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Femtosecond laser-induced cone emission in dense cesium vapor
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We report the observation of cone emission generated wikinJ, 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 ¢Bi3sias
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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[. INTRODUCTION with the FWM. Their results have indicated that FWM and
boundary refraction propagation effects are insufficient for
Since the early 1970s, the phenomenon referred to asn accurate description of CE. A time-dependent theory for
conical or cone emissiofCE) has been widely investigated CE during near-resonant propagation of laser light in an
in literature. Several different models were proposed to exatomic vapor, which includes full propagation for the laser
plain numerous experimental results. However, none of thesand frequency sidebands in a nonlinear two-level medium, is
models offer a general physical interpretation of the observegresented in Ref.16].
phenomena. As a complex phenomenon of an intense light A Cherenkov-type emission has also been invoked to ex-
beam interacting with a nonlinear medium, it seems reasorplain the CE phenomenofil7]. This effect is intrinsically
able to suspect that CE can arise by different physical reaguantum in nature and comes from the spatial correlation of
sons in different experimental conditions. the medium polarization generated by spontaneous emission
CE was observed both in resonance and nonresonanead is in many ways analogous to a spontaneous four-wave
media. In most of the published papers, the CE in resonanamixing. The in-phase polarization of the medium acts as a
media was observed as a diffuse ring of light appearingCherenkov-type source for the two beaifidue- and red-
around a central laser spot when an intense laser beam, blshifted with respect to the atomic resonancA phase-
detuned with respect to an atomic resonance, propagatesatching condition similar to the Cherenkov condition was
through a vapor. The CE spectrum is redshifted with respeatbtained in Ref[18]. In that paper CE is described as a
to the atomic transition involved. CE in atomic vapors usingdirectional superfluorescence that follows from the coopera-
pulsed nanosecor(ds) lasers was observed in sodiyi-5], tive effects and was found that the blueshifted cone can ap-
potassium6], cesium[7], barium[7-9], calcium[10], and pear only for extremely strong laser intensities.
strontium[11,12 vapor. CE using a cw laser was observed in  Ter-Mikaelianet al. [7] observed the CE in cesium and
sodium[13]. barium vapor. In contrast to other CE experiments, they re-
The usual interpretation of CE is based on four-wave mix-ported no frequency shift of the CE spectra relative to the
ing (FWM) of Rabi sidebands and the effects of diffractive laser pumping frequency. They interpreted this CE as being
spreading during propagatidB,12,13. It was also reported due to the spatial self-phase modulation. As a result of spatial
in these papers that self-focusing occurs simultaneously witeelf-phase modulation, different radial intensities pick up dif-
Rabi sideband generation leading to the formation of stabléerent amounts of phase during the propagation through the
self-trapped filaments of light. Self-focusing takes place asonlinear medium, resulting in ring€E) in the far field.
nonlinear, intensity-dependent, refractive index gradients In our opinion, in any given physical situation all physical
overcome beam diffraction. According to the optical Kerr- mechanisms proposed for the explanation of the CE should
law description, self-induced refractive index gradients growbe considered, although it is possible that according to par-
linearly with laser intensity6], i.e.,n=ng+n,l, wheren and ticular physical conditions one or the other might dominate.
| are the refractive index and laser intensity, respectivelyTherefore, although numerous papers have been written on
Under these conditions spatial and spectral structure of thithe subject, the question of a full and consistent theory for
emitted radiation is greatly modified by the self-focusingthe CE generation still remains unresolved.
procesy 14,15. The CE then occurs red detuned from the In the present work we report the observations of CE in
atomic resonance lindlow-frequency Rabi sidebahdat dense cesium vapor induced by femtosecond laser pulses.
about the angle given by either a phase-match condition dBarkisyanet al. [19] reported the observation of potassium
refraction at the boundary of the filament, whereas the highatomic vapor CE produced by 2-ps laser pulses. The use of
frequency Rabi sideband is trapped within the filament150-fs laser pulses, blue detuned from the potassium reso-
However, Hartet al. [11] reported on the failures of the nance line, did not yield CE in their experiment. In our ex-
four-wave mixing model for CE. A blueshifted cone was periment, CE generation was observed in the 730—-770-nm
observed in their experiment whose frequency is inconsisteriser wavelength range, in the spectral region far from Cs
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FIG. 1. Experimental geometrical arrangement, not to segletaser beam radiudasc, ASC length;L, distance from the screeg;,
self-focusing lengthd, CE diameterfcg, CE angle.

