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Achieving induced transparency with one- and three-photon destructive interference
in a two-mode, three-level, doubleA system
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We show that in a two-mode, three-level, douhlesystem an efficient multiphoton destructive interference
involving one- and three-photon pumping pathways occurs, leading to a unique type of induced transparency.
Unlike the conventional electromagnetically induced transparency achieved with a threa-siggem, the
induced transparency is critically dependent upon two distinctive relaxation processes involving the production
and propagation of an internally generated field. When a two-mode probe field is injected under suitable
conditions, we show that the two probe pulses, after a characteristic propagation distance, evolve into a pair of
temporal, amplitude, and group velocity matched pulse, traveling loss free in a highly dispersive medium.
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Electromagnetically induced transparendIT) [1] =1,2) and pump field§angular frequencie&,,) couple the
achieved with a three-leved system has been demonstratedtransition |1) —|2) and |2)—|3), respectively. We assume
to be able to significantly reduce the absorption of a probehat the probe lasers are weak so that ground-state depletion
field tuned to a strong one-photon resonance. In two semin@an be neglected. The equations of motion for the atomic
studies[2,3], Harris has described how a pair of short andresponse and the probe fields can be writterft®ughout
intense probe and pump pulses can evolve, in a three-stafBe present worki=1,2 unless specified
A-type EIT configuration, into a temporally matched pair

that propagates losslessly in the medium after a characteristic ﬂ(zn)_-d M 4i0" A +iQ) 1

initial propagation distance. PP prfiz * 1 erfAg + 10y, (13
In this Rapid Communication we show that with a two-

mode, three-level, doubl&-system it is possible to produce oAs . W °

a pair of temporally, amplitude, and group velocifJAG) ' id3Ag + QA" +i1Q0A;7, (1b)

matched ultraslow probe pul$é,5]. The key difference, in

comparison with the conventional EIX scheme[1-3], is . .

the suppression of a dark state population by an efficient %+ }%:ix LAD (10)

multiphoton destructive interferen¢8], leading to a unique dz ¢ ot 122

type of efficient induced transparency. Specifically, we show m : _ )
(1) under suitable conditions both temporal profiles, ampli-1€r€A;" is the part of the stat) amplitude that carries the
tudes, and group velocities of two probe pulses can be weffolarization at frequencypy,, don=don+iy,/2, wheredy, is
matched,(2) substantial suppression of a dark state due to 41€ detuning of the probe las@pp,) from the|1>—>|_2_> reso-
robust destructive interference between a one- and a threance andy, is the decay rate of the sta®@. In addition, A
photon excitation channel, resulting in a unique type of in-S the amplitude of stat¢3) and dy=83+iy3/2, where &3
duced transparency and remarkable suppression of probe
pulse absorption, anB) no requirement on having maxi- /
mum atomic coherence in order to achieve 100% photon flux A / 5
conversion efficiency.

Before presenting our work, we first cite several works on
Raman doublet system. These works include lasing with-
out inversion[7], cavity QED(8], optical phase conjugation
[9], efficient parametric frequency conversidi0], and effi-
cient Raman scatteringl1,12. We point out that all these
studies(except Ref.[12]) require a four-level system and
many rely on steady-state solutions to atomic respo(ees
pecially in the case of efficient frequency conversjag)).

Finally, we also point out several recent studies on double-
systemd13]. 1>
In the present study we consider a lifetime broadened

three-state atomic medium interacting with a pulsed two- FIG. 1. Energy-level diagram for a three-state doubleystem
mode probe field and a two-mode continuous wae®) interacting with a two-mode probe and two-mode control fields. In
pump field (Fig. 1). The probe fieldgpulse lengthr at the  reference to ultracol§’Rb atomic vapor, we choodé)=5S,,(F
entrance of the medium and angular frequencigs,n =1,Mg=-1), [2)=5P45(F=2,Mg=0), |3)=5S;/5(F=2,Mg=1).
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=wp1~ W =W~ 0 IS the two-photon detuning between the linear or quadratic approximation é¢g+L is accurate it
states|1) and |3) and vy, is the decay rate of stal@). We s sufficiently accurate to simply evaluate the coefficients in
assume that two-photon resonances are always maintained wi”) at w=0. With these approximations, we obtain

that 6;=0 and takey;=0. Finally, 22,(2(),) is the Rabi h 0,2

frequency of the probdépump field for the relevant fre- n - 127c2l

quency modex;,=2mNew,,|D15?/ (ic) with D;, andN being W |QJ? [Ap”(o ©) - SlApm 0.0)], (4a)

the dipole moment for transitiofl) — |2) and concentration,
respectively. We note that the major approximations used in
deriving Egs.(1a—(1c) are the undepleted ground stadfy

