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Extremely slow propagation of a light pulse in an ultracold atomic vapor: A Raman scheme
without electromagnetically induced transparency
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We describe a Raman scheme where the group velocity of an optical pulse can be altered dramatically. With
this none electromagnetically-induced-transparency scheme, we show that when on a two-photon resonance, a
light pulse can propagate with extremely slow group velocity. Both pulse narrowing and broadening can occur
depending upon the choice of two-photon detuning. When using a tuned far-off two-photon resonance, we
show that the pulse propagates “superluminally” in the medium with pulse narrowing.

DOI: 10.1103/PhysRevA.64.031802 PACS nuntber42.50.Gy

The propagation of an optical pulse through dispersivdaravel superluminally, i.e., it appears to have exited the ma-
media has been extensively studidd-5]. A recent experi- terial before it would have if it had traveled through an equal
ment [6] on the propagation of a light pulse in a Bose- distance of vacuur4,5,8].

Einstein condensed atomic vapor has demonstrated an order- We begin our analysis by writing the wave function of the
of-magnitude reduction of the group velocity of nearly 7.atomic system as

The key element of the experiment is an on-one-photon- , , ‘

resonance electromagnetically induced transpareiEty) |W(z,t))=age™'“0'|0) +a,e”' 1| 1) +ae'?|2).

[6,7] produced by a coupling laser that reduces the absorp- . . o . .

tion of the probe laser to nearly zero. In this Rapid Commu/APPIYing the time-dependent Scltfiager equation, intro-
nication, we describe a Raman scheme that is very differerfucing one- and two-photon detunings= w.— wz and &,
from the usual EIT scheme. The alternative scheme, which i§ @p— @21~ 61, We obtain three atomic equations of mo-
not an EIT scheme, can, with appropriately selected paranflon:
eters, achieve an order-of-magnitude reduction of the group
velocity of an optical pulse of more than 9. Further, the al-
ternative scheme predicts various pulse distortion regimes
and, in particular, a regime where pulse narrowing will oc- S —ikz+i(8y+ St _ Y1
cur. When both one- and two-photon detunings are large a=ip(t)e T b 2 A

compared with the linewidth of the driving field, by chang-

ing the single driving laser frequency to two closely spaced . Lo ) Lo 5
frgquency gomponegts, the alt((]arnati\)//e scheme canyeapsily ac-2=1Qp(1) e r? 121 %), +iQ),ee? 1 1ta, — 5 .

count for the recent study8] on the “superluminal” propa- (1)
gation of a light pulse. Our theory, however, shows that the

superluminal propagation of the pulse is not due to the deAs usual,(};;=D;;E/(2#) is one-half of the Rabi frequency
structive interferencg8]. Indeed, we show that it is the dif- for the transitionj)—|i). The requirement for the intensity
ferential gain experienced by the different edges of the pulsef the driving field is such that the spontaneous Raman gain
that contributes to the “apparent pulse peak forward shiftshould be less than severdiolds of the stimulated gain over
ing” that gives the impression of superluminal propagation.the entire path. The probe and the driving field intensities

Consider a three-level atomic system that interacts with
two laser fieldgFig. 1). We emphasize that our scheme is not
an EIT scheme used in all slow group velocity experiments.

The latter is inherently on-one-photon resonance and relies
on a doublet created by the driving field to cancel the absorp-
tion to the probe field.

In our scheme, when the one-photon deturdqgs large,
but two-photon detuning,, is zero, the familiar two-photon
Raman resonant process is established. In this Raman gain
situation, as we will show later, a substantial group velocity 10>
reduction can be obtained. This is known as subluminal
propagation, since the group velocity of the pulse is less than FiG. 1. Energy-level diagram for the far-off one-photon reso-
the speed of light in a vacuum. A recent experimi@jtfalls  nance Raman scheme showing relevant laser couplings. As dis-
in this category but no explanation of the pulse propagatiorgussed in the text, the subluminal scheme is obtained when
is provided there. When both the one- and two-photon detun--0 andy;7,>1, whereas the “superluminal” scheme is obtained
ings are large, we will show that the pulse “appears” to when §,7>1.
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should be such that the two-photon Rabi frequency times the
probe pulse length is much less than 1, therefore, the deple-
tion of the ground state can be neglected. To avoid significant
group velocity mismatch and for mathematical simplicity, we

will assume a cw driving field. In the case whefé,|
>| Q| Qo1l; [Q20>]Q54, and useay|~ 1, the third equa-
tion yields an adiabatic solution

Q30

a~ . ikez—idyt
2 5 tiy,l2

)

In order to predict the propagation of the probe pulse,(EQ.

must be solved together with Maxwell's equation for the
probe field. For an unfocused beam within the slowly vary-
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z
f dws )0 w)eX[{—lw(t——

3 K122W(w)>

w

Ebo(z,t) =

®

It is remarkable that Eq8) can predict many features that
are of great interest to pulse propagation.

