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We report the observation of cone emission generated when,10-nJ, 100-fs laser pulses in the 730–770 nm
wavelength range are transmitted through a dense cesium vapor. The spatial and spectral characteristics of the
observed cone emission were studied experimentally. Cone angle dependence on the laser wavelength, laser
average power, and Cs atomic and molecular concentrations were investigated. The cone emissionsCEd was
only observed when the laser beam self-focused after passing through the medium. We identify the self-phase
modulation as a dominant mechanism for CE generation in our experiment.
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I. INTRODUCTION

Since the early 1970s, the phenomenon referred to as
conical or cone emissionsCEd has been widely investigated
in literature. Several different models were proposed to ex-
plain numerous experimental results. However, none of these
models offer a general physical interpretation of the observed
phenomena. As a complex phenomenon of an intense light
beam interacting with a nonlinear medium, it seems reason-
able to suspect that CE can arise by different physical rea-
sons in different experimental conditions.

CE was observed both in resonance and nonresonance
media. In most of the published papers, the CE in resonance
media was observed as a diffuse ring of light appearing
around a central laser spot when an intense laser beam, blue
detuned with respect to an atomic resonance, propagates
through a vapor. The CE spectrum is redshifted with respect
to the atomic transition involved. CE in atomic vapors using
pulsed nanosecondsnsd lasers was observed in sodiumf1–5g,
potassiumf6g, cesiumf7g, barium f7–9g, calcium f10g, and
strontiumf11,12g vapor. CE using a cw laser was observed in
sodiumf13g.

The usual interpretation of CE is based on four-wave mix-
ing sFWMd of Rabi sidebands and the effects of diffractive
spreading during propagationf3,12,13g. It was also reported
in these papers that self-focusing occurs simultaneously with
Rabi sideband generation leading to the formation of stable
self-trapped filaments of light. Self-focusing takes place as
nonlinear, intensity-dependent, refractive index gradients
overcome beam diffraction. According to the optical Kerr-
law description, self-induced refractive index gradients grow
linearly with laser intensityf6g, i.e.,n=n0+n2I, wheren and
I are the refractive index and laser intensity, respectively.
Under these conditions spatial and spectral structure of the
emitted radiation is greatly modified by the self-focusing
processf14,15g. The CE then occurs red detuned from the
atomic resonance lineslow-frequency Rabi sidebandd at
about the angle given by either a phase-match condition or
refraction at the boundary of the filament, whereas the high-
frequency Rabi sideband is trapped within the filament.
However, Hartet al. f11g reported on the failures of the
four-wave mixing model for CE. A blueshifted cone was
observed in their experiment whose frequency is inconsistent

with the FWM. Their results have indicated that FWM and
boundary refraction propagation effects are insufficient for
an accurate description of CE. A time-dependent theory for
CE during near-resonant propagation of laser light in an
atomic vapor, which includes full propagation for the laser
and frequency sidebands in a nonlinear two-level medium, is
presented in Ref.f16g.

A Cherenkov-type emission has also been invoked to ex-
plain the CE phenomenonf17g. This effect is intrinsically
quantum in nature and comes from the spatial correlation of
the medium polarization generated by spontaneous emission
and is in many ways analogous to a spontaneous four-wave
mixing. The in-phase polarization of the medium acts as a
Cherenkov-type source for the two beamssblue- and red-
shifted with respect to the atomic resonanced. A phase-
matching condition similar to the Cherenkov condition was
obtained in Ref.f18g. In that paper CE is described as a
directional superfluorescence that follows from the coopera-
tive effects and was found that the blueshifted cone can ap-
pear only for extremely strong laser intensities.

Ter-Mikaelianet al. f7g observed the CE in cesium and
barium vapor. In contrast to other CE experiments, they re-
ported no frequency shift of the CE spectra relative to the
laser pumping frequency. They interpreted this CE as being
due to the spatial self-phase modulation. As a result of spatial
self-phase modulation, different radial intensities pick up dif-
ferent amounts of phase during the propagation through the
nonlinear medium, resulting in ringssCEd in the far field.

In our opinion, in any given physical situation all physical
mechanisms proposed for the explanation of the CE should
be considered, although it is possible that according to par-
ticular physical conditions one or the other might dominate.
Therefore, although numerous papers have been written on
the subject, the question of a full and consistent theory for
the CE generation still remains unresolved.

In the present work we report the observations of CE in
dense cesium vapor induced by femtosecond laser pulses.
Sarkisyanet al. f19g reported the observation of potassium
atomic vapor CE produced by 2-ps laser pulses. The use of
150-fs laser pulses, blue detuned from the potassium reso-
nance line, did not yield CE in their experiment. In our ex-
periment, CE generation was observed in the 730–770-nm
laser wavelength range, in the spectral region far from Cs
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atomic resonances. We report experimental evidence of CE
generation based on a molecular resonance, thus making a
clear distinction from other published CE experiments.