=1) and the neglect of far off-resonant terms such as cross-
mode stimulated emission with nonvanishing two-photon dewhere S;=(Q,/ Q) 8,1+ (Qc1/ Q) 820 $=(Qeo/ Q1) 611
tunings (these approximations should always be accurate if’r(QZz/Q’;l)ﬁnlz (6,1 is the Kroneckers function), and|Q|?

the fields atw,, are sufficiently weak No other approxima-  =[Q|?+|Q,|. In arriving at Egs.(4a) and (4b) we have
tions have been made in our semiclassical theory, Eqassumed that(.,?>|(dn+w)(ds+w)| and |J]>|(dy + o)
(1a—10). X (dpp + ) (dg+ ).

To solve Egs(1a—(1c) we begln by assummg thad, | We now consider the adiabatic limit where we use Egs.
>y, |SonT > 1, |82l > Q. Sa4|Qenrt?/ [dpn]>1, and (4a) and(4b) and retain only the constant and linear terms in
|Qpn|<|an| These conditions ensure that the ground statgy in the exponents in Eq:3). Defining Ky=x;,Q/?/J and
remams undepleted and adiabatic processes remain effectivg: _Q [0,t-z/V *)], we obtain

n) pn(+) g
Let a2 , ag, andAp be the time Fourier transforms

wo = | (ili [Ap(0,0) + SA5(0,0)], (4b)

As, and(Q), | respectively; we obtaifn,m=1,2;n#m) . |Qf2e7 Koz, .
’ o 2 X . Qpn(zyt) = C|Q|2 (Qpn+ - SlQprm)
o = [|Qcm‘ —(dg+ w)(dpm+ w)]Apn Q chmApm | |
2 - ’
D cl
o Qe + S Q) (5
(2a) op o
\ . where  INS=1/c+(kpl|QP)  and 1IN =1/c+(kpyf
ag= Qea(dpp + @) Ay + Qe + “’)ADZ, (2b) |03 (dps = d2) 4 Q1|4 Q| 2/ F?]. Equation(5) indicates that
D in general each probe mode breaks up into two pulses, each
. traveling at a different group velocity. It is, however, possible
IA ® . to match these group velocities with appropriately chosen
Zopn i () -
P =ikga3", (n=1,2), (20 operation parameters. To achieve this we requitd]
_ . , R (01~ 0p2) 4 Qs [Qp[2/ 3] =1, and obtainVy” =V, . If
wherew is Fourier transform variable, we assume the initial condition of;,(0,t)=0, then by
D = (dpy + @) (dpp + ©)(ds + @) = [ Qg [H(dpp + @) maximizing {1, keeping group velocity matched we have
- 2 . 1 . - x
 allre. e Qpr(z) = J[1+ (- Dl @aaalag, - (6)
Equations(2a—(2d) can be easily solved, yielding
A; = e (W2 + WeL?), 3) We note that when exp2«,,y,2/ &) is close to unity then if
. 2kqz/ 62 mm andm is an odd integer, we ge@. ,(z,1)=0
where tp=LoZ o [| Q= (Aot ) (d3+ @) ]/2, Lo andQp,y(z,1)=0Qy, . Therefore, with an approprlate medium

—|K12/[(dp1+w)( p2t w)(dz+w) - J] J=(dp1 + w) |Qc2 +(dpy
+0)| Q% ap="LoBra B12= QyQc L=LoVBa+(Bdl?
W=[(Lt ag) Ay (0,0) % anmA o 0,0)1/(2L),  ag=Lofg,

