
October 1982 / Vol. 7, No. 10 / OPTICS LETTERS 491

Conical emission due to four-wave mixing enhanced by the ac
Stark effect in self-trapped filaments of light
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Experimental evidence is presented that shows that the conical emission often found surrounding a near-resonant
laser beam after it passes through an atomic vapor is due to nondegenerate four-wave mixing enhanced by the ac
Stark effect. We demonstrate self-trapping of a pulsed dye-laser beam in sodium vapor for wavelengths 0.04 to
10 A shorter than that of the D2 resonance and show that the four-wave mixing process leading to conical emission
occurs within these self-trapped filaments.

There has recently been great interest in the cone of
light that is often found surrounding a near-resonant
laser beam after it passes through an atomic vapor.
This phenomenon was originally reported by Grisch-
kowskyl and has since been studied by Skinner and
Kleiber,2 by Meyer,3 by Brechignac et al.,4 and by
Harter et al. 5 Theoretical models2'6 have had limited
success in obtaining detailed agreement between the-
oretical prediction and observation. In Ref. 5, we pre-
sented a brief description of a model of conical emission
based on nearly degenerate four-wave mixing enhanced
by the ac Stark effect occurring within self-trapped
filaments of light. In this Letter, we present a more-
detailed description of this model and give experimental
and theoretical evidence that self-trapping as described
by Javan and Kelley7 has occurred and that the inten-
sity within the self-trapped filament has the proper
value to account for the observed spectrum of the con-
ical emission by the ac Stark effect.

The origin of the resonant enhancement of four-wave
mixing by the ac Stark effect is shown in Fig. 1. A
strong pump laser of field amplitude E1 and frequency
w1 is detuned to the high-frequency side of an atomic
resonance by an amount A = l- wba, where Wba de-
notes the unperturbed atomic-resonance frequency.
The effect of the strong laser is to split both the upper
and lower levels into pairs of levels separated by the
generalized Rabi frequency

Q, = (Q2 + Ž2)1/2,

The salient observed features of the conical-emission
phenomenon are as follows. Conical emission occurs
only when self-focusing of the incident laser occurs and
hence only when the laser is detuned to the high-fre-
quency side of resonance. The spectral peak of the
conical emission is always shifted to the low-frequency
side of the laser by an amount that is in the range 1.5A
to 3.0A. The cone half-angle of the conical emission has
been found to be well fitted by an empirical relation of
the form

0 = K125n 11/2, (2)

where 1 + 3n denotes the refractive index of the atomic
vapor at the laser frequency. The multiplicative con-
stant K has the value 1.8 according to the data of Harter
et al. 5 and the value 2.0 according to the data of Skinner
and Kleiber. 2 "10

According to our model of conical emission, incident
laser radiation self-focuses on entering the atomic-vapor
cell, leading to the formation of a self-trapped filament.
Four-wave mixing occurs within the filament, leading
to the generation of radiation at the Ra-bi sideband
frequencies. Light at the high-frequency sideband thus
can be trapped within the filament by total internal
reflection, whereas light at the low-frequency sideband
is ejected from the filament at an angle given by Snell's
law. The frequency of the conical emission is shifted
from that of the incident laser by the value of the gen-

(1)

where 5 = Abi5 El/h denotes the Rabi frequency and Mba
denotes the dipole matrix element connecting the
atomic levels. As a result of the splitting and shifting
of the atomic levels, the four-wave mixing process shown
on the right side of Fig. 1 is resonantly enhanced at each
of its intermediate levels. A detailed semiclassical
calculation that predicts large gain for this four-wave
mixing process has been presented by Boyd et al.8 The
generation of intense radiation in the forward direction
at the Rabi sideband frequencies (i.e., w1 +£ Q') attrib-
utable to this process has been reported by Harter et al.5

and subsequently by Kleilber et al. 9
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Fig. 1. (a) Laser of frequency w1 is tuned near the D2 line of
sodium. (b) Energy levels are split by the ac Stark effect,
leading to new resonance frequencies that can enhance the
illustrated four-wave mixing process.
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Fig. 2. Magnified images of the laser beam at the exit window
of the sodium cell. Beam is shown (a) in the absence of self-
focusing and (b) with self-focusing into a single filament. At
large input powers, the beam breaks up into many filaments
(c), whose positions are fixed (d) by placing spatial structure
on the input beam,

eralized Rabi frequency within a self-trapped filament.
Equation (1) shows that, in order for Q' to be in the in-
ferred range 1.5Ž to 3.0A, the ratio Q/A within the
filament must be in the range 1.1 to 2.8. In fact, the
following simple physical argument based on saturation
of the refractive index shows that the expected value of
Q/A is approximately in this range. As long as the re-
fractive index of the medium increases with increasing
field intensity, the medium acts as a lens with positive
power, leading to continued self-focusing and an in-
crease in optical intensity. The self-focusing process
must terminate when the refractive index saturates,
which occurs when Q is approximately equal to A.

In order to test our above-stated model of conical
emission, we have performed a study of self-focusing
and self-trapping in sodium vapor. We use the word
self-trapping to mean the propagation of a self-focused
beam with a diameter that is nearly constant in space
and time. Our experimental apparatus includes a fre-
quency-doubled Nd:YAG laser, which was used to
pump a Littman-style dye laser that produced 2-7-nsec
pulses. Each laser was operated in a single longitudinal
mode to prevent intensity modulation resulting from
mode beating, which would tend to wash out the Rabi
sideband structure of the atomic response. Under
typical conditions, the laser was tuned 3 A to the high-
frequency side of the (32S1j232P3 ;2 ) D2 line of sodium
and was focused into one of several sodium vapor cells
(of lengths varying between L25 and 25 cm) containing
.5 X 1015 sodium atoms/cm 3 . A well-corrected f/2.5

lens was used to form a magnified image of the exiting
laser beam, whose temporal and spatial properties could
thus be monitored.

