Lasing action in water vapor induced by ultrashort laser filamentation
Shuai Yuan, Tiejun Wang, Yoshiaki Teranishi, Aravindan Sridharan, Sheng Hsien Lin, Heping Zeng, and See
Leang Chin

Citation: Applied Physics Letters 102, 224102 (2013); doi: 10.1063/1.4809585

View online: http://dx.doi.org/10.1063/1.4809585

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/102/22?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Effects of nanosecond-duration laser prepulses on solid targets
J. Appl. Phys. 97, 103303 (2005); 10.1063/1.1904719

Femtosecond-irradiation-induced refractive-index changes and channel waveguiding in bulk Ti 3 + : Sapphire
Appl. Phys. Lett. 85, 1122 (2004); 10.1063/1.1781737

Gain-switched, all-acousto-optic, femtosecond pulse amplifier
Rev. Sci. Instrum. 74, 4961 (2003); 10.1063/1.1619581

Short pulsed laser machining: How short is short enough?
J. Laser Appl. 11, 268 (1999); 10.2351/1.521902

Construction of a subpicosecond double-beam laser photolysis system utilizing a femtosecond Ti:sapphire
oscillator and three Ti:sapphire amplifiers (a regenerative amplifier and two double passed linear amplifiers), and
measurements of the transient absorption spectra by a pump-probe method

Rev. Sci. Instrum. 68, 4364 (1997); 10.1063/1.1148398

NEW! Asylum Research MFP-3D Infinity” AFM [~ roRD I

Unmatched Performance, Versatility and Support
The Business of Science®

Stunning high Simpler than ever
§ performance f. ¢ to GetStarted™

i

Comprehensive tools ] Widest range of accessories S
for nanomechanics for materials science and bioscience



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1018974610/x01/AIP-PT/Asylum_APLArticleDL_043014/Asylum-Research-MFP3D-Infinity-APL-JAD.jpg/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Shuai+Yuan&option1=author
http://scitation.aip.org/search?value1=Tiejun+Wang&option1=author
http://scitation.aip.org/search?value1=Yoshiaki+Teranishi&option1=author
http://scitation.aip.org/search?value1=Aravindan+Sridharan&option1=author
http://scitation.aip.org/search?value1=Sheng+Hsien+Lin&option1=author
http://scitation.aip.org/search?value1=Heping+Zeng&option1=author
http://scitation.aip.org/search?value1=See+Leang+Chin&option1=author
http://scitation.aip.org/search?value1=See+Leang+Chin&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4809585
http://scitation.aip.org/content/aip/journal/apl/102/22?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/10/10.1063/1.1904719?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/85/7/10.1063/1.1781737?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/74/11/10.1063/1.1619581?ver=pdfcov
http://scitation.aip.org/content/lia/journal/jla/11/6/10.2351/1.521902?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/68/12/10.1063/1.1148398?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/68/12/10.1063/1.1148398?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/68/12/10.1063/1.1148398?ver=pdfcov

@ CrossMark
& click for update

APPLIED PHYSICS LETTERS 102, 224102 (2013)

Lasing action in water vapor induced by ultrashort laser filamentation

Shuai Yuan,'? Tiejun Wang,"® Yoshiaki Teranishi,* Aravindan Sridharan,’

Sheng Hsien Lin,® Heping Zeng,>®? and See Leang Chin")

!Centre d’ Optique, Photonique et Laser (COPL) and Département de physique, de génie physique et

d’ optique, Université Laval, Québec, Québec G1V 0A6, Canada

2State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200062, China
3State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, Shanghai 201800, China

*Institute of Physics, National Chiao-Tung University, Hsin-Chu 300, Taiwan and Physics Division,
National Center for Theoretical Sciences, Hsin-Chu 300, Taiwan

>Department of Applied Chemistry, National Chiao-Tung University, Hsin-Chu 300, Taiwan

and Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei 106, Taiwan

Shanghai Key Laboratory of Modern Optical System, Engineering Research Center of Optical Instrument
and System, Ministry of Education, School of Optical-Electrical and Computer Engineering,

University of Shanghai for Science and Technology, Shanghai 200093, China

(Received 7 March 2013; accepted 19 May 2013; published online 3 June 2013)

The water vapor fluorescence in air from filaments generated by intense ultrashort Ti:sapphire
laser pulses is experimentally studied. The backscattered fluorescence from OH shows an
exponential increase with increasing filament length, indicating amplified spontaneous emission.
By measuring the intensity inside the filament and the fluorescence intensity of OH, a high degree
of nonlinearity is obtained, indicating a highly nonlinear field dissociation of H,O molecule.

© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4809585]

Self-guided propagation of ultrashort intense laser pulse
in air is demonstrated to induce a filamentation channel,l’2
which has attracted a lot of scientific interests. Filamentation
is known as a dynamic equilibrium between Kerr self-
focusing and defocusing by the self-generated plasma pro-
duced by multiphoton/tunnel ionization of air molecules.' ™
For short filament (<5cm), intensity clamping produces a
self-stabilized high peak intensity inside the filament of the
order of ~5x10"* W/cm?, while longer filaments might lead
to intensity spikes.”® Both of them can be beneficial for a lot
of nonlinear effects, such as remote sensing,g’11 molecular
alignment,'>'? harmonic generation,”®'*'* etc. Inside fila-
ment, most molecules undergo multiphoton/tunneling ioniza-
tion and fragmentation, which excites the ions and fragment
molecules into some highly excited states, resulting in the
emission of characteristic fingerprint fluorescence.'®!”

Luo et al.'® have observed that the spontaneous emission
from N, molecules and ions become amplified as it propagates
back along the filament. The amplified spontaneous emission
(ASE) is characterized as ASE lasing. More recently, lasing
action from filaments was shown to operate at both ~391 and
337nm in molecular nitrogen'®*° and at ~845nm in atomic
oxygen.”' In this work, we investigated the backscattered fluo-
rescence of OH from water vapor in air, from the filament
which is generated by a femtosecond Ti:sapphire laser pulse.
The dependence of the fluorescence of OH on the filament
length shows clear evidence of ASE. Besides, by measuring
the intensity inside the filament and fluorescence intensity of
OH, a high degree of nonlinearity is obtained.

The experiments were done by using a 12 mJ/50fs, 10 Hz
Ti:sapphire laser beam. The schematic of the experimental
setup is illustrated in Fig. 1(a). The laser beam was focused by
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a lens of 42 cm focal length. A dichroic mirror (M1, 7.5 cm in
diameter) with high reflectivity at 800 nm and 50% transmis-
sion from 300nm to 315nm was used right after the lens to
reflect the beam at 45° incidence angle. A 5-cm-long filament
was created roughly 35cm after the mirror (M1) in air. A
beaker with open area of 15cm in diameter was placed 4 mm
under the filament. The beaker was fully filled with distilled
water, in order to create an environment with a water vapor
concentration of ~2% at room temperature (22 °C) according
to our measurement in Ref. 22. The backscattered fluorescence
from the filament zone was collected after the dichroic mirror
(M1) with a fused-silica lens (5.08 cm in diameter, 10 cm focal
length) and sent to an intensified charge coupled device
(ICCD)-gated spectrometer (Acton Research Corporation,
SpectraPro-5001) through a fiber coupler. The fluorescence
from the side was obtained by imaging the filament onto and
parallel to the 100 um-wide slit of the same ICCD-gated spec-
trometer using two identical fused-silica lenses (®5.08cm
f=10cm) and one periscope. A grating of 1200 grooves/mm
(blazed at 500nm) was used. All the results shown in this
paper are averaged over 1000 laser shots.

Fluorescence coming from the water vapor was found in
the range of 306-309 nm as shown by the black curve in
Fig. 1(b), at room temperature (22 °C) and with 2 mJ of the
pump pulse energy. The fluorescence was identified as OH*
radiation from A?3." — X?[[.>*** The fluorescence from
molecular N, was also observed around the peak of 315 nm
as shown in Fig. 1(b). To check whether the fluorescence of
N, has any effect on the typical OH radiation at 308.9 nm,
another trial experiment was carried out. The beaker filled
with water was replaced by a gas nozzle, which continuously
provided a dry air blow to reduce the amount of water vapor
in air. The spectrum of the back-scattered fluorescence from
the filament was detected then. The result is shown as the
blue dashed curve in Fig. 1(b). In this case, the signal around

© 2013 AIP Publishing LLC
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FIG. 1. (a) Schematic layout of experimental setup and (b) typical spectrum in the range of 300—320 nm for filament-induced fluorescence of water vapor in
air. The spectrum was taken at room temperature of 22 °C and filament-to-water surface of 4 mm.

308.9nm which corresponds to the OH fluorescence
decreases to the noise level, i.e., both N, and O, molecules
have no contribution to the fluorescence of OH around
308.9nm. In this paper, the spectral peak intensities of
308.9 nm from OH were chosen as the OH fluorescence.

