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Effects of spontaneously generated coherence on the pump-probe response ok asystem
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Near-degenerate lower levels inAasystem have an additional coherence term due to interaction with the
vacuum of the radiation field. We report the effects of gp®ntaneously generated coheremcethe forma-
tion of a trapped state in the presence of two coherent fields of arbitrary intensity. We show that such
coherence preserves both electromagnetically induced transparency and coherent population(€&Jping
phenomena. However, it changes the time scales associated with the formation of the CPT state, and brings
about quantitative changes in the line profiles. We present a clear analytical explanation for our numerical
results. We also report the dependence of line shapes on the relative phase between the two applied fields.
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PACS numbgs): 42.50.Gy, 42.50.Ar, 42.50.Hz

I. INTRODUCTION line shapes. We show the existence of CPT even in the pres-
ence of SGC. In Sec. Ill, we study the approach to CPT, i.e.,
It is now well understood how the decay of a system ofwe study dynamical effects. In Sec. IV, we develop an analy-
closely lying states induced by interaction with a commonsis which explains the numerical results of Secs. Il and Ill in
bath leads to new types of coheren¢és8]. These coher- a transparent manner. In Sec. V, we show the dependence of
ences modify, among other things, the line shapes of sporthe line shapes on the relative phase between the pump and
taneous emission. An early studiaV system consisting of probe fields. Finally in Sec. VI, we discuss the kind of situ-
two degenerate levels showed the possibility of coherenations where SGC will be nonzero and connect to other re-
trapping in the excited stafd]. This system and its gener- cent works on this subject.
alizations have been the subject of recent studies in connec-
tion with the production of quantum beats and probe absorp- 1I. ABSORPTION AND DISPERSION LINE SHAPES

tion [4-6]. Javanainen[8] discussed the possibility of IN PRESENCE OF SGC
spontaneously generated coheref®80 effects in aA sys- ) ) )
tem. In particular, he examined the response ofthgystem We consider aA system driven by two coherent fields

to an external pump of arbitrary intensity, and demonstrategvith amplitudess; ande,. Since the dipole moments are not
that the dark state could disappear in the presence of a strorgthogonal, we have to consider an arrangement where each
spontaneously generated coherence. The existence of thefigld (pump and probeacts only on one transition. This can
coherence effects depends on the nonorthogonality of thee achieved by considering the case shown in Fig. 1, where
two dipole matrix elements. the probe(pump acts on the transitioflL)« |3) (|]1)«|2)).
More explicitly, the basic equations describing spontanein such case the density-matrix equation in the rotating-wave
ous emission from an excited state to two close-lying lowerapproximation will be
states are given b Fig. 1 withe; = £,=0 .
. ? bl (Flg _ 17270 p11= = 2(y1+ ¥2)p11tigpartiGpau—iG* p1—ig* pus,
p1i=—2(yitv2)pu,  p12=—(y1t+v2)p12, . _ ,
_ _ p2=272p11+1G* p12—iGpy1,
P22=2v2P11, P13=—(y1+ v2)p13s 1 : ] .
_ _ . p3s=2Y1p11T19% p13—i9pa1, (2
P35=271P11,  P23= 2\ ¥172C00p €' .

Here 2y's represent the spontaneous emission réts, the

angle between the two induced dipole mome]ltzsandan, p13=—(y1+ Y2 +i1A1)p13+iGprs—ig(p1i—pa3),
and# () is the energy spacing between the two ground levels.
All the elements ofp above, exceppys, have their usual p3=—1(A1—A)pozt 2V y1Y,C007p11+1G* p13—igpo,
dependence. It should be noted that only for srfialire the . .
effects of generated coherence betwénand |3) impor- where  will be zero (one. if the spontaneously geperated
tant, as for largd) the rapid oscillations ip,; will average Co_he_rence effect is |gn0réd3cluged. Here thf’ Co_u)plln_g co-
out any such effects. While Javanainen examined the effecgfficients are denoted &=d;,- £,/2 andg=d;3-£,/%, i.e.,
of such coherences on the response of the system to a sindke= Gosind and g=ggsing, and the detunings ark,=W,,
field of arbitrary intensity, we examine its effect on electro- —W andA;=W,3—w, wherefiW;; is the energy separation
magnetically induced transparen@iT) [9,10] and coherent between statedi) and [j). For simplicity we assume
population trappindCPT) [11] phenomena. d-e; (i=1,2) to be real, and ignore the dephasing terms. The
The organization of this paper is as follows: In Sec. Il, wegeneral steady-state analytical solution s in all orders of
present the effects of SGC on the absorption and dispersigmrobe and pump is

p12=—(y1t v2+tiA2)p12+19p32—1G(p11— p22),
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gGA (A1 —AY)[— g%+ 709G~ G+ A1 (A1~ Ap) +2i(A;—Ay)]
P13~ D ' ©)

