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A Raman scheme for optical-pulse group-velocity reduction in a pure lifetime broadened system is studied.
We show that this nonelectromagnetically induced transpar@EyT) scheme has many advantages over the
conventional method that critically relies on the transparency window created by an EIT process. Significant
reduction of the group velocity, probe field loss, and pulse distortion are reported. In addition, rich dynamics
of the propagation process are studied.
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Recent studiefl] of optical-wave propagation in a reso- energy band at room temperature renders “tuning to the line
nant medium with dramatically modified dispersion proper-center” and “being driven transparent” rather meaningless
ties have opened new possibilities for wave propagation. Ong/].
of the key results of these works is the significant reduction In this paper, we report a four-level non-ENEIT)
of propagation group velocity. Such a phenomenon mighscheme that is capable of producing a similar group-velocity
have profound effects on nonlinear optical processes, such &8duction as that of a four-level EIT scheme. This Raman
enhancement of various nonlinear interacti®l coherent Scheme, however, has many advantages over the conven-
mapping of the properties of an optical wave to atomic spirfion@l one-photon, on-resonance EIT scheme. The introduc-
waves[3], and perhaps even the possibility of novel opticaltion Of the one-photon detuning opens many possibilities,
devices for information technology. At the heart of all studiesSUCh as great redu_ctlon of probe .ﬂeld loss and enhanced gain.
on such noticeable group-velocity modification is the eIec—In particular, we will show that with properly chosen param-

: : . eters this scheme can further reduce the inherent probe field
tromagnetically induced transparency eff¢d]. This key attenuation that exists even in an ideal three-level EIT case.

method, in _the context of a three-lt_av_el m_odel, relies on 4n addition, we will show rich dynamics including features
coherent mixture produced by a driving field that couplesSuch as pulse narrowing. This is to be compared to the con-
two nearly empty states. As a result, a destructive interfer

; ) _-'ventional EIT process that always results in pulse broaden-
ence between optical shifted resonances cancels the line

contributions of the dispersion function of a probe pulse that We start with a four-level systerFig. 1) where a probe
is tuned to line center. Such noticeable modification of theyng coupling laser are detuned from one-photon resonance,
optical properties of the medium gives rise to a steep changget satisfy a two-photon resonance condition. The laser in-
in the net dispersion relation, leading to a significant reductensities should be such that the two-photon Rabi frequency
tion of the group velocity, and at the same time renders afimes the probe pulse length is much less than unity so that
otherwise opaque medium highly transpariit depletion of the ground state can be neglected. To avoid sig-
In reality, however, the situation is more complicated be-nificant group-velocity mismatch, and for mathematical sim-
cause no ideal three-level system exists. The effect of nearlylicity, we will also assume a cw driving field. Assuming, for
hyperfine states often contributes significantly to wavethe ground statdag|~1, and applying the time dependent
propagation, thereby greatly altering the response of the sy$chralinger equation, we obtain three atomic equations of
tem to the optical wave. Indeed, it has been shpgjrthat in ~ motion:
the case of the sodiu@; andD, lines, probe field loss due

to nearby hyperfine states generally dwarf that of the pure 3>

three-level system, and cause nearly an 80% reduction in th As,
probe field intensity. In addition, it also causes as much as 12>

30% probe-pulse broadening. This is mainly because of the = 8y

small hyperfine splitting and the relatively large upper-state
lifetime. The situation is better in the case of rubidium be-
cause of the large hyperfine splitting and smaller upper-state
lifetime. However, the stringent requirement of having both
probe and coupling laser tuned exactly on resonance, i.e., ngo>
tunable, remains. This requirement is also one of the major
obstacles to the electromagnetically induced transparency FIG. 1. Left panel: four-level EIT scheme. Right panel: four-
EIT scheme when applied to solids where the broad uppeevel Raman scheme.
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Ax=i| Got T 5| Ap (105187%A) + (1 Q™" @ +i6,t), andN is the concentration. With the assumption of

a cw coupling field, Egs(l) and(2) can be solved simulta-
. ) Y3 ) s ) . neously with the probe field expressed as a function of time
A3:| 520+ A32+| 7 A3+(|nge r a0)+(|931e € Al) tand propagation diStan@