The OH fluorescence in the backward and side directions
was measured with the gated-ICCD spectrometer under dif-
ferent input pump pulse energy. A CCD was employed to
image the filament from the side [see Fig. 1(a)] in order to
measure the length of the filament. The result is shown in
Fig. 2(a) (detected from the backward direction) and Fig. 2(b)
(detected from the side). In Fig. 2(a), the backscattered OH
fluorescence increases exponentially as the filament length
increases, while in Fig. 2(b), the OH fluorescence from the
side has a linear dependence with the filament length. If the
OH fluorescence signal is incoherent, OH fluorescence emis-
sion detected in the backward and side directions should give
similar results. However, in our experiment, the on-axis
backward OH fluorescence signal increases much faster

(increase exponentially) with the filament length than the one
detected from the side (increase linearly). This indicates
amplified spontaneous emission. The ASE can be expressed
as

P, .
?(egL -1 (1a)
[ocP— JL Pt — (with amplification)
= s =
0 — x gL =PL (1b)
8

(When gL < 1),

where I is the intensity of the spontaneous emission, P the
spontaneous emission power, Py the spontaneous emission
power per unit length, and L the effective length of the gain
medium, which roughly equals to the length of the filament.
g(l) is defined as the optical gain coefficient, which is a
function of the relative position / inside the filament. g is the
effective gain coefficient over the filament length. In our
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experiment, the maximum length of the filament is 5cm. In
this sense, due to intensity clamping, we assume the intensity
inside the filament is uniform and consider the filament zone
approximately as a cylinder, meaning that the optical gain
g(1) has little deviation from the effective gain coefficient g
over the filament length. In Eq. (1a), when the spontaneous
fluorescence is amplified along the gain medium, the inte-
grated fluorescence shows an exponential dependence with
the length L of the gain medium (filament), which corresponds
to the result in Fig. 2(a). By applying Eq. (1a), the experimen-
tal curve in Fig. 2(a) can be fitted with an effective gain coeffi-
cient of 0.451cm™'. In Fig. 2(b), the OH fluorescence is
proportional to the filament length, since the fluorescence
detected from the side only sees the gain along the very small
filament cross section (roughly 100 um), which is a short dis-
tance. The value of the gain along the cross section should
have the same magnitude as the effective gain coefficient
detected from the backward direction (0.451cm™").
Therefore, in this case, the product of the gain (assuming
g=045lcm™") and the length of the gain medium
(L=100 um) are negligibly small (gL < 1), which corre-
sponds to Eq. (1b). As a result, the integrated OH fluorescence
from the side is just the sum of the emission from all the small
unit lengths along the filament, in accordance with our results
in Fig. 2(b). The absolute value of the OH fluorescence inten-
sity in Figs. 2(a) and 2(b) is not comparable, since the meas-
urements from the side and the backward direction employed
different techniques. The polarization of the fluorescence in
the backward/side direction was measured by rotating a polar-
izer placed just before the fiber head (backward direction) or
the slit of the spectrometer (side). Both of them are randomly
polarized as shown in Figs. 2(c) and 2(d). The isotropic polar-
ization and the difference between the gain in backward and
side directions provide strong evidences for ASE lasing.

In order to understand the physics of the lasing action
and the dissociation process, an energy diagram was plotted
and shown in Fig. 3(a), with 12.6eV as the ionization

32_2eV%
—— OH*(A) + H*

OH*:(A) +H*(n=3)
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. \\}
cordt”

IP=12.6eV
Dissociation from

— OH*(A) +H*(n=1) superexcited states

observed by Lee

o
=
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potential (IP) of HO molecule. There are two distinctive dis-
sociation channels for H,O molecule below the ionization
potential related to OH generation:**** one dissociating into
H(*S) + OH(X*T]). giving rise to H and OH fragments in
the ground states,” and the other dissociating into
H(*S) + OH(A*Y""), resulting in H in the ground state and
OH in the excited state. The threshold energy of 9.136 eV for
exciting this channel comes from Refs. 24-26, where single
vacuum ultraviolet (VUV) photons were used in the dissocia-
tion of H>O. The OH* fluorescence at 306309 nm in this
experiment was identified as the transition from A2> "
— X2 J[.*** If the dissociation channels above the ioniza-
tion potential (12.6eV) happened, the excited state of H,
named H*, would be generated together with OH*(A) [see
Fig. 3(a)]. However, during the experiment, we did not
observe any spectral line from the Balmer series, which cor-
responds to the H* radiation. Thus, it can be assumed that
inside the filament the water vapor molecules can be dissoci-
ated through the channel H(%S) + OH(A2Y."). The transi-
tion from OH (A2>." — X?>[]) emits fluorescence
306-309 nm, having a peak at 308.9 nm.

