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Optical-wave group-velocity reduction without electromagnetically induced transparency
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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 transparency~NEIT! 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 studies@1# of optical-wave propagation in a reso
nant medium with dramatically modified dispersion prop
ties have opened new possibilities for wave propagation. O
of the key results of these works is the significant reduct
of propagation group velocity. Such a phenomenon mi
have profound effects on nonlinear optical processes, suc
enhancement of various nonlinear interactions@2#, coherent
mapping of the properties of an optical wave to atomic s
waves@3#, and perhaps even the possibility of novel optic
devices for information technology. At the heart of all stud
on such noticeable group-velocity modification is the el
tromagnetically induced transparency effect@4#. This key
method, in the context of a three-level model, relies on
coherent mixture produced by a driving field that coup
two nearly empty states. As a result, a destructive inter
ence between optical shifted resonances cancels the l
contributions of the dispersion function of a probe pulse t
is tuned to line center. Such noticeable modification of
optical properties of the medium gives rise to a steep cha
in the net dispersion relation, leading to a significant red
tion of the group velocity, and at the same time renders
otherwise opaque medium highly transparent@5#.

In reality, however, the situation is more complicated b
cause no ideal three-level system exists. The effect of ne
hyperfine states often contributes significantly to wa
propagation, thereby greatly altering the response of the
tem to the optical wave. Indeed, it has been shown@6# that in
the case of the sodiumD1 andD2 lines, probe field loss due
to nearby hyperfine states generally dwarf that of the p
three-level system, and cause nearly an 80% reduction in
probe field intensity. In addition, it also causes as much
30% probe-pulse broadening. This is mainly because of
small hyperfine splitting and the relatively large upper-st
lifetime. The situation is better in the case of rubidium b
cause of the large hyperfine splitting and smaller upper-s
lifetime. However, the stringent requirement of having bo
probe and coupling laser tuned exactly on resonance, i.e.
tunable, remains. This requirement is also one of the m
obstacles to the electromagnetically induced transpare
EIT scheme when applied to solids where the broad up
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energy band at room temperature renders ‘‘tuning to the
center’’ and ‘‘being driven transparent’’ rather meaningle
@7#.

In this paper, we report a four-level non-EIT~NEIT!
scheme that is capable of producing a similar group-velo
reduction as that of a four-level EIT scheme. This Ram
scheme, however, has many advantages over the con
tional one-photon, on-resonance EIT scheme. The introd
tion of the one-photon detuning opens many possibiliti
such as great reduction of probe field loss and enhanced g
In particular, we will show that with properly chosen param
eters this scheme can further reduce the inherent probe
attenuation that exists even in an ideal three-level EIT ca
In addition, we will show rich dynamics including feature
such as pulse narrowing. This is to be compared to the c
ventional EIT process that always results in pulse broad
ing.

We start with a four-level system~Fig. 1! where a probe
and a coupling laser are detuned from one-photon resona
yet satisfy a two-photon resonance condition. The laser
tensities should be such that the two-photon Rabi freque
times the probe pulse length is much less than unity so
depletion of the ground state can be neglected. To avoid
nificant group-velocity mismatch, and for mathematical si
plicity, we will also assume a cw driving field. Assuming, fo
the ground state,ua0u'1, and applying the time depende
Schrödinger equation, we obtain three atomic equations
motion:

FIG. 1. Left panel: four-level EIT scheme. Right panel: fou
level Raman scheme.
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Ȧ15S 2
g1

2 DA11~ iV12e
2 ikezA2!1~ iV13e

2 ikezA3!,

Ȧ25 i S d201 i
g2

2 DA21~ iV21e
ikezA1!1~ iV20e

ikrza0!, ~1!

Ȧ35 i S d201D321 i
g3

2 DA31~ iV30e
ikrza0!1~ iV31e

ikezA1!.

As usual,V i j 5Di j Ep,c /(2\) andDi j are one-half of the
Rabi frequency and the relevant dipole moment for the tr
sition u j &→u i &, respectively.g1 , g2 , andg3 are the natural
lifetimes of the statesu1&, u2&, and u3&, respectively. In addi-
tion, we have usedd205vc2v215vp2v20, andD32 is the
spacing between statesu2& and u3&.

In order to correctly predict the propagation of the pro
pulse, Eq.~1! must be solved together with Maxwell’s equ
tion for the probe field. For an unfocused beam within t
slowly varying amplitude approximation, the wave equati
for the fieldEp0

(1) reads
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]Ep0
~1 !

