. Similar to other reso-
lations is in a steady state, i.6/Jt[ p,,— p11]=0, inversion-  nantly enhanced two-photon processes, this gain is a strong
less gain is impossible. This is a major difference betweerunction of detuning from the intermediate level. Decreasing
the far-detuned, two-photon system considered here anghe detuning to 5 cm?, with other parameters held constant,
continuous-wave, resonant-intermediate experiments: nbrings the inversionless anti-Stokes gain up by a factor
gain is possible in steady state in the far-detuned systenf200) to 0.08< |, cm~1. However, increasing the coupling
Far-detuned, coherent, inversionless gain effects are thus|aser intensityespecially near resonanamodifies the effec-
transient phenomena and will lend themselves to pulsed las@ie two-photon detunings through the stark shift parameter
experiments. In resonant experimefitd,12, it is the cou-  D(z,t), and reduces the available gain; in order to maintain
pling of the intermediate staté) to state[2) which recycles an optimum value of\, the laser two-photon detuning may
part of the atomic population and makes small-signal cwalso be adjusted accordingly.

LWI possible even while the atomic populations are in
steady state. We note that the dynamics described above are

characteristic to both Raman and two-photon LWI. V. PREPARATION OF AN INHOMOGENEOUSLY

BROADENED ATOMIC MEDIUM

IV. SMALL-SIGNAL GAIN Although the Raman loss maximizes at the position of the

. Stark-shifted two-photon resonance as expected, it is not im-

We now estimate the gain coefficients for a model atomicyegiately obvious why the gain due to population excitation
system. For the sake of continuity with existing experiments yyas not also maximize at this point. We see from Fig. 2 that

we cglculllate ”“%E,’ggs for ar:pw_-pressure atomic vapor ofy,o functionG,[ ] actually maximizes at values of the ef-
Isotopically pure [24]. This is a Raman A) systtm  fa tive detuning roughly equal to the inhomogenous line-

with a large 10 650 cm? shift (1 cm '=30 GH2 with  \yidth. These detunings determine the maximum gain that
ns-duration probe and coupling lasers detuned 10001‘?”‘ may be achieved in a laser amplifer configuration, or the
from the mte_rmedlate state. Probe-laser photon energy is 41$equency of a probe-laser oscillator which builds from
eV and matrix elements are each talléen as 1 a.u,, so that theise We posit that these optimum detunings maximize the
value of b is approximately 1.X10°~ (mks unit3. At @ a5 part of the ensemble atomic coherence for given probe
temperature of 900 °C, the two-photon transition is primarilyang coupling laser intensities, and that this maximally coher-
Doppler broadened: the d_GPS'ty IS abouff’k{m ,and the  gnt condition is the basis for tunable inversionless lasers.
Doppler width is 0.02 cm*, 100 times greater than the  oyr understanding of the inversionless gain line shape
2x107% cm™* collisionally broadened linewidth(This cor- i pe aided considerably by a knowledge of what is hap-
responds to a 25 ns dephasing tiffig. Higher-order cor-  pening on a single-atom level. Under the influence of the
rections to the gain formula of Eq10) may be ignored, applied fields, atoms ifl) are adiabatically evolved into a
therefore, when the time scale for pulse evquyon, etc., Ibhased or an anti-phased superposition of stitésand
much longer than about 800 ps. The small-signal, planer) The coherence of a given velocity-class atom in this
wave gain coefficient under these conditions is given by superposition state, is giveith z andt dependence omit-
ted but understogdby [14]

a({)=oy (P2o—p11)

1 J
ReG,[{]]— mRe[Gz[Z]]E
bE,E,

=+ .
2\/A[U]2+ | b|2| Ep|2| Ec|2

p1Av)= (13

: 12

E(z)=€oexr{ a(g)zl—;z
The evolution of a particular velocity-class ground-state
where all frequencies are radian frequencies, Bné the  atom is determined by the sign of the effective two-photon
coupling laser intensity. The following numerical estimatesdetuningA. If the effective detuning is negative, then an
take |, in units of [MW/cm?]. The value ofo, for these atom initially in|1) is evolved into the antiphased superpo-
parameters is 4710 3 cm/MW. For comparison purposes, sition state(so that Rgp,,(z,v,t)] is negativg, and vice
if this system were completely inverted and a strong-versa. In order to maximize the time-averaged ensemble co-
coupling laser were applied, the probe field would be generherence, the net difference in Stark shifts and laser detunings
ated by normal stimulated anti-Stokes Raman scatter with enust be of one sign for each atom in the ensemble, i.e.,
gain coefficient of 7.5 10 *x 1. cm™1. The magnitude of 3[A(z,t)—D(zt)]+Aw,<—Awp. With this detuning, a
the inversionless gain depends upon the rate at which wkarge fraction of the atomic velocity classes are “prepared”
pump the system. In particular, it is desirable tointo the antiphased superposition state. As the magnitude of
maximize the dimensionless pumping paramet@& the effective detuning is increased, the magnitude of the en-
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semble coherence first increases, as more and more velocity the forward rate into stat®) is exactly cancelled by the
classes are prepared; however, increasing the two-photon dieackward rate-induced dephasing loss. The ability to main-
tuning actually reduces the single velocity-class interactionain “one-way” rates(e.g., via spontaneous emission pump-
strength and so the ensemble coherence will begin to déng) is key to the success of inversionless lasers. To mini-
crease. The maximum value occurs for effective detunings ofnize the coherence relaxation rate, a metastable atis
approximately one inhomogeneous linewidth to either side ofne obvious choice. It may be possible to develop a unique
the resonance. This preparation condition is common {Qing of recombination laser from these concepts, but electron
many electromagnetically induced transpareByT) ex-  nymping is unavoidably accompanied by some measure of
periments. , _ Stark broadeningcollisional broadening by charged par-
In addition to the requirement on the magnitude of thejcieg of the |1)-|2) transition. This effect is relatively be-