In this sense, different from previous work that molecu-
lar H,O is dissociated by single UV photon, the dissociation
of H,O molecule through H(%S) + OH(A2S ") by infrared
photon at 800 nm is a multiphoton or highly nonlinear field
interaction process. In order to prove our assumption, one
supplementary experiment was carried out by measuring the
intensity inside the filament and OH fluorescence emission at
different input pump pulse energy. Note that although the in-
tensity is supposed to be uniformed along the filament, if the
pump power is below or near the critical power for self-
focusing (~10GW in air), the intensity inside the filament
would change by varying the pump pulse energy. During this
experiment, the lens f=42cm in Fig. 1(a) was replaced by
another lens with f =50 cm. At different pump pulse energy,
the effective filament length was imaged into the ICCD-
gated spectrometer from the side. The intensity at every
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FIG. 3. (a) Schematic energy diagram for molecular H,O. (b) Correlation diagram for the electronic states of H,O relevant to the current observation. This dia-
gram is given by Tsurubuchi.?® The photon wavelengths corresponding to excitation energies are indicated. Fig. 3(b) is adapted with permission from Ref. 24

(AIP, 1980), image courtesy of Lee, SRI International, California.
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small unit lengths (0.15 mm by calibration) along the effec-
tive filament length was calculated according to Eq. (13) in
Ref. 27, by measuring the ratio of the spectral intensity of
two nitrogen fluorescence lines, 391 and 337 nm. Then, the
peak intensity was selected and the intensity of OH fluores-
cence at this unit length was recorded. We plotted the OH
fluorescence versus the peak intensity over this unit length.
The result is shown in a log-log plot in Fig. 4, with a slope of
6.6. The slope does not correspond to an exact number of
photons. However, in Fig. 3(b) around 9eV (roughly 6 pho-
ton energy) a high density of states exists. These states
could be coupled by the strong field and dissociating into
the H(*S) 4+ OH(A®Y.") channel. The fluorescence from
OH(A?S"") is attributed to the pumping to these excited
states. The excitation probability into these coupled excited
states may have the slope of 6 or 7 (or some other non-
integer values). In this sense, the slope 6.6 which is observed
in the experiment is the mixture of the contribution from var-
ious excited states.

Thus, it is reasonable to conclude that the gain in the flu-
orescence of OH comes from the dissociation channel
H,0 + nhv — H(*S) + OH(A?S"") [see Fig. 3(a)]. Here, n
indicates the mixture of the contribution from various
excited states and not an exact number of photons. However,

if the other lower lying channel H,O + n'hv — H(*S) +
OH(X*T]) which would give rise to OH (X) fragments in
the ground state were also possible, it would reduce the pop-
ulation inversion in the ensemble of OH population. We
would argue that such latter channel would be less probable.
Under strong broadband femtosecond laser field excitation,
many molecular states might have been coupled by the field.
The higher the density of states is, the more probable the
coupling could be. In the experiment, the strong field was set
by intensity clamping in the air filament where the intensity
was of the order of 5 x 10"* W/cm?. According to Fig. 3(b),
the region of higher density of states is around 9 eV, which
would decay into the channel H,O + nhv — H(’S)
+OH(A*S""). Hence, the excitation of this channel would
be more probable. Since OH* is created directly, its popula-
tion is naturally inverted, and thus ASE lasing occurs.

X108
= [ = f=50cm [
&  —Linear fit, slope= 6.6
g L
(42}
G
>
201t 1
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=
©
©
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Peak intensity over the effective filament length (10'%)

FIG. 4. Fluorescence intensities of OH 308.9nm lines as a function of the
peak intensity over the effective filament length, shown in log-log scale,
with 50 cm focal length lens. The slope is 6.6.
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In summary, an exponential variation of the backscat-
tered fluorescence from water vapor with increasing filament
length was experimentally observed. This indicates that the
fluorescence has been amplified while it propagates back
along the filament. It opens up possibilities for the investiga-
tion on lasing action of water vapor through filament, since it
exhibits similar characteristics as the N, molecules and ions.
For example, we might also expect that the harmonic-seeded
remote laser emission® can be operated in water vapor mol-
ecules as well. Besides, different from previous work using
UV pulse to dissociate molecular H,O through single photon
process, the molecular H,O is dissociated by infrared pulse
under strong field process inside a filament. The detailed
underlying physics of the dissociation though filamentation
awaits to be explored.
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