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Absorptionless self-phase-modulation via dark-state electromagnetically induced transparency
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We study a combination of two-level electromagnetically induced transparency and dark states, and show
that desirable features of both phenomena can be obtained in a single system. In particular, large self-phase
modulation can be produced without pump or probe absorption, and without spontaneous-emission noise. We
point out possible application of our system as a source for squeezed light.
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[. INTRODUCTION pump field is allowed to couple to both arms of the system
[23].

The closely related phenomena of dark states and electro- The present paper is organized as follows. Section Il pre-
magnetically induced transparen¢iIT) have greatly en- sents the theoretical formulation, while Sec. Ill outlines the
riched the fields of nonlinear and quantum optics in recenspecial features and drawbacks of the two-level and the
years. Although these two processes produce similar effect§iree-levelA systems and shows that these systems do not
they have important distinctions. Atomic dark stdteg] are achieve the goals individually. In _Sec. I\/, a theoretical model
coherent superpositions of the two lower levels in a threeOf the dark-state electromagnetically induced transparency

level lambda (\) system that are not coupled to the excited(PS-EIT) system is formulated for experiments in a sodium
state by the two applied laser fields. An atom prepared in ell. The analysis first considers only radiative broadening,

dark state will not absorb the incident fields, have no excitedE en includes the effects of collisional and Doppler broaden-

state population, and thus no spontaneous emission. Unfol?9:
tunately for many applications in nonlinear optics, self-phase
modulation also vanishes along with absorption. Electromag- Il. THEORETICAL FORMULATION

netically induced transparen$,4] is a pump-probe effect  \ye will consider a closed three-leval system with two
that provides transpgr_ency in a_tvane;ty of syst¢BisWhile applied fields of the fornE(t)=Eye o+ Ege 1 “dt 4 c.c
dark states_are specific o configurations, EIT occurs more each coupling to a lower level, with corresponding Rabi with
generally: in two-level[6], cascaded three-levglr], and frequencie, = 2u..Ep 14 andQy=2u..Eq/%. Detunings
four-level systemg8]. In these systems there can be Iargeof these fields with respect to the upper bare atomic state

third-order susceptlblllty,_ and thus self—pha;e modulation, Nre Ay=wy,— wap, and Ag= wg— 4. Here, we generalized
the absence of absorption of the probe figdd. Unfortu-  the £, field to be comprised of a carrier and a modulation
nately, spontaneous emission cannot be eliminated congwe|d in the form:

pletely in these systems. The presence of spontaneous emis-

sion with associated noise limits the use of these EIT systems Ed(t)e—iwdt: Ece—iwct+ Ese‘i“’s‘. (2.1

for noise-sensitive applications such as squeezed-light gen-

eration[10]. One possible exception using four fields is the The population decay rateg, and y. are from|a) to the
double lambda systerfil1], which has been shown to pro- lower stategb) and|c). y, and y, are the population ex-
duce a large third-order nonlinear susceptibility in the ab-change rates betweéa) to |b) and|b) to |c), respectively.

sence of absorptiof®]. The coherence dephasing rates are

In this paper, we combine the benefits of dark states and
two-level EIT to create a system that has no absorption, Yot Yet Y2 o
while still possessing large self-phase modulatiSRM) of Yab= 5t Yab o

the signal field. There is no absorption of the pump fields
and, in addition, spontaneous-emission noise is eliminated
because there is no population in the excited state. Such a Yea
system would be useful for applications such as squeezed-
light generation via self-phase modulation and spatial soliton
propagation. It should be noted that there is a recent study on _ N1ty L el 2.2
the linear absorption of such a systéd®?]. Gain profiles Yeb™ 5 Yeo '
have also been studied in a lambda system, where a single
where the phase decay due to elastic collisions is designated
by the superscriptoll. The complex dephasing rates are
*Electronic address: vin@optics.rochester.edu defined as

Yot Yet 71 T
2
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— i —_T* W,
Lap=vap—i1Ap=T%,, Ap 17\ _A‘-\_}_A___-
. . |a) —— £ 18
o= 7ca+|Ac:Facy { )1 X _
T Y, AlA
Lep=veptiAc—iAp=T7F. (2.3 Op o,
. ®
The quantityp;; :aij,uije*'“’iit is the dipole moment ex- S
pectation value(for i#j) and the populationfor i=j). |b) y
Starting from the general density-matrix equations of motion y \_ Yy Ic)
and using the population conservation rule for closed atomic 2
systems, FIG. 1. The dark-state electromagnetically induced transparency
1=paat pobt Pecs (2.9 system.
we eliminatep,, leaving where(). is the Rabi frequency of the strong pump fi&g,
aa

