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Temporal character of pulsed-laser cone emission
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Temporal character of cone emission from Sr vapor excited wgkns, near-resonant laser pulses is studied
with ~0.5-ns resolution. The cone pulses appear significantly narrower than the laser pulse. Their properties
(amplitude, width, energy, delay, and angular distributisgstematically depend on the laser energy and
detuning in a way that contradicts present, steady-state models of cone emission.
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Cone emission{CE) refers to an angularly isolated cone ing laser intensity during the pulse. This predicts that the
of light emitted in the forward direction from a medium il- portion of the CE at small detuning arises during the small-
luminated by a laser beam. It has been detected from glas#itensity parts of the pulse, and visa versa. Next, all theories
liquids, air, and atomic vapors in dozens of experiments perassume that only the laser beam is strong enough to severely
formed under different conditions with pulsed and steady-modify the vapor dielectric constant and to produce large CE
state, continuous wavéew) excitation[10]. In liquids and detunings. This is based on the observation that the total CE
glasses the phenomenon is reasonably well understood. fnergy from one pulse is only a few percent of the laser-
atomic vapors, however, only a cw excitation experinjapt  Pulse energy. But if the CE was emitted during a very short
has yielded results that could be understood; almost all othgtortion of the laser pulse, the instantaneous CE power could
experiments have been with pulsed lasers, yielding very difbe large enough to significantly modify the medium, and
ferent results that are not satisfactorily explained. One of th&€ven to feed back on the laser-beam propagation. Since cur-
major differences in the atomic versus the liquid or glasgent theoried9] do not achieve reasonable conversion into
experiments is the medium saturation, which is major forCE, some such unexpected phenomena must be at work.
atoms, but very weak for liquids and glass. Saturation is also In our experiment, a 10-Hz, injection-seeded Nd:YAG
significantly higher for pulsed excitation than in the cw re-beam was tripled to pump a dye laser tuned to the blue side
gime. In this work we concentrate on the situation where #f the Sr5S;-5 *Py, 460.7-nm resonance line. The optical
medium consisting of “two-level” atoms is perturbed by la- Setup is shown schematically in Fig. 1. After spatial filtering,
ser pulses of some nanosecond duration and 1-10-GHz liné2e spatially near-Gaussian dye-laser beam was focused onto
width, blue detuned~100 GH2 from resonance, and with the entrance of a 5-cm long Sr cell. Laser detuning from
CE occurring on the red side of the atomic resonance in &sonancei = —vq, was 50-100 GHz and its linewidth
broad frequency range typically 1-2 times the laser detuning—2 GHz. The laser conditions were adjusted to yield a fairly
and at 10—-50-mrad angle. smooth single-peaked pulse 6f3-ns duration. To obtain the

Most theories of CE are based on four-wave mixingCE data, light emitted from the cell into an angular range
(FWM) between pump and Rabi sidebands to obtain reasorthat included the CE, but not the laser beam, was focused
able conversion from the pump to the cone radiafigh  onto a fast Sp-i-n photodiode, whose output was recorded
FWM explains the results of cw experimerts, yet in the ~ With a real-time, 1-GHz oscilloscope and a Polaroid camera.
pulsed experiments the fourth wave, on the high frequencyror some of the data, finer annular apertuggsn Fig. 1)
side of the laser, is absent, e.g., Réf4], at least at low between the cell and the focusing lens selected angular por-
light intensity. Referencel—7] considered Cherenkov-type tions of CE. The diode was also illuminated by a fraction of
emission as an alternative source of CE that does not require

a fourth wavd 6], however, it is yet to be determined if this 1 .
type of emission could have sufficient efficiency to explain @ - signaten
the observed intensities of the CE. Most of the existing theo- K YO) ! N
ries of CE deal with the steady-state situation and the pulsed- Sreell Al AL
laser CE is still far from even a qualitative explanatjdg]. #£—>HN trigger PD Ji"’

In the hopes of clarifying the causes of pulsed-laser il
atomic CE, we have studied the temporal character of CE. :;::::' Ye Vo VL