atomic resonances. We report experimental evidence of CR0] (for a detailed analysis of the density determination in

generation based on a molecular resonance, thus makingtlae ASC used, see RdR1]). At temperatures abovVE.,Ncg

clear distinction from other published CE experiments. remains essentially constant, wherégs decreases due to
superheating22,23 and is given byf24]

Il. EXPERIMENT

T/ D1 1
A Tsunami mode-locked Ti:sapphire laser with pulse du- Nes,(T) = Nes,(To) \\ ﬁ{?(? - ?C)] T>Te. (D)

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 600b=3648 cmi* [25] is the dissociation energy of the Cs
mW. The radial beam profile was Gaussian witt2 mm  ground state ank is the Boltzmann’s constant. The accuracy
diameter at 1¢? intensity and less than 0.5-mrad beam di- of atomic and molecular density determination was within
vergence. The laser beam was sent through the cesium vap20%.

cell, without the use of any focusing element, and the light The effect of superheating is evident in the measured ab-
transmitted through the cell was normally incident onto asorption spectra of Cs vapor shown in Fig. 2. For
screen 5.4 m away. In all experimental conditions that led to> T.,C$X— D and X— C absorption coefficients decrease
the CE formation, self-focusing of the laser beam was obwith increasing temperaturébound-bound transitions with
served behind the exit of the cell. The CE angle and selfabsorption coefficients proportional ;s ), whereas there is
focusing length are calculated from the measurements of theo significant change in the gdliffuse band absorption
CE diameter on the screen, based on the geometry of o@oefficient (predominately free-bound transitions with
experimental arrangement, shown in Fig. 1. The laser was
linearly polarized and CE is polarized in the same direction 7

——————
as the laser, which is consistent with other CE experiments, -
An Ocean Optics S2000 spectrometer with 1.5-nm resolution 64 * K

was used to record the spectrum at the exit of the cell.

We used a linear all-sapphire céASC) with a length of 5
162 mm and inside diameter of 10 mm, filled with pure 1
cesium metal. The laser propagation direction was parallel t¢c 4+ %7 % % a0 0" o0
the optical axis of the sapphire window, thus avoiding bire- 2
fringent effects. The cesium vapor density was determined 3 -

from the temperature measured at the center of the cell. Cel 1 X=D
temperature range of 600-900 K was investigated. In the 2| 712"\]
used ASC the superheating of cesium vapor is possible. By 749 K\]

raising the temperature of the cell, Cs density raises accord 1+ 674 K
ing to the vapor pressure curve. The amount of cesium meta |

filled in the cell is arranged in such a way that above a o

— 7T
650 700 750

certain temperature there is no liquid cesium left to evapo- 550 600 2 (o)
rate. Additional heating above this critical temperature
T. (~710 K in our experimental conditionsan only lead to FIG. 2. Cs vapor absorption spectra B T.(T=674 K),T

thermal dissociation of _(;s_molecules(whlch are always ~T(T=712 K), and T>T,(T=749 K) (strong CsX-B absorption
present in the vapor to within a few percer@esium atomic  pand makes the vapor completely opaque above 750 nm at these
(Nco and moleculatNcs) densities al < T, are determined  temperatures inset: CgX-B band absorption spectrum &F

from the vapor temperature using the vapor pressure curvess09 K.
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CEangie s FIG. 4. CE angle as a function of cell temperatuigager

=756 NnM Pj,se~=580 mW. Inset: Cs and Gsconcentrations in the

FIG. 3. Image of the cone emission angular distribution as seen
same temperature range.

on the screen.

The picosecond experiment staté’s* CE angle dependence.
temperatures shown in Fig. 2, strong,Ks-B absorption Since in our experiment the CE angle exhibits the same be-

band makes the vapor completely opaque above 750 nnjavior asNcs, we investigated the CE angle ggpe”de”ce on

Cs,X— B absorption coefficient at a lower temperature isC® molecular density. Our data fit t6=Ng,,"” in the T

presented as an inset in F|g 2. ch temperature I’egion, andeCSZO'S for T>TC The two
obtained values agree within 20% uncertainty given by the
uncertainty in molecular density determination.

