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Nonlinear refractive index near points of zero absorption and in the dead zone
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Cross focusing (defocusing), determined by the probe Kerr coefficient, which is defined as the derivative of
the probe refractive index with respect to the pump intensity, is studied at points of probe nonabsorption and

in the dead zone. Spatial control of the probe can be achieved not only by the probe Kerr coefficient itself but

also by its strong variation with pump intensity at points of probe nonabsorption. This strong variation allows

the pump beam to be used as a waveguide for the probe.

PACS number(s): 42.50.Lc, 42.60.6d, 42.65.1x, 42.64.Vh

I. INTRODUCTION

As noted by Scully and co-workers, a variety of driven
three- and four-level systems exhibit an extremum (mini-
mum or maximum) in their probe dispersion spectrum at
points of zero probe absorption [1,2]. Moreover, the much
simpler, resonantly or near-resonantly driven two-level sys-
tem displays the same behavior when interrogated by a weak
or moderately strong probe [3—5]. The probe absorption and
dispersion spectra for two-level and V-shaped three-level
systems have recently been measured experimentally for
nuclear magnetic resonance transitions by Wei et al. [6],with
excellent agreement between experiment and theory. When
the pump detuning AL=cop —coL from the resonance fre-
quency coo is zero [see Fig. 1(a)], the point of zero absorp-
tion in a two-level system occurs at a pump-probe detuning
6= cop —mL such that

6= ~2VL

where 2VL= p, F.I /6 is the pump Rabi frequency. Two addi-
tional points of zero absorption are situated near 8'= 0 but at
these points the refractive index is near its vacuum value. For
I~Io2UL. the probe ts abs«bed an««0~l~l~2U~ the
probe experiences gain. In addition, an increase of absorp-
tion of the probe is accompanied by a decrease of pump
absorption and reciprocally, probe gain is accompanied by
pump absorption beyond its saturation value in the absence
of the probe [7,8]. At the point of zero probe absorption,
pump absorption reverts to its value in the absence of the
probe. Disregarding the linear effect of probe absorption
leading to additional excitation to an already saturated two-
level system, the correlation between the pump and probe
absorption can be understood by two-photon and higher-
order processes which consists of absorption of a pump and
simulated emission of a probe photon or vice versa. An ex-
cess probability of probe stimulated emission over pump
stimulated emission in these nonlinear processes leads to
probe gain and higher pump absorption. Similarly, when
Bl)2Ut, an excess of probe absorption over pump absorp-

tion leads to overall probe absorption. These energy-transfer
processes between pump and probe lasers lead to fluctuations
in the probe intensity. As shown in the noise spectrum [9,10],
these fIuctuations are largest at the points of zero absorption.
Thus, the fact that extrema of the refractive index normally

occur at frequencies where the absorption is large is not con-
tradicted here: probe nonabsorption simply arises from the
cancellation of large absorption by large stimulated emission.

In the presence of a Doppler-broadening width D, larger
than the pump generalized Rabi frequency (AL+4U~)",
the absorption no longer vanishes at the points defined by
Eq. (1). Instead a zone of almost zero probe absorption ap-
pears between these points. This is the so-called dead zone
described by Baklanov and Chebotaev [11] and later by
Khitrova, Berman, and Sargent [12].Recently, there has been
renewed interest in the dead zone, triggered by Scully's work
on large values of the refractive index in the absence of
absorption [1].It was found that the probe refractive index is
much less affected by Doppler broadening than is the probe
absorption [5,13].We may ascribe this, as we did for points
of zero absorption, to the fact that the dead zone is due to
compensation of stimulated probe emission by absorption
and reciprocal energy transfer between the pump and probe
beams. This is again confirmed by the quantum noise spec-
trum of the probe which shows that the noise does not vanish
in the dead zone [14].

In the present paper, the large value of the refractive index
at points of zero probe absorption or in the dead zone is
exploited to study nonlinear effects in the refractive index.
The nonlinear refractive index n is usually written in the
form

n =np+ngI, (2)

where nz is called the Kerr coefficient. This coefficient de-
termines the spatial behavior of the beam. Thus a beam
whose transverse intensity profile decreases monotonically
from the center to the periphery will be focused if nz)0 and
defocused if nz~0. This conclusion remains valid if nz is
replaced by dnldI which is obvious if Eq. (2) holds. How-
ever, Eq. (2) is only valid in the perturbation limit. At higher
pump intensity dnldI will determine the spatial behavior of
the probe just as nz does at lower pump intensity. This can be
seen by application of Huygens's principle. We shall show
that the linear dependence of the refractive index on I breaks
down near the points of nonabsorption, defined by Eq. (1),
and that dnldI changes sign near the three-photon scattering
frequency (TPS) which corresponds to one of the Rabi side-
bands:
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and Impb~(ML p)/VL pT2=26pptuz puL p/CNILb~T2, (13)

R„=2[(2n+ 1)8—2i/T2) [(AL+ n 8—i/T2)

X (5p
—n 8'+ i/T2) ] (12)

as the "absorption" and to

Repb, (rul p)IVp pT2= 6~0(nL p l)INpb, T2, (14)

In these equations, 8'=
cop

—coL is the pump-probe detun-

ing, A~ = coo —~p is the detuning of the probe from the reso-
nance frequency, and T

&
and T2 are the longitudinal and

transverse lifetimes.
For brevity, we refer in the figures to the quantity,

as the "dispersion. "
When Doppler broadening is included for a copropagating

bichromatic field, pb, (col p) should be replaced by

pb, (tuL p) defined by
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III. RESULTS AND DISCUSSION