D=[(g?+G?)%(g?>— 79Gg+ G?) +(29%+2G?— 5,GQg) conditions p;1=p,,=0, p3z=1, andp;;=0, fori#j. The
) s X 5 - time evolution of the ground-state coherence is shown in Fig.
X(9°=G%)Ax(A;—Ay) +(4G"+49°+4Gg 4. We perform an eigenvalue analysis of the above resulting

8X 8 matrix in Egs.(2) to ascertain the time scales involved
3 4 2 2 2 2
+709G°—2GT+(g7+ G A2) (A1~ 4) with both strong and weak probes. Typically, f@=g
+2G2A,(A1—A)3+G2(A,— A4, 4 =10sir and y,=7y,=1, we diagonalize the matrix with

2(A1742) (A1~ 82)7] @ (without) the parametery. The eigenvalues are-2.85

where n,=27% cosd, and we have sef;=7y,=7. All the +19.95, —2.85-19.95, —1.0-9.95, —1.0-9.95, —1.0

parameters are reduced to dimensionless units by scaling9.99, —1.0+9.95, —1.99,-0.288 (-2.5+19.9, —2.5

with y. For a weak probed<G), —19.9, —1.0-9.95, —1.0+9.95, —1.0-9.95, —1.0
+9.95, —2.0,—-0.99). It is observed that the lowest eigen-
—0(A1—Ay) value, which is inversely related to the time scale, reduces
P13~ [G2+(A,—A,)(2i-Ap]' (5 from —0.99 to—0.28 in the presence of spontaneously gen-

erated coherence, thus lengthening the time scale to evolve

which is independent of the spontaneously generated cohel@ the CPT state as shown in Fig. 4. For smaller probe
ence parameten. We also note that Ing;s) = 0 whenA, strength =0.1 sir9) the Iowes_t elgen\_/alue changes from
—A, for all values of 7, as for the arrangement in Fig. 1, — 0-985 t0—0.97, hardly affecting the time scale.

G2— 5,Gg+g?+#0 (for # = 0, both the fields are perpen- 0.15
dicular to the dipoles Thus coherent population trapping
phenomena is preserved for all valueszgf From Eq.(3),

we also see that the line profiles will start showing signifi- 0.12
cant deviations if the probe field becomes large, so as to

saturate the transition. These features are demonstrated in

Figs. 2 and 3. These scans correspond to changing of the 0.09
separation) (Fig. 1). Note that Imp,3) = O atA;=A, in all

the cases. In Figs. 2 and 3, we also show for comparison the
results when the spontaneously generated coherencesterm 0.06
is ignored. For large values df;-A ,, the difference between
the two profiles disappear. This is because, as noted earlier,
the effect is important only for small values of energy sepa-
ration betweerj2) and|3). Similar results are obtained for
unequaly’s.

g = 3sinf (a)

Im(p,,)

0.03

Ill. EFFECTS OF SGC ON DYNAMICS

We also study the dynamic evolution of the system to the | g=10sin9 () |

CPT state by solving equatiort®) numerically with initial
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FIG. 1. Schematic diagram of a three-levelsystem driven by FIG. 2. Energy absorption from probe Img) for G=10 sir,

two coherent fields of equal frequency but with Rabi frequencges 2 A,=0, y,=vy,=1, and#=45°. The solid(dashed curve is with
(probe and 2G (pump, respectively. The field polarizations are 7=1 (0). The probe strengths are normalizedytand are as given
chosen so that one field drives only one transition. in the figures.



4016 SUNISH MENON AND G. S. AGARWAL 57

T T T -0.6 ;

Re(p,,)

Re(p,,)

—_—— 0 2 4 6 3 10 12 14 16
Ti
g = 10sin0 ®) - tme

FIG. 4. Dynamic evolution of the system to the CPT state. The
solid (dasheglcurve is in the presendabsencgof the SGC param-
eter . The parameters ar&=g=10sir9, A;=A,=0, y;=7,
=1, andd=45°. Time is measured in units qfl.

Re(p,;)

p11=—2Tp1+iFp1—iFpy,,

b1+:_FP1++iF(P++_P11),

pi+=(C+T")py+iFpy —iFp,y, ®
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FIG. 3. Plots for Reg,3) as function of probe detuning. The ) (G2_92)
parameters are the same as in Fig. 2. p+,=in1,—F’Tgp11.

IV. EXPLANATION OF NUMERICAL RESULTS whereT’ =2FGg COS@?]/(GZ"‘QZ). Equation(8) can be in-
We now demonstrate how we can understand numericdprpreted in term of the diagram shown in Fig. 5. We note
results by analyzing the original density matrix equati(®s ~ that the CPT statg—) is populated at the raBcpr, where

in a field-dependent basis given by "G
g cosfn
G2+¢g?