The only previous measuremd&| had insufficient resolu-
tion to see when within the laser pulse the CE was emitted. FiG. 1. The experimental setup. A pulsed dye-laser beam is split
Harter and Boyd 2] measured the temporal character of thejnto a strong bean(l) and a weak referenc@). The inset shows
laser beam before and after the cell, flndlng no Changes in gchematically the range of cone angles and frequengiéshadegl
3-ns pulse, but they did not study the temporal character ofvhen v, > v,, v, spans a wide range on the red sidevgt The

the CE. Yet this is an important issue for at least two reasonsharacteristic dependence betweeand v, allows spectral resolu-
First, the broad CE spectrum is often attributed to the varytion of CE by selection of specific angles.
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the incident light(beam 2 in Fig. 1 to yield simultaneous A
. S a) b)
recording of the incident and cone pulses.

To avoid errors due to temporal drifts, a measured delay Df..]
of 6 ns was used between beams 1 and 2 in Fig. 1, and the
cone and reference pulses were recorded on the same 10-ns
oscilloscope trace. The CE pulses were recorded under well- [ |
defined conditions of Sr vapor density~10“cm® at D, W
~560°0), buffer gas pressuré~2 Torr of Ar), laser pulse
energy and frequency, and range of cone angles transmitted
to the detector. All data presented below has been taken by A
photographically superimposing100 pulses to show the JEA *
effect of incident pulse fluctuations. An independent laser- BEALVY
pulse detector triggered the scope. Details of the beam shap-
ing and imaging optics and the cell are described in Rif] FIG. 2. Typical light pulses recordeda) top, incident laser;
and are not shown here. As in R¢L0], the conditions for bottom, CE atA; =100 GHz andl|, =1.9uJ. D (Dy) and W are
self-focusing are determined by imaging the cell exit planedefined as the delay between peédsssets of the incident and CE
onto a charge-coupled devi¢€CD) camera; the intensity Pulses and the pulse widtRWHM). (b) Top, incident laser; lower,
ICE(Vi 0) is measured as a function of frequemﬁnd cone CE pUlSES Corresponding m_=80 GHz andl |_:7.5, 3.8, and 1.9
angle 6 using a grating spectrometer and CCD camera. AnJ (from top to botton). (c) Response of the detection system to

example of thd cg(v, §) spectrum is shown schematically in 300-fs light pulses(d) Laser pulse axially transmitted through the
inset to Fig. 1 cell (lower trace at A; =0 andl =0.7 uJ. The asterisk marks the

We have confirmed a result noted in RiO]: CE occurs contributions due to ASEsee text The horizontal scale is 1 ns/div.
' The vertical scale is arbitrarily adjusted for each trace for optimum

when self-focusing takes place, either as a single seh‘\-/iewin except inb), where all traces have the same AU
focused filament or as a number of separated filaments 9 P ’ '
within the full beam diameter. In the present experiment, we

illuminated the cell with an 1-1@J and a 0.85-mm-diam. . .

beam. This beam broke up into typically 5-100 separate f”agence of the CE pulse W'.dtw IS pl_otted_vers_ustR. Note
ments of 50—10Qem diameter, depending on the detuning.that as the CE pulse amplitude shrinks, its width approaches

. : - . the 0.45-ns instrumental resolution of our detection system,
These were seen in a high-resolution image of the exit plane

) . ; Seen in Fig. &) as the response of the diode and scope to
the full beam size at the exit plane was sti0.85 mm. Also 300-fs laser pulses. Thus, the shortest actual CE pulse must

in the far field, there was no visible change of the bea :
diameter due to the spatial beam breakup. This shows tm)e Cfxs:;ive::b;)r/]s:v(r)lrtﬁlr 23” gc)‘l 5Tnhsi;c,-rigeq(j§der2tei éggtta;rlin as
. . . . _ . _ CE . . .
;Vétt?ggé Ir;sa?jlgr%(;)r:stt?:t:é(litnpg nﬁeg,lslizlf focusing can be un lower | g, but asWin Fig. 3(b) starts to saturate at the largest
' : R . R, SO doesE¢ in Fig. 3(c). The advancemer of the CE
For the beam diameter and maximum intensity used herégjeak relative to the peak of the laser pulse varies frod2