II. EXPERIMENT

A Tsunami mode-locked Ti:sapphire laser with pulse du-
ration of ,100 fs was used in the experiment. The pulse
spectrum was close to the transform limit, pulse repetition
was 80 MHz, with maximum average power used up to 600
mW. The radial beam profile was Gaussian with,2 mm
diameter at 1/e2 intensity and less than 0.5-mrad beam di-
vergence. The laser beam was sent through the cesium vapor
cell, without the use of any focusing element, and the light
transmitted through the cell was normally incident onto a
screen 5.4 m away. In all experimental conditions that led to
the CE formation, self-focusing of the laser beam was ob-
served behind the exit of the cell. The CE angle and self-
focusing length are calculated from the measurements of the
CE diameter on the screen, based on the geometry of our
experimental arrangement, shown in Fig. 1. The laser was
linearly polarized and CE is polarized in the same direction
as the laser, which is consistent with other CE experiments.
An Ocean Optics S2000 spectrometer with 1.5-nm resolution
was used to record the spectrum at the exit of the cell.

We used a linear all-sapphire cellsASCd with a length of
162 mm and inside diameter of 10 mm, filled with pure
cesium metal. The laser propagation direction was parallel to
the optical axis of the sapphire window, thus avoiding bire-
fringent effects. The cesium vapor density was determined
from the temperature measured at the center of the cell. Cell
temperature range of 600–900 K was investigated. In the
used ASC the superheating of cesium vapor is possible. By
raising the temperature of the cell, Cs density raises accord-
ing to the vapor pressure curve. The amount of cesium metal
filled in the cell is arranged in such a way that above a
certain temperature there is no liquid cesium left to evapo-
rate. Additional heating above this critical temperature
Tc s,710 K in our experimental conditionsd can only lead to
thermal dissociation of Cs2 moleculesswhich are always
present in the vapor to within a few percentd. Cesium atomic
sNCsd and molecularsNCs2

d densities atTøTc are determined
from the vapor temperature using the vapor pressure curves

f20g sfor a detailed analysis of the density determination in
the ASC used, see Ref.f21gd. At temperatures aboveTc,NCs
remains essentially constant, whereasNCs2

decreases due to
superheatingf22,23g and is given byf24g

NCs2
sTd = NCs2

sTcdÎ T

Tc
FD

k
S1

T
−

1

Tc
DG ,T . Tc. s1d

D=3648 cm−1 f25g is the dissociation energy of the Cs2
ground state andk is the Boltzmann’s constant. The accuracy
of atomic and molecular density determination was within
20%.

The effect of superheating is evident in the measured ab-
sorption spectra of Cs vapor shown in Fig. 2. ForT
.Tc,Cs2X→D and X→C absorption coefficients decrease
with increasing temperaturesbound-bound transitions with
absorption coefficients proportional toNCs2

d, whereas there is
no significant change in the Cs2 diffuse band absorption
coefficient spredominately free-bound transitions with

FIG. 1. Experimental geometrical arrangement, not to scale:a0, laser beam radius;lASC, ASC length;L, distance from the screen;zf,
self-focusing length;d, CE diameter;uCE, CE angle.

FIG. 2. Cs vapor absorption spectra atT,TcsT=674 Kd ,T
<TcsT=712 Kd, and T.TcsT=749 Kd sstrong Cs2X-B absorption
band makes the vapor completely opaque above 750 nm at these
temperaturesd; inset: Cs2X-B band absorption spectrum atT
=509 K.

AUMILER, BAN, AND PICHLER PHYSICAL REVIEW A 71, 063803s2005d

063803-2



absorption coefficient proportional toNCs
2d. For the vapor

temperatures shown in Fig. 2, strong Cs2X→B absorption
band makes the vapor completely opaque above 750 nm.
Cs2X→B absorption coefficient at a lower temperature is
presented as an inset in Fig. 2.

III. RESULTS

An example of a typical CE angular distribution is shown
in Fig. 3. The most distinct feature is the absence of the
central laser spot, which is usually present in all other CE
experiments. In addition, CE has a small angular spread of
Du /u<0.15, compared withDu /u<0.3 from pulsed nano-
second experiments and similar toDu /u<0.1 from the pico-
second experimentf19g.