As usual ) =Dj;E, ./(2#) andD;; are one-half of the + 1 tee + . z
Rabi frequenc;l/ and the relevant dipoJIe moment for the tran- Epo'(z,)= 2 j_w dnséo)(o'”)ex% - 77(7-_ c_r)
sition |j)—|i), respectively.y;, v, andy; are the natural
lifetimes of the statefl), |2), and|3), respectively. In addi- _ .| Z
tion, we have used,y= w,— wy1= w,— wy, andA g, is the +iKolT | —|D(7) |- )
spacing between stat¢® and|3).

In order to correctly predict the propagation of the probe  Here £{3)(0,5) = (7E{;)(0,0)v2)e” 714 is the Fourier
pulse, Eq(1) must be solved together with Maxwell's equa- transform of a Gaussian probe field at the entrance of the
tion for the probe field. For an unfocused beam within themedium, k= 2mNw,| Dol %/ (%€), and n=wT where 7 is
slowly varying amplitude approximation, the wave equationthe probe pulse’s € length. We have also introduced a di-
for the field EE,S) reads mensionless dispersion function

(p+iyr12){1+doo( A/ Ag7)}—doy Q7] (A37)

D(7)= ’ @
) _ (Ap7)m
| Q17| {1+ [dy1/(Ag7) =iy, 7/2](Ap7)} 1— |921T|2{1+[d11/(A37-)—i717'/2](A27')}
|
where | expl—2kg,>J IM[Dg]+2(kgpzzIm[D4])}/b;
RP™ N2, -2
. V2T . V3T bl+b2
Ao=m+ Soor 15, Ag=n+ S07+ Agor i =, 2(t—2IV,)?
v _ AV
exp[ 72(1+b§/b§)b1}’ ©
_ Dsg? _ Dayy|? where
doo= Dy di1= D,
b1:1+2K02'TZ|m[D2], b2:2K027'ZRqD2]1 (Ga)
and
! 2| RE D, ] Im[ D] 2
oy | 220 D31 v, o e RADuTImElp )
01 D, Dy (6b)

Wip= b (1+b3/b3,
We now consider the case whergQ,?%/ 8y

>max(y;,7 3. In this limit D(%) can be expanded into whereWgp is the relative pulse width.

power series and further truncated to yield From Eqgs.(5) and(6) we see that IffDy]<0(>0) repre-
sents the gairfloss to the probe field. While 1fiD,] always
D(7)=Do+ D7+ D,7%+0(7%), contributes to the gain, the modified group velocity is mainly

determined by Ré®;]. In addition, IniD,]<0(>0) gives rise
where we have neglected higher-order terms. This is valido pulse narrowing(broadening whereas Rd®,]| always
for a Gaussian pulse of width efbecause the major contri- contributes to pulse broadening. In the case of Ede be-
bution to the inverse transform only occurs foy|=|wr|  low), Im[Dy]>0 and InjD,]>0, therefore, the probe field
<5. The main advantage of this truncated dispersion funcwill always experience loss and broadening. To further ex-
tion is that its inverse Fourier transform can be analyticallyamine the advantages and rich dynamics of the proposed
obtained, and phenomena that are of physical significancecheme, let us assum®y<As, as in the case of rubidium
can be examined. We thus have, for the relative pulse inter{8]. This condition allows further expansion Bf( %) in the
sity | gp, power of 8,0/ A3,. After some algebra, we obtain
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FIG. 2. Plot of probe-field relative intensities for the four-level
Raman scheme and four-level EIT scheme in the case dNRihas
an even greater differenceParameterskg,=5x10" cm s 2,
yi/2m=30kHz, 7=10us, z=1mm, vy,/27=y3/27=6 MHz,
Q0 ,4/27=12 MHz, A3)/27w=820 MHz, and &,¢/27=150 MHz.
The group velocity of the Raman scheme is about 1.8 times faster
than that of the EIT scheme, whereas the Raman pulse width is
slightly narrower. Notice that the EIT probe intensity suffers almost
three times more loss than in the case of the Raman method.