effective two-photon detuning, the field strengths must b&iqn 1o standard recombination laser systems, but deadly to
adiabatically changed to ensure that each atom remains iniga coherence-based laser described here

given eigenstate; the time scale for field variations must \ye note that the transient nature of the gain leads to a
therefore b_e small compared to the inve(se of the sepgratiqqaturm choice of long, single-pass cells. This is different
between (Zalgensztates of 2the syst(azmilwhlch, at any point, Igom Raman cells, in which a single, multipass cell configu-
[2\/R.E[A]_ +[b| |Ep(z,t)| |E9(Z’t)| I . _ration may be optimized for maximal generation of a given

Itis evident that preparation may be accomplished eithegjgepand[28]; further increase in path length actually re-
with laser intensitythrough the difference in Stark shift fac- gyces the conversion efficiency to this sideband, an indica-
tors) or with a deliberate two-photon detuning, depending onjon, of the parametric nature of the energy transfer in Raman
the detunings from the intermediate stat@nd the available = scattering. Moreover, narrow beams or experimental cells
laser power. Preparation into the antiphased eigenstate withj| generally be required in order to minimize optical trap-
minimum Aw,/D(z,t) is advisable, whenever possible, t0 ning effects which lead to reverse rates. If permitted by ma-
take advantage of the inherent beam propagation protectiogyia| constraints, both two-photon and Raman processes
that occurs in EIT[25]. In the near-resonant intermediate \yjj| in general, occur simultaneously, resulting in the ampli-
case, optimal preparation may be realized by zero detuningcation of probe frequencies,;+ o, .
and (_:ounterintuitive pulse propagation,lwhence_ a strong- There is a subtle aspect to the nature of the pumping
coupling lasersuch thatD(z,t)>2Awp] is sent into the  mechanism that will drive an inversionless laser. Thermody-
medium prior to the probe lasgif the probe laser builds up namically, the gain of any laser, with or without inversion, is
from noise, we expect that the medium will “self-prepare” gerived from an irreversible process. In an inversionless la-
by generating matching coupling and probe-laser envelopeser, gain is the result of a nonadiabatic interaction between
[26]) The recent development of high-power, narrow-ihe |aser fields and those atoms pumped into the lower mani-
linewidth, laser systems like those describedai] has en-  fo|d. In a sense, we have replaced nature’s ready-made irre-
abled experimenters to adiabatically prepare atoms of Jersibility (the elastic and inelastic dephasing rate of the
strongly absorbing, Doppler-broadened media with lasefower manifold, which constitutes the linewidth of the two-
fields alone at two-photon resonance. Note that in the farphoton transition with our own. The single-atom pumping
detuned case, where the Stark shift coefficients are rOUgh'[‘zfrocess must therefore occur on a time scale which is short
equal, preparation is accomplished by deliberate detuning teompared to the reaction time of the system. Otherwise, the
either side of the two-photon resonance. system will have time to evolve in a reversible manner dur-
ing the course of the pumping and any energy gained by the
radiation fields will be returned to the medium at the end of
the pulse. The relevant reaction time scale for atomic media

We now make some general remarks on the type andescribed in this paper is the inverse of the effective two-
preparation of atomic media suitable for the demonstratiopphoton detuning, which, for a weak probe laser may be writ-
of these concepts. The requirement on the coupling laser i&n|Aw,—D(z,t)/2| . Following the prescription for maxi-
not terribly restrictive, because the gain is independent ofnum gain, the magnitude of this detuning will be roughly
pulse shape. The gain does, however, depend on the dephasiual to the two-photon Doppler width, which for typical
ing rate, which, in turn, depends upon the laser phaseatomic vapors implies a reaction time of several hundred ps.
diffusion linewidth, which recommends the use of transform-Not all pumping mechanisms satisfy this requirement, e.g.,
limited lasers. The atomic medium may be chosen to matcklow collisions between atoms and low-energy electrons.
available or desired laser wavelengths; while the gain may bEquation (3) implicitly assumes instantaneous single-atom
polarization-dependent, there are no phase-matching consigumping events, a valid approximation for, e.g., spontaneous
erations and thus material dispersion is irrelevant. emission.

