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Tunable phase control for subluminal to superluminal light propagation
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We demonstrate tunable control of the group velocity of a weak probe pulse from subluminal to superlumi-
nal. The model is an extendetitype system with two extra control fields and an extra energy level. Phase
variation of one of the control fields imparts the tunability in the group velocity along with other interesting
spectral behavior in the absorption spectrum.
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In recent years, a remarkable control of the group velocityscheme within some parameter range the absorption is con-
of light in material systems has been demonstrated expersiderably reduced increasing the practical applicability of the
mentally leading to both ultraslow and superluminal propa-scheme. The proposal by Agarwet al. [13] is notable for
gation of light[1]. The early studies in superluminal light intensity control over the group velocity where the superlu-
propagation involved pulse propagation through an amplifyminality is accompanied by gain as in the experimental ob-
ing medium. The optical saturation effect is responsible forgeryation by Wangt al. [4] and the theoretical proposal by
pulse advancement as the front edge of the pulse depletes thgison-Gordonet al.[12]. We observe that the intensity con-
atomic inversion and the trailing edge sees a medium withyo| of group velocity exists in our system as well along with
small gain[2]. More recently, gain assisted anomalous dis-j;g switching from subluminal to superluminal by simple
persion leading to superluminal light propagation is demony,, iation of the phase of one of the fields. To point out an-
strated by making use of a pair of Raman gain features via Bther advantage of our model we note that Gazeal. [17]

bi-chromatic driving beam in electromagnetically induced . . : . S
transparencyEIT) [3,4]. In another experiment, superlumi- have found that t_he switchover in the sign of the d|sp_ers!on is
8nly observable in the absence of Doppler broadening in the

nal propagation is observed by beating the pump and th . )
probe field to generate coherent population pulsations in thE'0dels they considered. Our model is naturally Doppler free

medium [5]. The suggestion for ultraslow light involving When all the fields are co-propagating. We discuss the rel-
large dispersion at zero absorption in E|B] was imple- vant details toward the end of the paper.

mented using ultracold gasd3]. Shortly thereafter, two In the proposed schentsee Fig. 1 the upper level of the
groups reported ultraslow light in hot gag8s9] followed by ~ Probe field transition is coupled to two levels in cascade
a demonstration in solidg,10]. configuration as in systems demonstrating double dark reso-

In view of many potential applications of ultraslow and nances18]. However, In addition to the two driving fields
superluminal light propagation, a question of interest iscoupling thela;)— |b) and|a,)— |b) transitions we have an-
whether one can have a controlling parameter in a singlether driving field that couples the dipole forbiddéam)
experiment for switching from subluminal to superluminal —|ay) transition. It is the phase of this driving field that
propagation. In this paper we propose a scheme based @ffects the medium dispersion in such a way that we can
four-level EIT in which we can switch the propagation of have a switch from subluminal to superluminal group veloc-
light from subluminal to superluminal by changing the phasety.
of one of the driving fields. In contrast to some earlier
schemes with a controlling parameter for the switching from | > _________
subluminal to superluminal light propagatigil-13 in ai S | A
closed three-level\ systems, we consider an open system. 3 P
To note, in an interesting article by Wickt al.[14] a variety |a2>
of open and closed systems have been studied and compared A 4|
for achieving superluminality with minimal absorption. Q Ql

The motivation to consider such a system comes from our 2
recent studies on the phase sensitivity of spontaneous emis- Y2
sion spectrum in such a four-level systéfrb] leading to a |b> Y
variety of interesting effects such as line narrowing and par-
tial cancellation of spontaneous emission. In another study, _— |C>
such phase sensitivity has been used in subwavelength atom
localization in a region spanned by half the waveler{g#. FIG. 1. The energy-level scheme. We manipulate the coherence

To illustrate the advantages of our model we note that inhrough three fields2; and Q5 have a definite phase relationship
the proposal by the Friedmann grofid] superluminality is  that we control to manipulate the probe absorption of the fourth
accompanied by considerable absorption. Whereas in odield A detuned from thea;)—|c) transition.
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The Hamiltonian for the problem can be written as - ) Y1\ i i i
H=Hy+H,, 1) Pajc="~ A+ E Pa,c + §Q3pazc + Eﬂlpbc+ Epr
where the self-energi, is given by _ i i
- liae22) vlas wlas
Ho = hwy [a)(@y] + hw, |ax) (@] + hawp|b)b| +fiwdlc)d], Pay 18T JPage ™ 53 aPac T 53 albe:
@ : i i
and the interaction Hamiltonian is o=~ 1APpet SQPac* - Dopay, (7
H, =~ ﬁ[Qle‘iV1t|al><b| + Qe "2 ay)(b| + Qe ay)(ay)| where we have also substituteg.=0. Notice that this par-
2 ticular subset of equations forms a complete set and can thus
+Q,e7"elay)(c| + H.cl. (3)  be treated independently of the other density-matrix equa-