]z
1

1

c

]Ep0
~1 !

]t
5 i

4pvp

c
Pvp0

~1 ! , ~2!

where Pvp0
(1) 5N(D02A2a0* 1D03A3a0* e2 iD32t)exp(2ikpz

1id20t), andN is the concentration. With the assumption
a cw coupling field, Eqs.~1! and ~2! can be solved simulta
neously with the probe field expressed as a function of ti
t and propagation distancez,

Ep0
~1 !~z,t !5

1

tA2p
E

2`

1`

dh«p0
~1 !~0,h!expF2 ihS t

t
2

z

ct D
1 ik02ct2S z

ct DD~h!G . ~3!

Here «p0
(1)(0,h)5(tEp0

(1)(0,0)/&)e2h2/4 is the Fourier
transform of a Gaussian probe field at the entrance of
medium,k0252pNvpuD02u2/(\c), and h5vt where t is
the probe pulse’s e21 length. We have also introduced a d
mensionless dispersion function
D~h!5
~h1 ig1t/2!$11d00~D2t/D3t!%2d01uV21tu2/~D3t!

uV21tu2$11@d11/~D3t!2 ig1t/2#~D2t!%H 12
~D2t!h

uV21tu2$11@d11/~D3t!2 ig1t/2#~D2t!%J
, ~4!
ly

ex-
sed
where

D25h1d20t1 i
g2t

2
, D35h1d20t1D32t1 i

g3t

2
,

d005UD30

D20
U2

, d115UD31

D21
U2

,

and

d015UD30

D20
2

D31

D21
U2

.

We now consider the case whereuV21u2/d20
@max(g1,t21). In this limit D(h) can be expanded into
power series and further truncated to yield

D~h!5D01D1h1D2h21O~h3!,

where we have neglected higher-order terms. This is v
for a Gaussian pulse of width oft because the major contr
bution to the inverse transform only occurs foruhu5uvtu
<5. The main advantage of this truncated dispersion fu
tion is that its inverse Fourier transform can be analytica
obtained, and phenomena that are of physical significa
can be examined. We thus have, for the relative pulse in
sity I RP,
id

c-
y
ce
n-

I RP'
exp$22k02.J Im@D0#12~k02zzIm@D1# !%/b1

Ab1
21b2

2

3expF2
2~ t2z/Vg!2

t2~11b2
2/b1

2!b1
G , ~5!

where

b15112k02tz Im@D2#, b252k02tz Re@D2#, ~6a!

1

Vg
5

1

c
1k02t

2H Re@D1#2Im@D1#
b2

b1
J ,

~6b!
WRP5Ab1~11b2

2/b1
2,

whereWRP is the relative pulse width.
From Eqs.~5! and ~6! we see that Im@D0#,0(.0) repre-

sents the gain~loss! to the probe field. While Im@D1# always
contributes to the gain, the modified group velocity is main
determined by Re@D1#. In addition, Im@D2#,0(.0) gives rise
to pulse narrowing~broadening!, whereas Re@D2# always
contributes to pulse broadening. In the case of EIT~see be-
low!, Im@D0#.0 and Im@D2#.0, therefore, the probe field
will always experience loss and broadening. To further
amine the advantages and rich dynamics of the propo
scheme, let us assumed20,D32 as in the case of rubidium
@8#. This condition allows further expansion ofD(h) in the
power ofd20/D32. After some algebra, we obtain
5-2
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Im@D0#Raman'Im@D0#EIT1S d20

D32
D ~g1t!

2uV21tu2 ~d002d012d11!,

~7a!

Re@D1#Raman'Re@D1#EIT1S d20

D32
D ~d002d012d11!

uV21tu2 ,

~7b!

Im@D1#Raman'Im@D1#EIT1
~g1t!~d20t!

uV21tu4

3H 11S d20

D32
D ~d002d0122d11!J , ~7c!

Re@D2#Raman'Re@D2#EIT1
~d20t!

uV21tu4

3H 11S d20

D32
D ~d002d0122d11!J , ~7d!

Im@D2#Raman'Im@D2#EIT1S d20

D32
D ~g2t!

uV21tu4 ~d002d0122d11!,

~7e!

where

Im@D0#EIT5
~g1t!

2uV21tu2
'Im@D0# three2Level/EIT.0, ~8a!

Re@D1#EIT'
1

uV21tu2
,

~8b!

Im@D1#EIT5
~g2t!

2~D32t!uV21tu2 ~d002d012d11!,

Re@D2#EIT'
~d002d012d11!