FCPT:F< 1- 9

G|2 3 2)—G|3
PPN R RN -

It is important to see for the geometry considered in the Fig.
whereF = G2+ g%. We assume the CPT conditidn,=A, 1 this rate of population of the CPT state can never be zero:
throughout this section. Note that bag is different from
the dressed state basis which will also involve mixingif L'cpr#0. (10
and|+) states. For understanding the numerical results, ba-
sis (6) turns out to be useful. We can now transform the

|D
density matrix equation&) using
p++=(G?poot g°pazt GOpaat Gopsr)/F?, r-r F 1’
p-—=(g°poo+ G?p3z— GUp2s— GOpsr)/F?, @)
=) |9

p1+=(Gp1o+0p13)/F,

FIG. 5. Equivalent level scheme of Fig. 2 in the bakis,
p1-=(9p12— Gp13)/F. |+), and|—). The population oscillates between the stafesand

|+), with an effective Rabi frequencl, and decays to the CPT
In the new basis, we obtain the equations state| —) at the ratel'-T"".
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Note further that the population is cycled between the levels T T T
|1) and |+) because of the effective pumping fiel 0.10
=./G?+g?. Itis clear from this physical picture that optical
pumping would lead to the state-), i.e., the CPT would
occur.

This analysis also explains why Javanairj&h found a
very different result for the case of a single field. His case
corresponds to setting=G and =0, leading tol’ cpt=0.

Thus the CPT state is not populated, and no optical pumping
to this state occurs. In this case, one has a conservation law

e
&

S
=4
X

2

Probe absorption

s
S

p__=0. (13)

Thus the final population in—) state is the same as that
given by the initial condition. The case considered by Jav-
anainen is equivalent to that of a two-level system with states
|1) and|+).

Finally, the above equations also enable us to understand
the numerical results of Fig. 4. In the absence of SGC,
=0, and the CPT state-) is populated at a ratE, i.e., the
CPT state is populated slowly in the presence of SGC. This
is precisely what our numerical results of Fig. 4 show. The
field dependence df’ can be borne in mind:
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Thus important changes in time scales would occur only Relative phase @
wheng andG are comparable.

FIG. 6. Figures show the dependence of line profiles on the
relative phaseb between the two applied fieldsa) shows an ap-
preciable difference in the line profiles correspondinghte- 90°

The usual EIT experiments with well separated grounddashed curveand®=0° (solid curve, (b) normalized probe ab-
levels in aA system do not depend on the relative phaseSOrption maximas (peak abg.j(peak absg - as a function ofP
between the two applied fields. However, in the case of &" the presence of SGC. The solidashedl curve is for maxima in
closely spaced level, as our numerical simulation reveald® r€giona,>0 (4,<0). Other parameters aré=10sirt, g
SGC makes the system quite sensitive to the relative phases S 6=45°, andA,=0.0 for both(a) and (b).
between the two applied fields. Explicitly, we consider

V. PHASE-DEPENDENT ABSORPTION LINE SHAPES

phasesp, and ¢, of the pump and probe fields, respectively. VI. CONCLUSIONS
Then one can rewrite the Rabi frequenciesGes Ge '%2
andg=ge %1, Redefining the atomic variables in H8) as Before concluding, we discuss how to arrive at a situation

D1=p1£ %2, pra=p1€'?1, and pa=pe'®, where &  Where the dipole elements for the two optical transitions are

= ¢, — ¢b,, We obtain equations for the redefined density-nonorthogonal. Xia, Ye, and Xhib] considered the super-
matrix eIementsZii which are found to be identical to Eq. position of singlet and triplet states due to spin-orbit cou-

. pling in sodium dimers. This results in a series of coupled
(2), with the SGC parametey replaced by pairs of near-degenerate levels, each of them sharing singlet

e and triplet wave functions. These pairs generate nonorthogo-
Ne=M€ " 13 nal dipoles, and a suitable pair can be selected by tuning the
) ) ) . _frequency. Thus in their case the nonorthogonality was ob-
The absorption of the probe is now obtained from the imagitained from the mixing of the levels arising from internal
nary part ofp,3. Clearly as long as line shapes depend onfields[12]. One could also use external microwave fields to
the parameterp, they would also depend on the relative mix the levels, so as to achieve the nonorthogonality of the
phase between the two fields. We display this dependence dipole matrix elements. It may be added that a large body of
the line shapes on the relative phase between the pump awrdrrent paper§3—-6,13 on interference effects uses situa-
probe fields in Fig. 6. It may also be noted that parametertions where the two dipole matrix elements are nonorthogo-
like y, and y, are independent of the phases of the dipolenal.
matrix elements, whereagdepends on the phases of the two  In conclusion, we have shown th@ CPT is preserved in
dipole matrix elements. The phase dependence of the linall cases, but the time taken to reach CPT is more when both
shapes is reminiscent of the phase dependence of the libe fields are of the same ord€b) The response of the
shapes of spontaneous emission found by Martaied. [ 3]. system to first order in the probe field, but to all orders in the
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pump, does not depend on the spontaneously generated ashich also results in a shifting of the peaks close to the
herence parametey. (c) The line profiles depend strongly center.(d) The difference in line profiles due to a relative
on the coherence parameterif the probe field is strong. phase between the two applied fields is also discussed. We
Here the width of the CPT structure goes downzi#-0,  also give an analytical explanation for our numerical results.
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