First, we consider the probe field in the limit &7,
>1 andy;7,> 1. Under these condition$y(w) can be ex-
panded in a McLaurin series

W(w)=W2(0)+WV(0)w+ %w<2>(0)w2+ O(w?).

ing amplitude approximation, the wave equation for the posi-

tive frequency part of the field reads

(+) (+)
= 1 4= i 4wy (+) 3
gz ¢ ot c 9
where the polarization is given by
P( ()) Dlzazaice—ikpz+i(5l+5p)t
. . Q
— * A—i(ky—kg)z+i8,t 20
NDqa7e e p—51+i72/2' (4)
Differentiation Eq.(4) with respect to time yields
|on|2
(+)_|(5 +|71/2)P(+)_|ND12(121(t) 2/4
5

Taking the Fourier transform of Eq&3) and(5), we obtain

J 0
€0~ Ep0 =1 K10 W(w),

(6a)

wheree()(z,w) is the Fourier transform of the probe field,

. :277pr|D12|2 |on|2 (0 |on|2 (6b)
v c +yla A
and
W)= 555 7y (69
The solution to the wave equatidfa) is given by
(+)(Z a))—spo (0 w)eX[{ i —z+ikpzZWow)|.  (7)

Keeping terms up to ordan?, the probe field can be evalu-
ated analytically and yields

E(‘S)(O'O)eixlzz\/\/o)(o)

Epo'(z,t) =

2K122W2)(0)

2
p

[t—2z/c— k1zZWP(0)]?
(1= 2i k1 ZW2(0)/ 75) |

1-i

Several observations can be made quickly:

(i) The imaginary part ofV(®)(0) gives rise to a gain,
while as the real part ofM®(0) will give a position-
dependent oscillatory factor.

(i) WhenW()(0) can be neglected, the group velocity is
solely determined byV()(0). Thesign of RéWY(0)] de-
termines the propagation is subluminal or superluminal,
whereas the imaginary part a¥(0) will give rise to a
position-dependent gain.

(iii ) Both the real and imaginary parts \8?)(0) contrib-
ute to the pulse width change as well as to the gain. In
addition, W®)(0) will contribute to the group velocity.

The explicit time-dependent factor of the probe field am-
plitude [Eqg. (9)] can be expressed as

T

(t—z/c—cq+ b,/ by)? 10
scoxd —
ex 2(1+b3b)b; | (19
where
c1=k1Z REWP(0)], €= kyz IM[WH(0)],
119
and
by=1+ 21z IM[W2(0)]/75,
b,=2k1,z R W2 (0)]/75. (11b

Upon carrying out the inverse transform, we immediately

obtain

Therefore, the group velocity can be expressed as
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1 1 L L addition, from Eq.(6¢c) we see that whed,—0 andy; 7,
VA E+K12R€[W( '(0)]= k12 IM[W(0)] >1, W(®(0)=imaginary and negative, therefore, a gain is
g established in Eq.14). This is very different from the usual
2k1,Z REWP(0)]/ 75 on-one-photon-resonance EIT scheme wiwf®(0)=0, in-
1+2K122|m[W(2)(0)]/T§>, 12 dicating zero absorption in the center of the transparency

gap. Therefore, the significant probe field loss associated

whereas the relative width of the pulse is given by with the EIT scheme is greatly reduced with the Raman
schemd11].
(relative pulse width Superluminal propagatianFor §,> vy, the probe pulse

roup velocity is given b
= (1+ 2,2 IM[W?(0) ]/ 72) grodp yis gven by

2k1,Z REWD(0)]/ 75 |2
1+ 2k15Z IM[W2(0)]/ 75

Vy= ¢ ~ . (16

. CK12 2 2 CK12
1- ——— (82— Y24 1-—
(5532 P EXG

(@]

X |1+

(13
Notice that this group velocity index can be very large yet
negative, this is termed as superluminal propagdtte+b,g.
) , The interpretation of this result will be discussed later.
1) Pzr)opagaznon without pulse shape changéf (2) Propagation with pulse shape changa the case
|2k122W®(0) /75 <1, we obtain from Eq(9) where 21,zW?2)(0)/75<1 is not satisfied, we must care-
. . (t—2/V,)2 fully evaluate the second derivative of the dispersion
E:)E)(Z,t)zEE)B)(O'O)e'KHZW )(0) eXF{——zg} relation. Although both the real and imaginary parts of
o W()(0) contribute to the variation of the pulse width, a
(14) crude estimate of the pulse width variation can be made by
where the group velocity is given by \i=1ic examining the irrzg\)ginary' part aV()(0). We will see that
+ k1, REWD(0)], as can be seen from EA.2). In this limit, the real part ofW'<’(0) will always contribute to the pulse

the probe pulse shape remains unchanged and there are t adening and the neglect of the real part will shift the onset
possibilities: of the group velocity for superluminal propagation. Later, we

Subluminal propagatian Consider the case where the will include both the real and imaginary parts and evaluate

two-photon detuning is zero. In this case, the expansion pz}—he pulse width numerlc_ally.h h | ing is di
rameter would bey,7,>1. Since in most cases stdte is From Eq.(1_3), we notice that the pulse narrowing is dic-
metastable, and the dephasing rate is very (aview kH2, tated by the sign of
this condition requires a long pulse length. L&t—0, we

We now distinguish two regions of interest for further dis-
cussion.