tions. This simplifies the process of obtaining analytic solu-

Here, w; correspond to the energy of stdtg; the angular tjons.
frequencies of the optical fields are denotedipyand the The above equations can be solved in a straightforward
subscriptp stands for the quantity corresponding to the probemanner following the recipe discussed in the Appendix to
field. For the rest of the discussion we assume the Rabi fregptain
quencies),, Q, to be real and allowf); to have a carrying
phase, i.e.{2;=|Q3e™*. Since the three driving fields form a
closed loop the phase can be imparted to any one of them
and that will not change the result of the calculation. This xexp—ivgt) )
will become clear at a later stage. The coupling of the probe P
field of amplitude&, is governed by the corresponding Rabi whereY=A+iB, with
frequencyQ,=E&,¢, /#i. We note thap, . is the dipole mo- _ 3 2 2 o
ment associated with the transiti¢a ) —[c). A=-BATH ZA(QH Q2+ ) + 271728

We construct the density-matrix equations through + 00,04 +€79),

~ . 1 .
Pac = Pasc exp(=i th) = %(Qg - 4A%+ '2')’2A)5p§7alc

p=- I%[H,P] - %{F,P}, (4) B=4A%(y; + v)) = (1105 + 7.05). 9
where{I', p=T'p+pI". Here the decay rates are incorporate dNote now that the susceptibility can be written as
into the equations through the decay mattix which are _ MNpcapac . 2Npad® (0F-4A2+i2y,0)
defined by(n|T'|m)= 1,6, The detailed form of these equa- X= €l er= & Y7 ’
tions are given in the Appendix.
After straightforward algebraic manipulation and transfor- (10)
mation to appropriate rotating frames we obtain a set ofyhereN is the atom number density in the medium. Sepa-

density-matrix equations. The most important equations fromating the real and imaginary pangs x' +ix”, we obtain
this set are

: y i i = M{(QZ — 4A)A + 27,AB} (11)
5alc == (iA + El)‘ﬁalc + 5935a2c + Eﬂlzbc X thz 2 72 '
i ~ 2N[pa o
= 5 (Pasa, ~Ped) X = ———{27AA-(Q3-4A%B}, (12
€Oﬁz

5 _ 5\ i i i whereZ=YY'. It is imperative to point out that the phase
Pac ="~ (IA + E)pazC + Eﬂgpalc + EQZPDC_ EQppazal, enters the susceptibility expression only through quantities
andY. Even the phase dependenceYos only through that
_ i i i of A. Also we observe that _the phase dependent terf is
Doe=— (1A + Y Ppc+ _le,alc + _Qzﬁazc‘ _Qpﬁbai_ 0,0,Q05(e¢+e79). 'Thus this phase fgcjtor cpuld very well
2 2 2 have come from either of the three driving fields. Moreover,
(5) if all the fields had phase dependence, only the collective
) . o phase would be important and no individual phase-dependent
At this point we use the fact that the probe field is weakigrms would occur. This collective phase can be easily deter-
compared to the other thret_e _drlvmg fields. We keep terms ofined to bed= b, +ds— b, by repeating the susceptibility
all orders in the strong driving fields, but only the terms cgicylation and noting that the Rabi frequencies are complex
which are linear in the probe field. This amounts to using j, general. Hereg, is the phase of the complex Rabi fre-

~(0) — ~(0) ~0) — =0 — uency(); of the driving field.
Pee =1, Ppa=0, psa =0, =0. ® 4 Yl . 19 _ o
« b P11 P21 For further discussion the relevant quantity to consider is
Thus we obtain the group indexng=c/vg, Wherec is the speed of light in
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FIG. 2. Phase variation of group velociggccompanied by absorptipriThe general parameters alg=0,=03=2y, y1=y,=2v. (8
=0, (b) p=7/2, (c) p=, (d) ¢p=37/2, and(e) variation of group index as a function @f.

vacuum and the group velocity, is given by In the following we summarize our results for the depen-
dence of the real and imaginary parts of the susceptibylity
vy = , ¢ , _ (13) (i.e., x" and ") and the group index on the amplitudes and
1+2mx" (v) + 2wy, d X' (vp)ld vy phase of the control fields.
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FIG. 3. Phase variation of group velocitgmall absorption The general parameters atg =10y, Q,=Q3=7, 71=7,=0.2y (8 A
=0.1y, (b) A=0y, (c) A=-0.1y, (d) variation as a function ofA/y for ¢=0. We concentrate on the small feature nA@dr=0 in the

susceptibility curves to obtaife)-c). This small feature seen ifd) is magnified and

depicted ife). Thus have superluminality at a

considerably less absorption compared to most of the existing proposals. Another point to be noted here is that large variation of group

velocity is available forA/y+# 0 but close to 0.
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FIG. 4. Intensity tuning of group velocity: The general parameterareQ,=Q03=", y;="v,=2y. (a) Variation vs{}4, (b) variation vs
), (c) variation vs();. We note that only), provides maximum control over the group velocity of the probe pulse, as it allows switching
the group velocity from subliminal to superluminal very much like the observation of Agazinall