1_
th|ckness the Fleld that exits the resonant medium will be
), only, with an amplitude nearly equal to that@f, at the
entrance of the medium. Since the frequencies of the two
modes are nearly the same, this represents a near 100% pho-

andﬂq [|Qc1| |QCZ| (dpl dp2 (d3+w)]/2.
Although in general detailed solutions of the probe fieldston flux conversion fronf); to ;. On the other hand, i
require numerical evaluation of the inverse transform of EqiS an even integer, we haV@pz(Z )=0 0 (z,)=0y, .
(3) using the complex quantities defined above, much physiThus, as the two interacting fields propagate through the me-
cal insight can be gained if the exponefite., a,=L) can be dium the state of the probe field oscillates between the two
approximated as linear or quadratic functionseofThe lin-  frequency modes as a function of propagation distance. Note
ear dependence a@ will correctly predict the propagation that there are no restrictions on having maximum atomic
velocities and temporal profiles of the weak probe fieldscoherence between sta{és and|3) in order to achieve near
whereas the inclusion of the quadratic termswirprovides  unity conversion. Indeed, there is a very small excited state
further corrections to temporal profiles, amplitudes, andpopulation in this problem.
group velocities due to pulse spreading and additional pulse The second unique feature of the present work is a robust
attenuation. We note that the quadratic approximation can beultiphoton destructive interference. We note that by
quite accurate even whep is relatively large, as with the and Q,, have a velocity componerithe first terms in Eq.
lowest S— P transitions in alkali elements. Typically, when (5)] that decays in exactly the same way. In the case where
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Q,(0,t)=0 this feature has very interesting implications. At 1.0 Lo

large z, where the fast decaying part is negligible, we get Y

1,2

/

QCIQ::NQ* e .
jop o

which lead to  Qu(z,0/Q(Z,H=04/0n— Ay
=(Qe/ Q) Ap,. Using this result in Eqs(2a) and (2b) and
assuming |Q¢,|?>|wd,,| we immediately obtaina)’=0.
This implies that at a sufficient depth into the medium the
amplitude ofA, is strongly suppressed by a destructive in-
terference between a one(—Qpl) and a three-photon
(921,922,9;2) pathway to drive the|l)—|2) transition 0.0 I R i
transparent. This multiphoton destructive interference-basec 0.0 0.2 0.4 0.6 0.8 1.0
induced transparency is very different from the conventional
three-state\ EI.T syStem where the trar.]SparenCy is the result FIG. 2. Normalized peak intensities of thg, mode(solid ling)

of the destructive interference of two single-photon pathways : :

. : . and wp, mode (dashed ling probe waves as a function af z, for
with two externally supplied fields. It has been shown tha -1.0 cm and z,=0.01 cm (the insel Parameters usedr
such a multiphoton-based interference is a common featurg -4 s, N=10“em ™, [Q71= [0l =2136, 8,,7=0, 8,,7=1.256
of other highly efficient four-wave mixingFWM) processes 15 10,4(0,07=1, [Q5(0,07=0, ,7=3610, 557=0, yar
[15]. As a consequence, if two matched pulses satisfying the ; o5 K12$:2.28X 107 Cmps—l andv™)7=0.4 cm. Each curve con-
above relation are injected into the medium, they will propa-(5ins two traces obtained from the numerical solutions of Egs.
gate with identical velocities and with very little distortion or (24 _(2¢) and the analytical solutions of E(7), respectively. The

attenuation. . . agreement between the two equations is excellent and the two traces
It is instructive to examine the formation of the dark statéfor each mode cannot be distinguished.

before and after the onset of effective three-photon destruc-

tive interference. This is another important difference be-+(), excitation balance$)pryy excitation destructive in-
tween the system studied here and the conventional threésrferences can occur after characteristic propagation dis-
state A scheme widely used in EIT related works. In the tances under suitable driving conditions. If, on the other
conventional EIT picture, a dark state is established immedihand, one extinguishes the control fidly,, the generated
ately after the probe field enters the medi(mssuming that field and the three-photon destructive interference disappear,
the cw control field is already presenthis is, howevernot  and one loses the TAG pulse pair. These features of the dark
the case of the system studied here. In fact, there is no daskate in the present study do not have a counterpart in the
state in the medium prior to the establishment of the threeconventional EIT process. We emphasize that in contrast to
photon destructive interference deep inside the medium. Ahe conventional EIT scheme the unique type of induced
characteristic propagation distance is required so that th#ansparency is critically dependent upon the production and
generated wave is strong enough to open the back couplingropagation of an internally generated field and upon two
channel, leading to the three-photon destructive interferencelistinctive relaxation processes for each velocity component.
In other words, unlike the conventional EIT scheme, the darklhere is no equivalent mechanism in the conventional
state has a root in the nonlinear wave mixing process. In fact\-type EIT system.