3
immediately find from Eqgs(6b), (6¢), and(12) that (2) —_ 2 Y1 N
Im(W2(0)) TR 35,5~ g/ (173
c 7151 2 EIT EIT |‘Q’20|2
Vo= CK1p %(2|on|2) V(g g V(g = PO It is immediately obvious that i©5,>vy,/(2v3), the pulse

width will be narrowed. Otherwise, the pulse width will be

T2
(7/2) broadened. On the other hand, from ELR) we see that the
(15 ;
sign of
This key result shows that) propagation is subluminal, and 2
(2) with appropriately chosen parameters, the reduction of ReWD(0)) = — ( _ﬁ) 178
the group velocity can be significantly larger than can be « ) (5f,+ ;/5/4)2 P4 (170

achieved with the usual on-one-photon-resonance EIT

scheme under the same conditions. Notice that in the usudetermines the characteristics of the group velocity. There-
on-one-photon-resonance EIT scheffk, must be rela- fore, when §,>v,/2 the propagation is superluminal,
tively large compared to linewidths of the laser and uppewhereas whens,<y,/2, the propagation is subluminal.
excited state in order to create a transparency gap that cg&ombining Egs(17g and (17b), we immediately conclude
significantly reduce the absorption of the probe pulse. Yetthat for the two-photon detuning,/(2v3)<45,<v,/2, we
large | Q4 is detrimental to the reduction of the group ve- will have subluminal propagation with pulse narrowing. It is,
locity of the pulse in the usual EIT scheme. Consider a castherefore, possible to have either pulse broadening or nar-
where the lifetimes of the two excited states and the onerowing for extreme slow propagation. In Fig. 2 we plot a
photon detuning are taken as~5 kHz, y,~10MHz, and typical result where we have chosen parameters to give
81~1 GHz, respectively. In this case, with a same coupling2«;,2/ 75~9.4x 10° for [Q,9%/ 53=10"°. It is seen that the
laser Rabi frequencyQ,J~5 MHz, the Raman scheme pulse width changes from broadening to narrowing, whereas
could easily give a factor of 100, a further reduction for thethe propagation characteristics change from subluminal to
group velocity achievable with the usual on-one-photon-superluminal. In the case af,>vy,/2, the propagation is
resonance EIT scheme under the same conditidi. In  superluminal and pulse narrowing will always occur as long
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1.6 2.0 It is trivial to reproduce the similar lead-time reported in Ref.
15 i 21.0 [8] using the above expression and the data given in[Béf.
z 1.4? - J 300 It should, however, be made clear that the superluminal
E Y ([ - ia03 propagation in this case is not caused by the destructive in-
é 2k ‘ EPY mé terference of the two frequency components. The destructive
@ B E 10 s interference will mainly contribute to the reduction of ab-
3 et 177 sorption that is dependent up®)(0). Thegroup velocity,
g MO T 4.0 regardless whether it is superluminal or subluminal, is pre-
0.9 F ~ 1590 dominately due tow(®)(0) with some contribution from

0'80-0' - .015. - lllol ~ ‘115' - '20'6'0 W)(0), but notw(®(0). Theapparent superluminal propa-
' ' 5'/ ) ' gation of light pulse in the present case is due to the differ-
ol ential gain to the front and rear edges of the pulse. Such a

FIG. 2. A plot of relative pulse width and group velocity as a different gain, af cgn” be eas!‘ly dEdHCEd from ﬂ@) leads
function of 5,/y,. Notice the region where pulse may travel at {0 an apparent shift” of the “peak,” thereby giving an ap-
lower group velocity with width deduction. parent superluminal effect.

In summary, we have presented a far-off one-photon reso-
iy W) 5 _ - nance Raman scheme that can achieve an order-of-
as the condition 2,,zZW™(0)/7p<1 is not satisfied. magnitude reduction on the group velocity of more than 9
Notice, however, thatW(®)(0)=1/5;, therefore, asd,  without using the EIT effect. We have shown that the alter-
increases,W?)(0) decreases rapidly and the condition native scheme is superior to the usual on-one-photon-
2K122V\/(2)(0)/r§<1 quickly sets in, and the pulse shaperesonance EIT scheme in two aspedts: under the same
will remain the same as that of the input pulse. operation conditions described h¢f®] the reduction of the

The above treatment can be easily extended to the caggoup velocity is better than that of an EIT scheme, é)d
where the pump laser has two closely spaced frequency corgain rather than a significant loss of the probe field. In addi-
ponents. An experimeri8] with this configuration has been tion, our theory has revealed various regimes of subluminal
reported recently and it has shown that the pulse travels siR"opagation where both pulse broadening and pulse narrow-
perluminally. In this case, a straightforward calculationind can occur, regimes that have never been studied so far.
shows that the group velocity is given by An a_dded advantgge of the the_ory is that it can also correctly
predict superluminal propagation when the two-photon de-
tuning is large.

Note addedRecently, the authors have learned of related

Cc
V= o Q(Z%)l) . Q(sz) - work by Sprangleet al. [12].
+ -
A2 5, S.+A } . We thank Dr. E. W. Hagley for comments and sugges
tions.
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