We observe that our model imparts unprecedented contrdhe probe fieldv,=1000y. This turn being the dominating
over the group velocity of the probe pulse. The group veloc-one in the group index, for real experimental parameters we
ity shows continuous tunability over a wide range of valuesexpect the range of variation of the group velocity to be
ranging from subluminal to superluminal with just the much larger than shown here. The susceptibility age 1
change of the phase of one of the control fields while otheare plotted in the units ofl\ﬁ|g)alc|2/eoh.
parameters are kept constant. Important feature of our model However, it would be desirable to have superluminal
being considerably less absorption accompanying the supepropagation with reduced absorption to make sure that the
luminal group velocities. Except for the first experimental pulse is not attenuated considerably as it passes through the
realization[4] where superluminality was gain assisted, mostmedium. We consider a different range of parameters in Fig.
of the other proposals observe superluminality along withg which gives us essentially in the same feature. To illustrate,
considerable absorption of the pulse as it passes throughwge observe that the susceptibility has a small feature near the
specially prepared medium. We discuss our results with théine center(A/y=0) as shown in parfd) of the figure. We
help of Figs. 2-4. concentrate on this small feature and take advantage of the

In Fig. 2@-2(d) we plot the susceptibilityy) and the  fact that the absorption is small to show phase tuning of the
group index(c/vg—1) as we vary the phasgp) of the field  group velocity in partga)<c). It turns out that having the
corresponding to the Rabi frequen€y;. We observe the probe field slightly detuned from the probe transition gives a
appearance and disappearance of a peak in the absorptimider range of group velocitieiparts(a) and(c)] compared
profile in the center neafA/y=0). Thus there is resulting to zero detuningpart(b)]. It is also instructive to notice that
change in the sign of the slope of the dispersion with theeven though we are focusing on a small spectral feature of
phase giving rise to switch in the group velocity of the probethe medium the range of the group velocities available is no
pulse from subluminal to superluminal. This change is conless than that observed in Fig. 2.
tinuous as depicted in Fig(&. In this choice of parameters Another desirable feature in the group velocity control is
one has superluminality accompanied by slight absorptionintensity dependent tunability, proposed by Aganealal.

Note that we have chosen a modest value of the frequency ¢13]. Our model shows the intensity controlled tuning of the
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group velocity as well. The results are summarized in Fig. 4.  APPENDIX: DETAILS OF THE SUSCEPTIBILITY
Out of the three fields designated 13;,Q,, and Q3 Q, CALCULATIONS

provides a wide range of tunability and switching from sub-
luminal to superluminal group velocity. This is understand-
able as it is the field coupling the forbidden transition as in
the case of the proposal by Agarwetl al. [13].

Most of the proposals for the tunability of the group ve- ) i 1
locity are affected adversely due to the Doppler broadening p== g[H,P] - E{F,P} (A1)
of the medium. As pointed out in Refl7] the tunability
from subluminal to superluminal is lost completely due toas already discussed in the manuscript.
the Doppler broadening effects in some cases. It is, however, Thus the(i,j) the element of the density matrix satisfies
instructive to note that the model we propose here is natuthe equation
rally Doppler free if we consider all the drive fields and the ) 1
probe field to be propagating colinearly. To put this in per- ! o N_ = I
spective we note that the major requirements of our model Pii = ﬁzk" (Hipig = picHi) sz (Wier + pid i)
constitute maintaining the loop formed by the three driving (A2)
fields and the two-photon resonance condition of EIT among
the driving field(); and the probe field. We note that since Here the indices,j, and k run overa,;,a,,b, andc. The
vi=w+v, the Doppler shifts for collinear propagation matrix elements of the Hamiltonian can be easily read from
would satisfyAr;=Av,+Av; maintaining the loop structure the Hamiltonian[see Eqs(1)—(3)]. The decay matrix has
and phase sensitivity. With the assumption that the low-lyingonly two nonzero elements given by
levels|b) and|c) are very close to each other the frequency
shift in the driving field corresponding t8; and the probe Fac=v Tac=7. (A3)
field are nearly the same thus maintaining the two-photon _ . .
resonance with the transitidb)—|c). The only requirement ' US One arrives at the following set of equations for the
for keeping the EIT medium Doppler free is to have suffi- coherences, i.e., off-diagonal density-matrix elements:
ciently strong driving field[19]. Thus noting that we work _ 1 i _
very close to the EIT condition our model is naturally Dop- Paja, =~ (iwalaz + 5(71+ 72))pa1a2 - §Q3e" V3t(Palal
pler free and there is very little absorption of any of the fields
shining on the medium. Moreover, the model maintains the i it i ot
phase sensitivity as it preserves the loop structure even with ~ Paga,) * 5919 “Ppa, ~ 5929' ZPayb
the Doppler shifts.