The choice of statefl) and |2) is quite important. In Intermediate state resonant enhancement of the coherent
both normal and inversionless lasers, a certain state must lb@o-photon gain is quite significant. Traditionally, the cost of
pumped faster than the relevant relaxation mechanism. Ituning lasers ever closer to an intermediate state is drastic
normal lasers, an inversion condition must be maintained; itbeam quality degradation due to one- photon absorption and
inversionless lasers, the coherence must be maintained. Gainself-phase and cross-phase modulation-induced nonlinear
is not possible in either case if the medium is in local ther-index of refraction. Under these circumstances, however, if
modynamic equilibriun{LTE). In LTE, there will, of course, the medium is prepared in the manner described in the pre-
be no inversion, but the more subtle point, which precludesious sections into the antiphased superposifaark) state,
inversionless gain under these conditions, is that the gain dute index of refraction is zeroed, and the lasers can utilize the

VI. EXPERIMENTAL CONSIDERATIONS
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intermediate resonance with impunity. In a manner identicatwo-photon absorption phenomena. The approximate solu-
to resonant-intermediate LWI, the generated probe beam wition for the ensemble coherence may be employed, without
be protected from reabsorption by quantum interference. Exhigher-order terms, when higher-order temporal derivatives
perimentally, we expect to tune both probe and coupling laof the atomic variableh(z,t) are small compared to the
sers to resonance with the intermediate state and obsert@o-photon  doppler  width, i.e., [d°h(zt)/at?]/
significantly enhanced gains. This is the mechanism for th¢oh(z,t)/dt]< yp . The prescription for observing inversion-
enhanced nonlinear optical conversion efficiency[®8]. less amplification is simple: one of two lower atomic states is
Our formalism may in fact be used to describe resonantselectively pumped and the differential pumping rate of these
intermediate interactions, when the resonant intermediatstates must exceed the total dephasing rate of the two-photon
state can be adiabatically eliminated. This is possible whetransition coherence. Because inversionless gain requires a
its homogeneous linewidth is very large, or when the menonadiabatic interaction between the applied fields and the
dium is counterintuitively prepared with a strong-coupling pumped atom, the single-atom pumping event must occur on
laser[30]. a time scale short compared to the inverse of the effective
However, it will not be desirable to tune &xactreso-  two-photon detuning. For a given atomic system and laser
nance with the intermediate state. High-gain, resonantfrequencies, maximum gain is obtained when the fields are
intermediate experiments are severely limited by couplingletuned roughly one inhomogeneous linewidth to either side
laser absorptiofi31]. At a fixed pumping rate, the symmetry of a two-photon resonance. Unlike the resonant-intermediate
of the line shape in Fig. 3 leads us to expect gain regardlessase, in the off-resonance region, the behavior of the phased
of the sign of the effective detuning from two-photon reso-and antiphased superposition eigenstates is identical; it is the
nance. As discussed previously, the sign of the net detuningagnitude of the real part of the ensemble coherence, not the
determines the superposition state into which gthteatoms  sign (which is closely linked to quantum interference ef-
are evolved; hence the behavior of the superposition states fectg, that matters most. The gain in such lasers will vanish
the regime far-detuned from the intermediate $&uis iden-  when the atoms are in local thermodynamic equilibrium.
tical. However, when the lasers are tuned within the absorpEonsistent with existing experimental EIT results, it should
tion profile of the intermediate resonance, this symmetry ise possible to significantly resonantly enhance the inversion-
broken, and the fraction of atoms which are not stimulated tdess gain without propagation distortion if the atoms are pre-
the antiphased superposition state will couple strongly to th@ared in the antiphased superpositidiark) state by appro-
intermediate state, and lead to an absorption coefficient gfriate negative effective detuning. We note that a typical
the coupling laser nearly equal to the gain coefficient of theRaman laserand parametric four-wave-mixing processes,
probe laser. Hence, after a characteristic propagation disuch as CARBoperates without inversion, but the energy in
tance, resonant-intermediate, inversionless lasers will selfhis case is not obtained from the atomic medium: it is para-
terminate. On the other hand, far-detuned experiments obayetrically transferred from one laser field to another. Anti-
a photon conservation relation; for every probe photon genStokes gain, i.e., probe-laser gain, is not normally possible
erated, a coupling laser photon is absorflRdman lasgror  unless the two-photon transition is inverted. In the inversion-
generated(two-photon laser [32]. In far-detuned experi- less laser scheme described here, energy is extracted both
ments, therefore, the ratio of the coupling laser loss coeffifrom the atomic medium and from a separate coherent field.
cient to the probe-laser gain coefficient is nearly equal to th&he major difficulty in the realization of inversionless lasers
ratio of the intensities, and for weak-probe experiments, theontinues to be the selection of an optimal pumping mecha-
coupling laser absorptiofor gain is quite small. We there- nism. Once this problem is overcome, however, it may be
fore expect that inversionless lasers in opaque media wilpossible to extend the principles of this paper to the design of
exhibit maximum gain when both lasers are detuned justhort-wavelength laser amplifiers.
outside the absorption profile of the intermediate resonance,
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