The results of the CE angle dependence on the cell tem-
perature are shown in Fig. 4. At cell temperatures below 600
K, there is no significant effect of the medium on the laser
beam. Above 600 K, after passing through the cell, the laser
beam appears with angular distribution typical for the coni-
cal emissionsone ring patternd. The CE angle increases as
cell temperature is increased and reaches its maximum value
at about 710 K, which corresponds to the critical temperature
Tc for superheating of the cesium vapor in the cell. Further
increase of the cell temperature leads to a gradual decrease of
the CE angle. Cs atomic and molecular concentrations in the
measured temperature range are shown in inset graphs in
Fig. 4. There is an apparent correlation of the CE angle and
the density of Cs2 molecules. Therefore we conclude that the
CE observed in our experiment is of molecular origin. To
support this idea, we note that CE was observed in the 730–
770-nm laser wavelength range, the spectral region where
partial overlap with Cs2X-B absorption band existsssee Fig.
2d.

In the nanosecond experiments, the CE angle dependence
u~N1/2 has been almost universally observed, whereu refers
to the CE angle andN to the density of the resonance atoms.

The picosecond experiment statesN0.4 CE angle dependence.
Since in our experiment the CE angle exhibits the same be-
havior asNCs2

we investigated the CE angle dependence on
Cs2 molecular density. Our data fit tou~NCs2

0.6 in the T
øTc temperature region, andu~NCs2

0.5 for T.Tc. The two
obtained values agree within 20% uncertainty given by the
uncertainty in molecular density determination.

The CE was only observed when self-focusing of the laser
beam occurred after passing through the cell. The CE angle
dependence on laser power is shown in Fig. 5. The CE angle
increases linearly forPlaserø300 mW, reaches the maximum
value atPlaser<400 mW, and then saturates. The input aver-
age power is the laser power incident on the vapor, corrected
to account for,8% window reflection loss. In addition, self-
focusing length dependence on laser power is also shown in
Fig. 5. The measured data are fitted to the relation for the
self-focusing length of a Gaussian beamf26g:

zf =
0.367ka0

2

ÎSÎPlaser

PC
− 0.852D2

− 0.0219

, s2d

where zf is the self-focusing length,PC is the critical power
for self-focusing,k is the wave vector, anda0 is the initial
beam radius. The values for critical power for self-focusing
obtained from the fit are PC=36±4 mW and PC
=39±2 mW atT=681 K andT=860 K, respectively. The
obtainedPC values agree within the quoted errors, meaning
thatPC has the same value atT=681 K andT=860 K. These
two temperatures correspond to the same value of the Cs2
molecular concentration, whereas the Cs atomic concentra-
tions are differentssee Fig. 4.d. Therefore the critical power
for self-focusingsi.e., the nonlinear refractive indexn2d in
our system is given by the Cs2 molecular concentration. On
this account, the molecular origin of the observed CE is con-
firmed. From the measured critical power for self-focusing
we estimated the nonlinear refractive indexn2

FIG. 3. Image of the cone emission angular distribution as seen
on the screen.

FIG. 4. CE angle as a function of cell temperaturesllaser

=756 nm,Plaser=580 mWd. Inset: Cs and Cs2 concentrations in the
same temperature range.
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<1.5Ã10−13 cm2/W f27g. The resulting spectral broadening
of the laser pulse, due to the self-phase modulation, is about
30% sthis results in 1.8-nm broadening of the laser spectrum
in the measurements shown in Fig. 6d.

The CE spectra for fixed laser wavelength, taken at two
different cell temperaturessT,Tc andT<Tcd, are shown in
Fig. 6. In addition to the CE spectra, the optical thickness of
cesium vapor at given temperatures and wavelength range of
interest are also shown. As can be seen from the figure, CE
spectra are strongly modified by the Cs2X-B absorption. The
observed CE spectra can be interpreted as the blue wing of
the laser spectrumsbroadened by self-phase modulationd
which is not absorbed in the optically thick medium.

The CE angle dependence on laser wavelength is shown
in Fig. 7. For given experimental conditions, the CE angle

maxima are observed for the laser wavelength of about 754
nm. This comes as a result of changes in the nonlinear re-
fractive indexn2 and absorption coefficient, as the molecular
resonancesconnected with the maximum of the Cs2X-B band
positioned at 761 nmd is approachedssee Fig. 2d.

The CE average power increases linearly with input laser
average power, as shown in Fig. 8. CE has a conversion
efficiency of up to 24%sdepending on the experimental con-
ditionsd, which is considerably higher than reported in any
other CE experiment. The CE average power is that incident
on the exit window of the cellsthe exit CE power is cor-
rected to account for exit window lossd.