it is established by the interplay of the one-photon and three- The above results are the consequence of linearization of
photon coupling after a characteristic propagation distancghe coefficients and exponents permitted by the assumption
This characteristic propagation distance can be short or longf good adiabatic behavior in the atomic response. Correc-
depending on the concentration and operation conditions. Agons to this adiabatic theory can be derived analytically to
a comparison, the commonly known dark state picture in théiccount for probe pulse spreading and additional attenuation.
conventional EIT does not rely on any propagation effectDue to space limitation, solutions to E@) using quadratic
Before the characteristic propagation distance at which thapproximation with different pulse lengths and delays will be
fast damping terms become negligible, one does not have presented elsewhere. In the following we give numerical ex-
dark state or the multiphoton induced transparency. Indeed@mples to demonstrate the validity of our analytical solu-
the view of changing from staté) to state|3) by gradually  tions.

extinguishing the driving field, as indicated in the dark state For numerical simulations we consider cdiiRb atomic
picture of the conventional EIT scheme, cannot be simplyapor. In the first case we takel,(0,007=1 and
applied in the present problem because of the role of thé),(0,07=0. From Eq.(6) we find that the first destructive
internally generated field. If one extinguishes the controlinterference occurs a;=0.008 65 cm. We thus take the me-
field Q;, a photon of frequencwsg= w¢, Will be generated dium thickness to be,=z=0.01 cm. In Fig. 2 we plot the

by stimulated Raman process. The characteristic of the prazormalized probe field intensities as a functionzdg,, for
cess changes from conventional FWM to a parametric FWMthe case of,,=0.01 cm(the inset andz,=1.0 cm. The nu-
Consequently, both two-photo(ﬂ;1+(zsR excitation bal-  merical solutions are obtained by solving Ed$a—(1c)
ancesQ,+Qpryy €Xcitation and three—photomel+QSR without any approximations. The results from the two meth-

Qpzt) = @)

2, =0.01 cm |
0.6

0.4

0.2

L, (z,2/(V{7))/1,,(0,0) for n

z,=1.0 cm I
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ods are so that they cannot be distinguished on the grapscheme, and we have shown that the unique effect and the
Note that the peak oft),(z,t,/7)[?/[Q1(0,0)|? (the inset  underlying physics do not have equivalent counterparts in
indicates a conversion of 91% is nezr0.008 65 cm, as the conventional EIT system. We emphasize that the unique
predicted. _ _ . type of induced transparency is the result of two distinctive
It is instructive to consider a case wher&;, relaxation processes and is critically dependent on the three-
=/ Qep) Ay s satisfied and,(0,007=0p,(0,07=1.In  phoion destructive interference involving the internally gen-
such a matched injection case £8) pred|ct_s that two f|elds_ erated field. The robust three-photon destructive interference
{1p, and{dy, form a perfectly matched pair, propagate with and the efficient multiphoton-based induced transparency
identical group velocity, and experience very little attenua- . .
tion and pulse distortion. Extensive numerical simulationg®redicted here are also expected to occur in Doppler broad-
for such injection-matched pairs agree well with the analyti-£n€d media under modified driving conditions due to the the
cal solution Eq(7), and typically less than 15% attenuation bro_ad I|nevv_|dths. Of course, the requwement for near _adla—
of the probe fields can be achieved for an extended propag&®atic behaviors of the system response will also be subject to
tion distance of 1 cm. This is a remarkably high transparencyPpropriate modifications.
for such a highly resonant and optically thick medium. Ina The TAG matched propagation of a pair of ultraslow
separate study we will systematically investigate the advanprobe pulses in a highly transparent medium discussed here
tages of such matched injection conditions and explore apnay be applied to other multiwavelength experiments in the
plications of this effect in other wave propagation problems.ultraslow propagation regime. The unique type of highly ef-
We have investigated a unique type of induced transparficient induced transparency enabled by one- and three-
ency resulted from multiphoton destructive interference. Wephoton destructive interference may provide yet another way
have shown the formation of two TAG matched ultraslowto achieve lossless propagation in a highly dispersive reso-
pulse pairs. In addition, we have discussed the key differnant medium. This could lead to intriguing applications in
ences between the present scheme and the conventional Biie field of optoelectronics.
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