CE is well resolved from the laser beam only fdn : . ;
—30—100 GHz. For larger detuning, cones are weak and gifi© 0-7 ns. Itis not correlated withk, and is not plotted here.

ficult to observe, while forA; <30 GHz, the cone is ob- 16 .
scured by a diffuse, wide-angle background at the laser fre- A W (ns)

qguency. Figure 2 shows examples of typical incident light 1 1 ]
and CE pulses recorded with the setup of Fig. 1. Figuee 2 o .
depicts the narrowest observed CE pulses and defines rel-
evant timing parameters—advancemént delay Dy, and T (a) 1 (b)
pulse widthW full width at half maximum(FWHM)—while 1 —_— . 025
Fig. 2(b) shows CE pulses for various laser enerdiesWe
observe that the CE pulse¢l) are much narrower and g 1D
steeper than the 3-ns laser pulsgy;generally peak on the ]
leading edge of the incident laser pulse, rather than on its
maximum; and(3) do not exhibit any component delayed ]
from the laser pulse including later times not shown in Fig. ; (c) 0.251 (d)
2.

S

When analyzing the pulse data taken for different laser R R
energiesl, and detunings, we have found that most of the R

CE pulse parameters systematically depend onredeced FIG. 3. Logrlog, plots of dependences of the CE parameters on
intensity defined aslg=1,/(A.)? In particular, Fig. 8)  the reduced intensityl: (a) amplitude, (b) width, (c)
presents the dependence of the peak amplitudé the CE  energy=amplitude<width, (d) onset delayD,. Straight lines rep-
pulse on the incident energy and detuning, using parametegsent different power dependences Ign linear in (a) and (b),

Ir. As can be seen, the data fits the linear relafonl quadratic in(c), andIz* in (d). The vertical scale irfa) and (c) is
within the experimental uncertainty. In Fig(3, the depen-  arbitrary.
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On the other hand, the deldy, between the onsets of the the propagation of the various beams. Qualitative similarity
two pulses follows a 1 dependencf-ig. 3(d)]. This shows of the CE and axially transmitted laser pulses strongly sup-
thatD, rather tharD, is the relevant parameter for charac- ports the idea of such a feedback.
terization of CE. From the systematic dependences shown in Fig. 3, it fol-
We have also analyzed the angular dependence of the ABws thatly is the relevant parameter that determines the
pulses. By taking annular rings of different diameters, weproperties of CE. Particularly interesting here are the depen-
were able to study temporal character of light emitted adencesAxlgz and Wl that yield CE energyEcgx1g2. It
different cone angleg. In view of the correlation between was previously observed that the CE pulse energy is qua-
the angle and frequency of CE, depicted in inset to Fig. 1, Wejratic in incident pulse energy, below saturatj@]. It had
were thus able to study temporal character of different spegyeen assumed that this resulted from a process that was a
tral componentsv; of the cone emission. This method of guadratic function of intensity, like four-wave-mixing or co-
spectral selection is not perfect: at the smaller angles it losegperative resonance fluorescence. The present data show that
v resolution and there is some leaking of the strong lasefhjs relation occurs, instead, because the CE pulse amplitude
beam that is substantially spatially broadened during propasg \yidth are both linear functions of intensity below satu-
gation through the _ceII. Nevertheless, we have found that Clﬁation. Another idea, suggested by the linearity of CE power
plulses corresponding 1o ar_lgIgs up to @1) mrad forA, with incident intensity, is that a large, saturated fraction of
=50(100) GHz have very similar temporal shape. They have_ "o energy is converted to CE during the time when

~0.7-ns width and occur near the laser peak. In contrast, thEE is generated. If approximately a constant fraction of the
pulses of cone light emitted at larger ang(ég and 31 mrad 9 N bp y . :
laser energy is converted from each saturated filament into

for L=50 and 100 GHz, respective)yi.e., corresponding to . :
smaller detuning of from 0, they are longer and delayed: CE, the net cone pulse amplitude should be proportional to