therefore reducing the probe field loss. In fact, the loss of our
four-level Raman scheme will be even less than that of an
ideal three-level EIT scheme.

Next, we examine the probe propagation velocity. From
Egs.(5)—(8) we obtain

Vg Raman Vg

Therefore, under the same conditions, the probe will travel
slightly faster in the Raman scheme than in the EIT scheme.
Although there is a slight cancellation to the gain due to
IM(D1)ramar< IM(D4)g 7 [this can be seen from Eq&.c) and
(8b)], the Raman gain from InY;) dominates sinceA )|
<|921T|2.

In the case of pulse broadening, we inspBgtgiven by
Egs. (7d), (7e) and (8c). We first note that sincelygy—dg;
—d1<0, IMD2)ramar<IM(D2)gr, regardless of the sign of
the detuning[see Eqgs(7e) and (80)]. If 8,,>0(<0), the
leading term in Re),)g1<<0(>0), whereas the leading con-
tribution from ReDi)ramar0(<0). Therefore, Raman
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EIT

In deriving these results we have consistently neglecte@ulse broadening is always smaller than that of the EIT

terms that areD((y;7)?), O(1/(Az7)?), or O(1/]Q57(°).

scheme. In fact, it is possible to achieve Dy)<0, which

To make the above expansion valid, however, we must havgields pulse narrowing. This is to be compared with the EIT
|Q251|%/ 8,0=5/7 and| 5,0 =5|€2,4| to prevent the probe pulse scheme where pulse broadening always occurs. In Fig. 2, we
from overlapping with the resonance. Equati¢sand(8)  show a representative case that is based on rubidium param-
are expressed in such a way that when the appropriate liméters. The improvement in performance is obvious.

for the detuning is taken, the correct EIT results are easily |n conclusion, we have shown a four-level Raman scheme
recovered. The detuning dependent NEIT terms give rise teéhat is superior to conventional one-photon, on-resonance
characteristic features and to the rich dynamics discusseur-level EIT schemes. We have shown that with the param-
previously. To be more specific, let us considerheline of  eters chosen, the Raman scheme will give a comparable
cold rubidium atoms with both lasers circularly polarized. It group-velocity reduction with much less probe field loss.
can be show9] in this case thatloy—dg;—dy;<<—2. First,  Correspondingly, the pulse broadening will also be smaller
we investigate the attenuation of the probe field. Sihge  than that of the EIT scheme. Furthermore, we have shown
and J,, always have the same sign adgy—dg;—d;;<<O0,  rich dynamics of the Raman scheme where probe-pulse am-
Egs. (7@ and (8a predict that ImDg)grama<IM(Do)gir, plification and narrowing may occur, a region of propagation
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that has never been studied before. We remark that the on®aman scheme, the one-photon detuning can be chosen
photon resonance requirement associated with the convemuch larger than the upper energy bandwidth, thereby pre-
tional EIT scheme makes it difficult to apply in solid medium serving the probe-pulse field strength while achieving a com-
without extremely low temperaturds-5 K) to reduce the parable reduction in group velocity. Finally, we point out that
linewidth [7]. At room temperature, an upper energy bandtunability is another obvious advantage of the Raman
that is not strongly overlapped by the coupling laser will notscheme that does not exist in the case of EIT. These features
be driven transparent, and hence will collectively contributecould make our technique very useful in optical device de-
as a loss mechanism. On the other hand, in the case of tls#gns that have potential applications in telecommunications.
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