To summarize, we have investigated the effects of the
phase and amplitude of the driving fields on the absorption,
dispersion and propagation properties of a probe field ap-
plied to a specially prepared four-level atom. The model 1 i .
shows a wide range of tunability in the group velocity of the  p, ,=-— (iwa bt —yl> Pab— =16 (paa — Pob)

. . . 1 1 2 1 2 191
probe field just by changing the phase of one of the control
fields. The group velocity can also be switched from sublu- i ot i it i it
minal to superluminal through a continuous change of the - Eﬂze Zpaja, t 5939 3Pa2b+§Qpe " Peby
phase. In contrast with most of the proposals where superlu-
minality is accompanied with considerable absorption, we
can reduce the absorption of the probe pulse substantially.
The model imparts control of the propagation properties of
the probe pulse by controlling the intensities of the laser i _ i _
fields as well. In addition, the model imparts natural - —0e M, + Qo

. . . . . 2 291 2 1

Doppler-free situation when all the fields are propagating in
a collinear fashion. Moreover, we work within the EIT do-
main thus with sufficiently strong drive fields one does not . 1 I_Q gt I_Q Cingt
have to worry about the absorption of any of the fields inci- Pac™ ~ | !@ae ™ 571 )Pajc™ 58238 2 pac ™ 521€ "o
dent on the medium.

We outline the important steps in determination of the
density-matrix equation and their solution.
The general form of the density-matrix equations is

i
+ 50 hca,,

. . 1 i r
Pab =~ ('wazb + 572) Pajh ~ Eﬂze IVzt(pazaz ~ Pob)

i )
o et -
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. . i ) i .
Poc= " 1(@pe + Yoo Poc + Eﬂlel Vltpalc + §Q2el 2tpa2C

i y
-0, g, (A4)
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) _ 1 |- i i
Pajc=" ['(walc - Vp) + 571:| Pa,c + §Q3Pa2c + Elebc

i ~
- EQp(’ﬁalal ~Ped)s

Similarly, one can obtain the equations for the level popula- 1 i i
tions, i.e., the diagonal density-matrix elements. Note thapa,c=— | ilwa,c— (v~ V3)]"‘§7’2 73a2c+59373a1c+ Eﬂzﬁbc

wy, correspond to the energy difference between the levels

andk and v, is the frequency of th&th optical field.

i
To remove the exponential frequency-dependent factors, B Eﬂppazal'
one transforms these equations into the rotating frame gov-

erned by
Pca, = ei(vp_%)t’[)caz

Pab= e—i(v2+V3
1

)rz’alby
Pap = e’ Vzrf’azbv
Paja, = e’ V3rbala21
Pbc= ei(vl_vp)rﬁbc:

(A5)

— ativgt>
Pac=€ PPac:

The transformed density-matrix equations take the following

form:
- . 1 - i
Paja, =~ I(‘Uala2 —vg) + E('}’l + ) Paja, = 593(7’611&11

~ i i i
- Pazaz) + Eﬂlpbaz - EQZPalb + EQPPC%’

L . 1 |- i ~
Pab= " ['(walb -+ 571i| Pap ™ 591@a1a1 ~ Pbb)

i i i
= 582Pasa, * 5 Qapan * 5 oo,

. . 1 |- i ~
Pab =" ['(wazb -1y + 572:| Payb ™~ EQZ(ﬁazaz ~ Pob)

i [
- Eﬂlpazal + §Q3Palbv

_ _ i i
Poc =~ [i[wpe = (vp = vD) ] + Yoclppc + Eﬂlpalc + EQZPazc

- EQpﬁbai (A6)
At this stage we introduce
A=wa = Vp=wact V3= Vp=wpct =1y (A7)

to obtain Eq.(5) which after linearization reduces to E{).
We now consider the details of solving E@). It can be

written in a form
R=-MR+C, (A8)

where R and C are column vectors antl is a matrix as
given below,

R= (Z)alc 5a2c 5bc)T,
i T
C= <§Qp 0 0) ,
i , i
iA+y,/2) —=|Q4e’™® -=-Q
(i 7/2) 2| 3l€ 5
i : i
M=]| - §|Qg|e'<%S (iIA+y,/2) - EQZ (A9)
i [ .
- EQJ_ - EQZ |A
The formal solution of such a equation is given by
t
R(t) = f e Mtcdt = MiC. (A10)

We use the above equatigA10) to obtain the solution for
"p‘allc given in Eq.(8).
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