W=1.4(0.9) ns and®,=0.6 (1) ns forA, =50(100) GHz. the nl.meer. of filamgnts, known to. be proportional to the
In addition to the CE pulses, we have also studied thd@Ser intensity[2]. This would explain the observediIg
laser pulses transmitted through the Sr vapor. The lower tracdéPendence. o
in Fig. 2(d) shows a small portion of the laser pulse trans- The fact that cone and laser peaks do not coincide indi-
mitted through a 0.5-mm pinhole apertur&0 cm beyond —cates that the effect is not a standard nonlinear process. In
the cell. The laser detuning from the resonangeis zero  contrast to the delap from the laser peak, which is not very
and the upper trace is the full incident pulse. The transmittedneaningful, the delay of the pulse onsBtg exhibits a clear
pulse shows a complex, rapidly varying structure afterl/lgx dependencgFig. 3(d)]. Such dependence is character-
~1.5-ns delay, due to temporal pulse breakup in the cell. Instic for cooperative processes like superfluorescdrié®
addition, a short pulse of transmitted light reproducibly oc-and cooperative Raman scatterifi]. In these processes,
curs at the leading edge of the laser pulse. This short pulse &alogous dependence is observed in the delay of coopera-
attributed to a broadband amplified spontaneous emissiotive emission relative to the time when saturation and/or in-
(ASE) of the laser dye that occurs only in the first nanosecversion is reached in an atomic system. Another well-known
ond, before the buildup of optical feedback within the dye-feature of the cooperative emission is the shortening of the
laser cavity. Since the ASE contribution is strongly colli- cooperative emission pulses with increasing laser intensity.
mated along the laser beam axis, there is no contribution df our experiment, however, the opposite behavior is ob-
ASE light to the off-axis cone light. By comparison with servedFig. 3(b)]. This could be due to the above mentioned
Figs. 2a) and 2b) it is seen that there is no temporal coin- increasing number of filaments at elevaigd even if indi-
cidence between this ASE pulse and CE. This observatiomidual CE pulses stemming from individual filaments exhibit
indicates that it is very unlikely that ASE could seed CE, ascharacteristic cooperative shortening, but fluctuate tempo-
has often been speculated. rarily, our accumulative recording of some 100 pulses with a
One of biggest surprises of this study of the temporalimited time resolution would result in a wide broadened
character of pulsed CE is that the CE occurs in the form opulse.
very narrow pulses that do not peak at the incident pulse These observations contradict earlier models based on
intensity peak[Figs. 2a), 2(b)], as would be expected for steady-state calculations. One particularly popular mgzlel
most nonlinear phenomena. This indicates that CE is noassumed that CE occurs on the Rabi sideband. There was
directly related to the time evolution of the incident pulse butalso experimental evidence showing that the maximum of
represents independent, nonadiabatic buildup in a time that ISE scales like the generalized Rabi frequefXy{3]. On the
much shorter than the incident pulse. other hand, other experimental studjdsl1,14 indicate that
One idea, suggested by the very brief CE pulse in thelespite this scaling, the detuning =f differs fromQ’. The
near-threshold region, is that the CE may be formed duringpresent results provide additional arguments thatdG&s not
very brief periods. Then, to be consistent with the measuredccur on the Rabi sideband. If CE were generated as one of
CE energy as a fraction of the laser-pulse energy, it must bthe Rabi sidebands ank,= v.— v were related to the inci-
a very significant intensitfycomparable to the laser beam dent intensity during the pulse, then & increases with
during these generation periods. Most models have assuméatensity, the largesi . would occur at the pulse peak, and
that only the incident laser beam significantly modifies thethe smallerA . would occur on both sides of the peak, with
medium, not the CE itself. But if the CE intensity is compa- an increasing separation as decreases. This possibility is
rable to the incident intensity, this could significantly alter clearly ruled out by the measurements of CE pulses at dif-
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ferent®, i.e., differentv., so CE cannot be directly associ- observations indicate that a full interpretation of CE should

ated with the AC-Stark enhanced emission or gain as sudse based on nonperturbative and nonstationary theory includ-

gested in Refs2,8]. ing the coupled effects of both the incident and CE fields on
This reported time-resolved study of CE has considerablyhe medium as well as atomic correlation effects.

expanded the available information regarding the character

of pulse-excited atomic CE: it rules out the possibility that
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