~D32t!uV21tu2
2

~g2t!2~d002d0122d11!

4~D32t!uV21tu4
,

Im@D2#EIT'
~g2t!

2uV21tu4
.0. ~8c!

In deriving these results we have consistently neglec
terms that areO„(g1t)2

…, O„1/(D32t)2
…, or O(1/uV21tu6).

To make the above expansion valid, however, we must h
uV21u2/d20>5/t andud20u>5uV21u to prevent the probe puls
from overlapping with the resonance. Equations~7! and ~8!
are expressed in such a way that when the appropriate
for the detuning is taken, the correct EIT results are ea
recovered. The detuning dependent NEIT terms give ris
characteristic features and to the rich dynamics discus
previously. To be more specific, let us consider theD1 line of
cold rubidium atoms with both lasers circularly polarized.
can be shown@9# in this case thatd002d012d11,22. First,
we investigate the attenuation of the probe field. SinceD32
and d20 always have the same sign andd002d012d11,0,
Eqs. ~7a! and ~8a! predict that Im(D0)Raman,Im(D0)EIT ,
05180
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therefore reducing the probe field loss. In fact, the loss of
four-level Raman scheme will be even less than that of
ideal three-level EIT scheme.

Next, we examine the probe propagation velocity. Fro
Eqs.~5!–~8! we obtain

S 1

Vg
D

Raman

5S 1

Vg
D

EIT

1k02t
2S d20

D32
D ~d002d012d11!

uV21tu2
.

~9!

Therefore, under the same conditions, the probe will tra
slightly faster in the Raman scheme than in the EIT sche
Although there is a slight cancellation to the gain due
Im(D1)Raman,Im(D1)EIT @this can be seen from Eqs.~7c! and
~8b!#, the Raman gain from Im(D0) dominates sinceuD32u
!uV21tu2.

In the case of pulse broadening, we inspectD2 given by
Eqs. ~7d!, ~7e! and ~8c!. We first note that sinced002d01
2d11,0, Im(D2)Raman,Im(D2)EIT , regardless of the sign o
the detuning@see Eqs.~7e! and ~8c!#. If d20.0(,0), the
leading term in Re(D1)EIT,0(.0), whereas the leading con
tribution from Re(D1)Raman.0(,0). Therefore, Raman
pulse broadening is always smaller than that of the E
scheme. In fact, it is possible to achieve Im(D2),0, which
yields pulse narrowing. This is to be compared with the E
scheme where pulse broadening always occurs. In Fig. 2
show a representative case that is based on rubidium pa
eters. The improvement in performance is obvious.

In conclusion, we have shown a four-level Raman sche
that is superior to conventional one-photon, on-resona
four-level EIT schemes. We have shown that with the para
eters chosen, the Raman scheme will give a compar
group-velocity reduction with much less probe field los
Correspondingly, the pulse broadening will also be sma
than that of the EIT scheme. Furthermore, we have sho
rich dynamics of the Raman scheme where probe-pulse
plification and narrowing may occur, a region of propagati

FIG. 2. Plot of probe-field relative intensities for the four-lev
Raman scheme and four-level EIT scheme in the case of Rb~Na has
an even greater difference!. Parameters:k025531011 cm21 s21,
g1/2p530 kHz, t510ms, z51 mm, g2/2p5g3/2p56 MHz,
V21/2p512 MHz, D32/2p5820 MHz, and d20/2p5150 MHz.
The group velocity of the Raman scheme is about 1.8 times fa
than that of the EIT scheme, whereas the Raman pulse widt
slightly narrower. Notice that the EIT probe intensity suffers alm
three times more loss than in the case of the Raman method.
5-3
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that has never been studied before. We remark that the
photon resonance requirement associated with the con
tional EIT scheme makes it difficult to apply in solid mediu
without extremely low temperatures~;5 K! to reduce the
linewidth @7#. At room temperature, an upper energy ba
that is not strongly overlapped by the coupling laser will n
be driven transparent, and hence will collectively contrib
as a loss mechanism. On the other hand, in the case o
m
ob
be

e t
ion
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Raman scheme, the one-photon detuning can be ch
much larger than the upper energy bandwidth, thereby p
serving the probe-pulse field strength while achieving a co
parable reduction in group velocity. Finally, we point out th
tunability is another obvious advantage of the Ram
scheme that does not exist in the case of EIT. These feat
could make our technique very useful in optical device d
signs that have potential applications in telecommunicatio
rred
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onic
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