Figure 2 shows photographs of the emerging laser
beam under a variety of circumstances. Figure 2(a)
shows the beam transmitted through an empty vapor
cell. Figure 2(b) shows the transmitted beam self-
focused into a single filament with a sodium density of
5 X 1015 and an input intensity adjusted to the mini-
mum value (-40 kW/cm2) that produced self-focusing.
As the laser power is increased, the self-focused beam
breaks into many filaments, as shown in Fig. 2(c), whose
pattern changes randomly from shot to shot. By pur-
posely introducing spatial structure on the unaberrated
input beam (i.e., by means of the interference pattern
produced by a sapphire window) it is possible to fix the
positions of the filaments from shot to shot, as shown
in Fig. 2(d). The ability to fix the locations of self-

trapped filaments has allowed us to perform accurate
measurements of the diameters, intensities, and tem-
poral evolution of individual filaments.

To verify that the phenomenon observed by us was
in fact sell-trapping, we have compared the measured
diameters (at half-intensity points) of our filaments
with the theoretical diameter of a self-trapped filament
given by Javan and Kelley7 as

dmin = 1.22X(8nbn)t 1 /2 , (3)

where X is the vacuum wavelength of the radiation, n
is the refractive index of the medium (-1 for an atomic
vapor), and in is the maximum value of the light-in-
duced change in refractive index, which is taken as n -
1 under the assumption that the refractive index is to-
tally saturated within a self-trapped filament. A range
of filament diameters was obtained by varying the laser
detuning and atomic-number density. Good agreement
between the measured and theoretical diameters is
obtained, as shown in Fig. 3.

Further evidence that self-trapping has occurred is
obtained by comparing the temporal behavior of the
intensity of the light leaving a filament with that of the
incident laser, as shown in the inset of Fig. 3. The de-
tector used in this measurement is smaller than the
magnified image of an individual filament and thus
measures the intensity of the self-trapped light. The
close tracking of input and output intensities shows that
self-trapping has occurred and that the filament di-
ameter does not change appreciably during the laser
pulse.

Self-trapping of light is considered to be a steady-
state effect and hence might not be expected from a
laser pulse whose duration rp (-3 nsec) is much less
than the atomic upper-state lifetime T1 (16 nsec). In
fact, under our experimental conditions and those of
Refs. 2-5 (that is, A-i < T2 «I rp < T1, where T2 is the
dipole relaxation time), the atomic response is nearly
in the steady state for most of the duration of the laser
pulse. To demonstrate this fact, we model the laser

- 25

- 20

wISo
2 0

- 5o 10n
_J

0 Am 5
0 ;v 5 1 0 1 5 2 0 2 5

FILAMENT DIAMETER (me o s.)

Fig. 3. Measured filament diameters are compared with
theoretical diameters given by Eq. (3), where 6n is found from
the measured cone angle using Eq. (2). The inset shows an
oscilloscope trace comparing the temporal behavior of the
light leaving the self-trapped filament with a delayed portion
of the input laser pulse.
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Fig. 4. The measured intensity within a self-trapped fila-
ment (expressed as a Rabi frequency in angstroms) is com-
pared with the laser detuning from resonance for two different
cell lengths.

radiation as a square pulse with a turn-on at time t = 0
and calculate the atomic response using the density-
matrix equations of motion in the rate-equation limit,
which for AT2 >> 1 is valid whenever Q/A << 1. We find
that, for times t >> T2 (i.e., after any coherent transients
have died away), the refractive index of the medium is
given by n = I + (bb - Paa)Onmax, where nmna =
-2rNIAjgbI 2h-/(A 2 + T2-2)-l, with N denoting the
atomic-number density and where

(Pbb - Pa.) = (Pbb - Paa)oe tfrR
+ (Pbb - Pa..)d(1 - e-tITR), (4)

(Pbb - Pas)0 is the initial population inversion, (Pbb -
Paa)dc = (Pbb - Paa)0 (l + A 2 T 2

2 )/(1 + A2 T2
2 +

Q 2T1T2 ) is the dc component of the steady-state pop-
ulation inversion, and 'rR = [T1-' + T-1£22/(A 2 +
T2- 2)]-1 is the effective population relaxation time,
which under appropriate conditions can be much
shorter than T1. Under our conditions T2 << T1, and
thus as Q increases because of self-focusing, the popu-
lation inversion (Pmb - Pan) becomes nearly saturated

even before £ increases to a value comparable to A.
The fact that the atomic response quickly reaches the
steady state within the filament indicates that the
steady-state model of four-wave mixing given in Ref. 8
is applicable under the present experimental circum-
stances.

In order to establish that the ac Stark effect is the
origin of the frequency shift observed in the conical
emission, we have measured the intensity of the light
contained within individual self-trapped filaments. We
find that, at a fixed value of the laser detuning, the ob-
served Rabi frequencies within self-trapped filaments
span a remarkably narrow range as parameters such as
the atomic-number density, buffer-gas pressure, and
incident laser-power density are varied. The results of
this study are shown in Fig. 4, in which the vertical lines
denote the range of observed Rabi frequencies and the
two dashed lines delineate the range of values of Q/A
(1.1 to 2.8) required to account for the observed spectra
of conical emission as a Rabi sideband phenomenon.
As mentioned previously, the observed Rabi frequencies
are in the range where strong saturation of the refractive
index would limit the self-focusing process.
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