Il. RESULTS The CE was only observed when self-focusing of the laser
beam occurred after passing through the cell. The CE angle
L g . dependence on laser power is shown in Fig. 5. The CE angle
in Fig. 3. The most O!'St'r.mt feature is the absence of th ncFr)eases linearly foP|apse,s 300 mWw, reachgs the maximumg
centra_d laser spot, V‘.’h'Ch is usually present in all other CE ;)¢ atP,se~400 MW, and then saturates. The input aver-
experiments. In addition, .CE has a small angular spread Oa(ge power is the laser power incident on the vapor, corrected
A6/9~0.15, compared withh 6/~ 0.3 from pulsed nano- " .o nt for~8% window reflection loss. In addition, self-
second experiments and similarA®/ §=0.1 from the pico- focusing length dependence on laser power is also shown in

second experimerit.9]. Fig. 5. The measured data are fitted to the relation for the

The results of the CE angle dependence on the cell tem: ; ; .
- elf-focusing length of a Gaussian bef26]:
perature are shown in Fig. 4. At cell temperatures below 682); using feng usst l

absorption coefficient proportional td.2). For the vapor

An example of a typical CE angular distribution is shown

K, there is no significant effect of the medium on the laser O.367Ka§

beam. Above 600 K, after passing through the cell, the laser zi= > , (2
beam appears with angular distribution typical for the coni- \/( | Praser 0 852) ~0.0219

cal emission(one ring pattern The CE angle increases as Pc ' '

cell temperature is increased and reaches its maximum value
at about 710 K, which corresponds to the critical temperaturevhere z is the self-focusing lengttR is the critical power
T, for superheating of the cesium vapor in the cell. Furtherfor self-focusing,« is the wave vector, ane, is the initial
increase of the cell temperature leads to a gradual decreaselmam radius. The values for critical power for self-focusing
the CE angle. Cs atomic and molecular concentrations in thebtained from the fit are Pc=36+4 mW and Pc
measured temperature range are shown in inset graphs #89+2 mW atT=681 K andT=860 K, respectively. The
Fig. 4. There is an apparent correlation of the CE angle andbtainedP. values agree within the quoted errors, meaning
the density of Csmolecules. Therefore we conclude that thethat P has the same value aE681 K andT=860 K. These
CE observed in our experiment is of molecular origin. Totwo temperatures correspond to the same value of the Cs
support this idea, we note that CE was observed in the 730molecular concentration, whereas the Cs atomic concentra-
770-nm laser wavelength range, the spectral region wherons are differen{see Fig. 4. Therefore the critical power
partial overlap with CgX-B absorption band existsee Fig. for self-focusing(i.e., the nonlinear refractive index,) in
2). our system is given by the &snolecular concentration. On
In the nanosecond experiments, the CE angle dependent@s account, the molecular origin of the observed CE is con-
6<NY? has been almost universally observed, wherefers  firmed. From the measured critical power for self-focusing
to the CE angle andll to the density of the resonance atoms.we estimated the nonlinear refractive index,
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~1.5X 10713 cn?/W [27]. The resulting spectral broadening maxima are observed for the laser wavelength of about 754
of the laser pulse, due to the self-phase modulation, is aboutm. This comes as a result of changes in the nonlinear re-
30% (this results in 1.8-nm broadening of the laser spectruniractive indexn, and absorption coefficient, as the molecular

in the measurements shown in Fig. 6 resonancéconnected with the maximum of the £&sB band
The CE spectra for fixed laser wavelength, taken at twgositioned at 761 ninis approachedsee Fig. 2
different cell temperature§ <T, andT=T,), are shown in The CE average power increases linearly with input laser

Fig. 6. In addition to the CE spectra, the optical thickness ofaverage power, as shown in Fig. 8. CE has a conversion
cesium vapor at given temperatures and wavelength range efficiency of up to 24%depending on the experimental con-
interest are also shown. As can be seen from the figure, CHitions), which is considerably higher than reported in any
spectra are strongly modified by the,&sB absorption. The other CE experiment. The CE average power is that incident
observed CE spectra can be interpreted as the blue wing oh the exit window of the cellthe exit CE power is cor-
the laser spectrunibroadened by self-phase modulajion rected to account for exit window loss
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 IV. DISCUSSION