Qg is that of the weak signal fiel#ts and & is the detuning
betweenEg andE; (6=As—A.=ws— w.), See Fig. 1. The
matrix M and vectors, are each partitioned into terms with
different time dependence

Pob— ¥b=— (Yot ¥2) Pob— (Y= Y1) Pcc
i [
EQb pab_iﬂbpba:

+
M=Mg+e ""QM,+e"Q*M _,, (2.9
Poc™ Ye= ~ (Yo ¥2)Pbb— (Ve t Y1) Pec and
i i B _
+§Q§Pac_ EQcha- Y=3p+e 03, +e %053 . (2.10

Substituting these definitions into E.6), we obtain

A i i
Pabt EQb: i Qppppt EQchc_rabpab'l' EQchm RiSote 003, +ed0rs

i | i =(Mo+e QM +eQIM_pR.
PacT EQdZEQdeb"' iQgpec—acpact EQbecv

(2.1)
. [ P, A simple application of Floquet's theorem shows that the
Poc=~ 5 Qapvat 5 Qb Pac™ DbePoe, stationary solutioR to Eq.(2.11) will have only terms at the

harmonics of the detuning. We assume thaEg is weak
enough so that the Floquet harmonic expansion can be trun-

. i . i i
Pba— EQE =—iQ} ppp— EQ;‘pCC—Fbapba— Eﬂgpbc: cated at the third order
' i i i R=Ry+e ""Q R, +€e"Q*R_;+e 20 )R,
_ * - _ * _a * _ _ * . .
Pca ZQd Zdebb 1Q§pcc—capea ZQchba +|QS|2H0+ez"?‘(ﬂg‘)2R,2+e‘3'3‘(QS)3R3
N +e710 [0 2H + V0 O2H 1 +e%H(0F)R ;.
Pcbzzﬂd Pab™ Eprca_Fchcb- (2.9 (2.12
These equations can be written compactly in matrix form The coefficients are obtained by substituting E2,.12
as into Eqg. (2.11) and equating the coefficients of the different
. harmonics of§ and corresponding powers 9f;. The result-
R+3=MR, (2.6)  ing equations are
where we define Ri;=(Mg+id) X(Z;—MRy), (2.13
— T
R=(ppp, Pcc: Pabs Pacs Pbcr Pbar Pca: Pcb) (27) le—(M0+i5)71(M1H0+M_1R2), (2.14

and is a constant vector. ete. . I : )
In this paper, we consider the effect of two strong fields _The linear susceptibility of the signal field c(%n be ob-
on the behavior of a weak signal field. To explicitly show the@ined from the fourth element of tfe, vector (p;¢) and

third weaker signal field, we define the nonlinear susceptibilitiffor self-phase modulatigrfrom
' the fourth element of thel, vector ($)). The total suscep-
Qg=Q.+Qe ' (2.8)  tibilities of the pump field€, andE. can be obtained from
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modulation coefficient{proportional to Re/(®) is nonzero at the

FIG. 2. Linear and nonlinear response of a homogeneousl)9ietunlng where there is no absorption of the signal field.

broadened, two-level system with.T,=1 andQ.T,=5. . .
Y Ty ot on the red(lower frequency side of resonance and gain on

the blue side. These features are found at frequencies dis-
placed by the generalized Rabi frequen€y & \/QC2+ Acz)
on either side of the bare-atom resonance. The difference in

andp..), respectively, and using E¢.4), the population in the amplitude between the absorption peak and the gain peak

the excited state can be calculated. These procedures gi¢@n Pe attributed to the one-photon detuning. Taking the
analytic expressions fop™), x®, etc. but these expressions analysis to third-order, we can identify a set of parameters
are omitted here for brevity. where the SPM is relatively large while the linear absorption

vanishes for the signal fielFig. 3). An inherent disadvan-
tage of a two-level system is that there is absorption of the
pump field. Thus, as the pump Rabi frequency is reduced

The combination of dark states and EIT produces a richwith propagation, the transparency window shifts and the
range of phenomena. To make sense the inherent complexitgsult is a loss of transparency for the signal field. Another
and to see why we find it necessary to use the combinatiortonsequence is that there is substantial population in the ex-
we find it useful to examine limiting cases in which the cited state producing spontaneous emission. The population
various phenomena can be introduced separately. We begf the excited state of the two-level system in the above
with EIT in a simple two-level system, and then proceed toexample is approximately 0.45. This system fails to satisfy
look at a three-level system. all the goals that we have set.