IV. DISCUSSION

The existence of self-focusing seems to be crucial for the
generation of cone emission in our experiment. CE was only
observed when the laser beam self-focused after passing
through the cell. We suggest that self-phase modulation is a
dominant mechanism for the CE generation in our experi-
ment. Several experimental results support this idea. First, no
CE spectrum frequency shift relative to the laser was ob-
served. As a result of the propagation in the nonlinear me-
dium the laser spectrum broadens about 30%sdue to self-
phase modulationd. Simultaneously, due to the abrupt change
of the Cs2X-B absorption coefficient in the spectral region of
interest, only the far blue wing of the broadened laser spec-
trum remains unabsorbed after passing through the cell and
results in the observed CE spectrum. Second, CE is observed
as a one-ring pattern without the central laser spot. This is a
result of the spatial refractive index gradientssoptical Kerr
effectd which induce phase differences across the radial beam
profile, thus resulting in a far-field ring patternsone ring is
observed when the phase difference induced is less than 2p
f7gd. Third, high laser-CE energy conversion of up to 24%
sdepending on the experimental conditionsd is observed,

FIG. 5. The CE anglescirclesd
and self-focusing lengthssquares:
experimental data; line-fit resultd
as a function of laser average
power at T=681 K and T
=860 K;llaser<754 nm.

FIG. 6. The CE spectra taken atT,TcsT=638 Kd and T
<TcsT=712 Kd; left ordinate refers to the laser and CE spectral
intensitysthe CE intensity atT=638 K andT=712 K is multiplied
by a factor of 11 and 130, respectivelyd, right ordinate refers to
cesium vapor optical thickness at given temperatures.
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since CE in fact represents the partially absorbed, self-phase
modulated laser pulse. Finally, CE average power increases
linearly with input laser average power.

Linear dependence of CE power on the input laser power
rules out the four-wave mixing process as a physical mecha-
nism responsible for the CE generation in our experiment.
Additionally, neither red nor blue sideband generation have
been observed in the measured CE spectra, contradictory to
the FWM and Cherenkov-type process. As an important dis-
tinction from other CE experiments in which CE is induced
by resonance one- or two-photon excitation of an atomic
two-level system, we associate the CE generation with the
strong molecular resonance connected with the maximum of
the Cs2X-B band positioned at 761 nm.

CE observations in our experiment seem to be consistent
with the self-phase modulation model for the CE generation
proposed by Ter-Mikaelianet al. f7g. Their work considers
pulse propagation without dispersion in nonabsorbing atomic
vapor, in the conditions when self-focusing is negligible.

However, these assumptions are not applicable to our experi-
mental conditions, so any quantitative analysis of our experi-
mental data based on their model is not applicable. The com-
plete physical description of CE generation in our
experiment should take into account the ultrashort laser-
pulse propagation effects in a nonlinear, near-resonance me-
dium. The full theoretical treatment of our medium, which is
highly optically thick Cs2 molecular vapor, is a very complex
task.

We would like to point out that we have recently observed
femtosecond laser-induced CE in dense rubidium vapor. CE
in rubidium vapor occurs when the laser is blue and red
detuned from the centers of the Rb D1 and D2 first resonance
lines. We are currently working on a full time-dependent
theory for CE during near-resonant propagation of femtosec-
ond laser light in the nonlinear rubidium two-level atomic
vapor. Additionally, we suspect that the laser-pulse repetition
could also play an important role in the interpretation of the
femtosecond laser-induced CE. It was recently found that a
train of pulses from a femtosecond mode-locked laser can
lead to the accumulation in both population and coherence of
an atomic systemf28,29g.

V. CONCLUSION

We report the observation of the femtosecond laser-
induced cone emission in dense cesium vapor. CE was ob-
served in the 2.7Ã1016–2.2Ã1017- cm−3 Cs atomic density
range s1.5Ã1014–3Ã1015- cm−3-Cs2 molecular density
ranged, with the use of,100-fs laser pulses in the 730–
770-nm wavelength range and average laser power of 50–
600 mW. The CE angles up to 6 mrad and conversion effi-
ciency of up to 24% were observed, depending on cell
temperature, laser wavelength, and laser power as input pa-
rameters.

Based on the possibility of generation of superheated ce-
sium vaporsi.e., the thermal dissociation of Cs2 moleculesd,
a direct correlation of the Cs2 molecular density and CE

FIG. 7. The CE angle as a function of laser
wavelength at T=681 K and T=860 K;Plaser

<550 mW.

FIG. 8. The CE average power as a function of laser average
power;T=701 K,llaser=750 nm.
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angle was observed, leading to the conclusion of the molecu-
lar origin of CE. The CE angle maximum appears for laser
wavelength in the 750–755-nm spectral region, correspond-
ing to the abrupt change of the Cs2X-B absorption coeffi-
cient. The measurements of the self-focusing length depen-
dence on laser power also support the molecular origin of
CE, since the obtained critical power for self-focusing is de-
termined by the Cs2 molecular density.

We identify the self-phase modulation as a dominant
mechanism for CE generation in our experiment and point
out problems involved in a quantitative analysis of our mea-

sured data. We also report our preliminary results in the field
of femtosecond laser-induced CE in rubidium vapor and
stress the reasons for further investigation of this intriguing
and complex phenomenon.
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