— 4 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 3@ke to self-
phase modulation Simultaneously, due to the abrupt change
17 of the CsX-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
— T =40 results in the observed CE spectrum. Second, CE is observed
Tz a4 e T4 xz:;) T2 T4 76 798 as a one-ring pattern without the central laser spot. This is a
result of the spatial refractive index gradiefitgptical Kerr
FIG. 6. The CE spectra taken at<T.(T=638K) and T  €ffec) which induce phase differences across the radial beam
~T(T=712 K); left ordinate refers to the laser and CE spectral Profile, thus resulting in a far-field ring pattetone ring is
intensity (the CE intensity af =638 K andT=712 K is multiplied ~ observed when the phase difference induced is less than 2
by a factor of 11 and 130, respectivelyight ordinate refers to [7]). Third, high laser-CE energy conversion of up to 24%
cesium vapor optical thickness at given temperatures. (depending on the experimental conditipns observed,

0.8+
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FIG. 7. The CE angle as a function of laser
1 wavelength atT=681 K and T=860 K;Pacer
. ~550 mW.

CE angle {mrad)

Y777
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laser

since CE in fact represents the partially absorbed, self-phad¢owever, these assumptions are not applicable to our experi-
modulated laser pulse. Finally, CE average power increasasental conditions, so any quantitative analysis of our experi-
linearly with input laser average power. mental data based on their model is not applicable. The com-
Linear dependence of CE power on the input laser poweplete physical description of CE generation in our
rules out the four-wave mixing process as a physical mechaxperiment should take into account the ultrashort laser-
nism responsible for the CE generation in our experimentpulse propagation effects in a nonlinear, near-resonance me-
Additionally, neither red nor blue sideband generation havelium. The full theoretical treatment of our medium, which is
been observed in the measured CE spectra, contradictory toghly optically thick Cs molecular vapor, is a very complex
the FWM and Cherenkov-type process. As an important distask.
tinction from other CE experiments in which CE is induced We would like to point out that we have recently observed
by resonance one- or two-photon excitation of an atomidemtosecond laser-induced CE in dense rubidium vapor. CE
two-level system, we associate the CE generation with thé rubidium vapor occurs when the laser is blue and red
strong molecular resonance connected with the maximum adetuned from the centers of the Rh &nd D, first resonance
the CsX-B band positioned at 761 nm. lines. We are currently working on a full time-dependent
CE observations in our experiment seem to be consistertheory for CE during near-resonant propagation of femtosec-
with the self-phase modulation model for the CE generatiorond laser light in the nonlinear rubidium two-level atomic
proposed by Ter-Mikaeliaet al. [7]. Their work considers vapor. Additionally, we suspect that the laser-pulse repetition
pulse propagation without dispersion in nonabsorbing atomicould also play an important role in the interpretation of the
vapor, in the conditions when self-focusing is negligible.femtosecond laser-induced CE. It was recently found that a
train of pulses from a femtosecond mode-locked laser can
L lead to the accumulation in both population and coherence of
1204 o T an atomic systerfi28,29|.

100 | 4
V. CONCLUSION

s 801 7 We report the observation of the femtosecond laser-
E 1 induced cone emission in dense cesium vapor. CE was ob-
o8 60- § served in the 2.X 10'%-2.2X 10*"- cm™2 Cs atomic density
] ] range (1.5X10"-3X10'- cm™-Cs, molecular density
04 ° i range, 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
5 100 150 200 280 30 3% 400 480 500 550 temperature, laser wavelength, and laser power as input pa-
P, (mW) rameters.
Based on the possibility of generation of superheated ce-
FIG. 8. The CE average power as a function of laser averag&ium vapor(i.e., the thermal dissociation of €molecules,

power; T=701 K \jqse= 750 Nm. a direct correlation of the Gsmolecular density and CE

20 4 -
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angle was observed, leading to the conclusion of the molecwsured data. We also report our preliminary results in the field
lar origin of CE. The CE angle maximum appears for laserof femtosecond laser-induced CE in rubidium vapor and
wavelength in the 750-755-nm spectral region, correspondstress the reasons for further investigation of this intriguing
ing to the abrupt change of the £&sB absorption coeffi- and complex phenomenon.

cient. The measurements of the self-focusing length depen-

dence_ on laser power al_sp support the molecular origin of ACKNOWLEDGMENTS
CE, since the obtained critical power for self-focusing is de-
termined by the Gsmolecular density. We acknowledge support from the Ministry of Science

We identify the self-phase modulation as a dominantand Technology of Republic of Croatia, European Commis-
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