the third and fourth element of the, vector (), p{?),
respectively. The population in the lower stafbs and |c)
are from the first and second elements of Ryevector (o,

IIl. BUILDING BLOCKS

A. EIT in a two-level system B. Nonlinear optics of coherent population trapping

We first analyze the two-level systef] as a candidate ~ One of the important features of a regular three-level
for meeting the goals described above. ElT-like features cagystem is that a dark state can be created. Similar to EIT,
be found in a two-level system by applying two fields to thethere is a transparency window for the signal field when the
same transition. This simple system can be studied as a lingtom is excited at the two-photon resonance. With the two
iting case of the theory from Sec. Il. We remove lower levelfields (pump and signalcoupling theA system(with no
|b) by settingQ, Ty, y:T1, andy,T, to zero andy.T;=1,  coupling between lower stateswo coherent superpositions
whereT is the excited-state lifetime. We sgjT,~10 °to  of the lower atomic basis states can be defined as
prevent numerical problems with inverting a singular matrix
but the predictions obtained in this way are indistinguishable
from those obtained withy,T;=0 as calculated in Refs.
[6,9]. Here, we assume radiative decal,€2T;) unless
stated otherwise. For comparison, the number density used in ) Q

. o : R b
all numerical plots is identical to that of the Doppler broad- |—)=—2|b)— —|c), (3.1
ened DS-EIT case; working with the hyperfine levels at the Q' Q'
D1 line in a sodium cell at 300 °C, the number density is
2.3x 10" cm3. where Q' =/Q2+02. The statd +) is called the “bright”

The first-order probe absorption spectrum in this two-state as it is coupled via the pump and signal fields to the
level case is often called the Mollow absorption spectrumexcited atomic statéa). On the other hand, the“dark state”
[14]. A graph of the predictions of our theory for this spec-|—) is completely decoupled. Then, if the atom begins in an
trum in the case\.T;=1 andQ.T,=5 is presented in the arbitrary linear combination of the two lower levels, the am-
upper portion of Fig. 2. The strong pump field splits both theplitude that is initially in the bright state will be pumped up
levels into doublets. Probing the system with a weak signainto the excited state, where it can spontaneously decay into
field on the same transition, we see a strong absorption peagither the bright or the dark state. In a few spontaneous emis-

Qp Qs
+)=—1b)+ —|c
+)= 520+ o)

!
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FIG. 4. Linear and nonlinear response of a homogeneously IV. THE DARK-STATE ELECTROMAGNETICALLY
broadened, three-levél atom withA,T,=0 andQ,T,;=5. Note INDUCED TRANSPARENCY SYSTEM
that the SPM coefficient vanishes at the frequency of induced trans-

parency. With a suitable combination of the two systems consid-

ered above we can reap the benefits of each, while eliminat-
o . . . ing the limitations. In the DS-EIT systeifirig. 1), the two

sion lifetimes all of the population will be pumped into the 5 fields create the dark state and a third signal field in-
dgrk s}ate, effectively decoupling the atom from the two 8Pteracts with the coherently prepared system. We can find a
plied fields. The transparency of the medium to the propagaget of field parameters so that the SPM term is still large
tion of the pump and. signal fl_elds IS not (_:aused merely by thgypije hoth the linear and third-order nonlinear absorption are
Autler—Townes spllttmg(t.he signal experiences two absqrp- negligibly small. There is neither appreciable population in
tion peaks at the detuning of half the.ger?erallzed Rabi fre:me excited state nor appreciable absorption of the pump
quency,Q,=JQp+Ap) but a destructive interference that fie|gs. Thus, the transparency window, which is dependent
cancels all absorption. Upon further analysis of the third-gp the Rabi frequency does not shift as the beams are propa-
order susceptibility, one finds that the real paryé? also  gated.

vanishes as the linear absorption vanishes. In faCt, all Suscep- As reviewed in the previous section, if we have a perfect
tibilities vanish at exact two-photon resonance where a pergark state, all the responses vanish at two-photon resonance.
fect dark state is created. These phenomena are illustrated {thys, we need to find an atomic system for which the two
Fig. 4 for the case in which we s&t.T;, ¥, T1, ¥,T1, and  |ower levels have a larger direct coupling decay, or we need
T, to zero. WithA,T, fixed, 6T, is the two-photon de- g detune the fields slightly off two-photon resonance. It is
tuning as well as the one-photon detuning of the signal fieldmuch easier to control the two-photon detuning experimen-
We also takey,T;=3/8, y.T;=5/8, Q,T;=5, andA,T;  tally. Consider our three-level system wityT;=2, A.T;