In the present section, we apply the general theory of Sec.
II to a number of particular cases. All calculations are carried
out in the collisionless regime and the value of the probe
Rabi frequency is only given in the case where the probe is
sufficiently strong so that the perturbation theory results are
invalid. We have verified that the essential features derived
for weak probes persist up to VpT2=1 [4]. Figure 1(a) re-
lates to a two-level system interacting resonantly with an
intense pump laser and a weaker probe. The probe "absorp-
tion" and "dispersion" [see Eqs. (13) and (14)] are plotted
versus the probe-probe detuning 6. The figure shows that
there are four nonabsorption points, two of which are very
near 6= 0. At these two points, the dispersion is almost equal
to zero. The other two nonabsorption points, defined by Eq.
(1), are more interesting since they correspond to a maxi-
mum and minimum value of the refractive index. Figure 1(b)
depicts the situation where AL)0. Inspection of this figure
again reveals four points of nonabsorption. The dispersion
differs appreciably from zero at three of these points. In Fig.
1(c), we also have EL~0 but now the probe is also strong so
that, due to the appearance of Rabi subharmonics [8], there
are more than four nonabsorption points accompanied by
appreciable dispersion.

In Fig. 2(a), the probe absorption and dispersion are plot-
ted versus the squared Rabi frequency of the pump which is
proportional to its intensity, for a resonant pump and 6)0.
The figure shows that the dispersion has its maximum value
at 2 Vz = 6 and at this point, the probe absorption is zero. For
2VL~ 6, dnp/dIL ~0 leading to focusing of the probe beam,
and for 2VL) 6, dnpldIL(0, leading to defocusing. We can
also envisage a special experimental setup where the trans-
verse pump profile is chosen such that 2 VL & 8' near the beam
axis and decreases monotonically to values 2VL&6' away
from the beam axis. Then the beam will behave as a wave-
guide for the probe laser, leading to focusing of the periph-
eral region of the probe towards the pump axis and to defo-
cusing of the axial region towards the periphery. The beam
emerging from the nonlinear medium will consist of a cone
surrounding a narrow axial beam.

In Fig. 2(b), we take 8(0 and obtain a minimum for the
refractive index at 2Vr =

~

8 which again corresponds to a
point of zero absorption. We can therefore again obtain fo-
cusing or defocusing depending on the pump intensity.
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When, as above, the Rabi frequency 2VL is larger than ~8~

near the beam axis and decreases monotonically to
2Vt (~ 8'~ away from the beam axis, the axial part of the
probe beam will be focused and the peripheral part defo-
cused. Under these conditions, the pump beam will not act as
a waveguide. We predict again that the probe beam will con-
sist of a cone surrounding a narrow axial beam.

When ALAMO, the behavior is more complex. As shown
in Fig. 1(b), the absorption spectrum as a function of 8 has a
dispersive shape centered at 6'=0 which is a point of nonab-

FIG. 6. Doppler-broadened probe absorption

[Impi„(asap)/VpT2, —] and dispersion [Repb,

(leap)/VpT2,

]ver----
sus (2VLT2), beginning at Vt T2 = 0.01, for a resonant strong

pump ALT2 = 0 and a weak probe with Doppler width DT2 = 50, for
(a) BT2= —20 and (b) 8'T2=20.
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frequencies are almost equal. We see that the correlation be-
tween the probe and pump absorption discussed in the Intro-
duction is accompanied by the correlation between probe and

pump refractive indices.
Figures 5—7 relate to Doppler-broadened systems. In Fig.

5(a), b.t = 0 and the "absorption" and "dispersion" are plot-
ted against 8'. The absorption spectrum exhibits a dead zone
which sets in abruptly, whereas the dispersion varies
smoothly. This shows that appreciable values of the refrac-
tive index can be obtained with vanishing absorption. In Fig.
5(b), the situation where b, zWO is considered. Again the
half-width of the dead zone about the point 6=0 equals the

pump Rabi frequency 2Vt [12]just as in Fig. 5(a). However,
the absorption spectrum is asymmetrical in the sense that
there is more probe absorption at those values of 6, outside
the dead zone, where the probe frequency is closer to the
resonance frequency coo. Thus the dead zone, centered at the
extra resonance frequency 6=0, is mainly, although not ex-
clusively, due to atoms with velocities such that the effective
pump and probe frequencies they experience are within the

dead zone of Fig. 5(a), where At =0.
In Figs. 6 and 7, we plot the Doppler-broadened absorp-

tion and dispersion as a function of the square of the pump
Rabi frequency for various values of 6 and 51. In these
plots, the dead zone appears as an abrupt decrease of absorp-
tion when 2Vt =

~

8'i whereas the variation in the refractive
index is smooth.

These figures show that spatial control of the probe beam
is obtained by varying the intensity of the pump beam. For
example, Fig. 6(a) shows that in the dead zone

dnpld(4Vi))0 when 8(0; this corresponds to focusing.
Since the focusing of the probe is due here to the pump
intensity, we call it "cross focusing" [15].The control of the

spatial behavior of the probe beam by the pump beam be-
comes apparent by noting that in the absence of the pump,
the probe would be self-defocused for 8'(0. Thus cross fo-
cusing can be applied to the construction of a lens for weak
probe beams. The abrupt decrease of probe absorption at
2 VL =

i Bi can be used as an optical switch [8].
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