=1 in our illustrated example. While the system is ideal in=0, ,T,=0.5, Q.T;=18, y,T,=3/8, and y,T,=5/8.

the sense that there is no absorption or spontaneous emighe predictions of the radiatively broadened model under
sion, the desirable property of self-phase modulation als¢hese conditions are shown in Figs. 5 and 6 around the point

vanishes. of zero absorption with the excited-state population at ap-
proximately 10 4. The excited-state population is also plot-
x16% ted as a function of the two pump Rabi frequencies in the
absence of the signal field in Fig. 7.
2 The physics of the rather complex plots can be understood
? — Im x(”
o 0.3
T e V7 77\
2 . 0.2} / 7 \‘ Q. T,=05
—_ — @ e [,," 'y il =1
é . Rex AA kA 0.1 'i "‘?\\/é QbT‘l =20
gx — Imyg® &) , \‘“..:.ﬁzaﬁ:--
0.1 % o) lms 0 4 8 12 16
. ] & Q. T, [rad]
-20 -10 0 10 20 ) ) )
8T, [rad] FIG. 7. Excited-state population as a function of the two pump

amplitudeg(expressed in terms of the normalized Rabi frequencies
FIG. 5. Linear and nonlinear response of the radiatively broadfor the case\,T;=2. Note that the excited-state population can be
ened DS-EIT system witt\,T,=2, A.T,;=0, Q,T;=0.5, and neglected through the use of a pump fi€dsufficiently intense,
Q.T,=18. O.T,>15.
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x10°® x 107 a temporalspatia) soliton but since that is beyond the scope
of this paper, we will not be going into further details. The
nonlinear phase shift is

o
o

g 2
= Adn=—Nalsls, (4.)
=

o

Im % [esu]

wheren,=0.0395 Re(®/n2, n3=1+47 Rex™®, x*) and

. . . x® are measured in esly is the signal intensity in W/cf

-850 -825 -800 -275 -250 andL¢=1/a is the absorption length for the signal field.is
8T [rad] assumed to be ten times stronger tHano prevent back

FIG. 8. Response of a DS-EIT system with the inclusion ofa]?tlon of th_ehSI?]na]!.ﬂledld gnto the s?/sten;]. USIH%ell cell Ier;]gth
Doppler broadening. A,=0.8 GHz, 1,=5.08 W/cnf and I, of 10 cm with the field absorption lengths much longer than

. . 79 . . .
—6.58 kWi/cn?. Note that linear and nonlinear absorption vanish that (Ls is 8.9 m, n, is 6.2<10°" cn?/W, giving a nonlin-
(around—3 GHz) while the SPM coefficient is retained. ear phase shift of 4.3 rad. This is close to the value of 4 rad
predicted by Blowet al.[16] for optimal squeezed-light gen-

in terms of resonances between the triplets that form th&ration via self-phase modulation.
dressed states of the three-level, two strong field syfiéin
We will not include such an analysis here, but simply present V. CONCLUSION

the graphical results. .
Figure 8 shows a similar response when Doppler broad We have shown that dark states can provide transparency

- 11y i ith PM. A
ening is included. All three fields are copropagating in aWIt no spontaneous-emission noise, but with no S

sodium cell. At a cell temperature of 300°C, a Gaussian.

width (half width at half maximumof 0.9 GHz. To prevent
the effects from averaging out, argon buffer gas is introduce
with a density of 4.6 10'® cm™3, which leads to collisional
broadening of 0.6 GHz. For A,=0.8 GHz, I,
=5.08 W/cnt andl .= 6.58 kW/cnt, the excited state popu-
lation is at 3.4 10 *. At a detuning of—3 GHz, Imy"
=8.4x10 Yesu, Imy®=2.4x108esu, Re®=1.6
X107 esu (positive, and B,=d%/98xV=—-1.2

x 10" &/m is of the opposite sign, satisfying one of the
key conditions for temporal solitons. Other parameters such This work was supported by the Office of Naval Re-
as critical energypowen must also be achieved to establish search, Grant No. N00014-99-1-0539.

it can be seen from the graphs that the response of the DS-

IT system may be complicated but it does enjoy the benefits
from both the two-level and the three-levklsystems, while
overcoming the disadvantages of both. Possible applications
of this system are to the generation of spatial solitons or of
squeezed light.
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