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Efficient forward stimulated Raman scattering (SRS) was observed along 400-nm femtosecond (fs)

laser filaments in water. SRS conversion dominated over self-phase modulation induced continuum

generation as the input pulse energy was above 4 lJ (�30 Pcr), implying that plasma in the aqueous

filamentation channel played an important role in compensating for the group velocity walk-off

between the pump and Stokes pulses. By overlapping two synchronous fs 400-nm filaments to

form plasma grating in water, significant enhancement of SRS conversion was observed. Such a

SRS enhancement originated from the ultrahigh plasma density in the intersection region of the

preformed plasma grating. Published by AIP Publishing. https://doi.org/10.1063/1.5018629

Femtosecond (fs) laser filamentation is a well-known opti-

cal nonlinear process that has raised much interest in the last

decade for potential applications ranging from remote sensing,1

lightning protection2 to, more recently, frequency conver-

sion.3–5 When laser peak power exceeds a critical value, fila-

mentation appears spontaneously due to the dynamic balance

between Kerr self-focusing and plasma defocusing of the

medium, and the laser intensity remains stable in the core of

the beam over an extended propagation distance.6 In condensed

media with normal group velocity dispersion (GVD), laser fila-

mentation is interpreted in terms of the dynamical interaction

of spontaneously generated X waves, which are a particular

class of conical waves with the notable feature of being station-

ary, i.e., nondispersive and nondiffractive.5–9 Specifically, stim-

ulated Raman scattering (SRS) that transfers part of laser

energy to a red-shifted wavelength during laser filamentation

has been shown to possess very high conversion efficiency in

some liquids, which is due to the spontaneous formation of

nonlinear X waves at the Stokes Raman wavelength, and more

importantly, the group velocity matching (GVM) between the

pump and Raman X pulses.5 Motivated by applications includ-

ing potential Raman lasers, advanced laser acoustic generation,

laser ophthalmological surgery, and chemical reaction probing,

nonlinear processes during laser filamentation in water are of

special interest, and many experimental studies on the SRS pro-

cess in water have been reported.10–14 However, most of the

previous work utilized picosecond or nanosecond green lasers

at wavelength around 532 nm as pumping sources, mainly due

to the easy availability of these laser sources.11,14 While with fs

lasers at ultraviolet exciting wavelength, which is close to the

minimum of water absorption, the investigation on SRS pro-

cesses during laser filamentation in water remains blank.

As the most common and important liquid on earth, water

essentially has a not-very-high Raman gain as compared to

common organic liquids (e.g., ethanol). The dominant Raman

peak of liquid water around 3450 cm�1 originates from the

OH bond stretching vibration.15,16 It is different from nonlin-

ear processes such as harmonic generation and four-wave

mixing, where phase matching of wave vectors plays an

important role; efficient Raman conversion relies heavily on

the GVM of the pump pulse and the Raman pulse, as it is

intrinsically phase-matched during the conversion process

with the vibratory medium being an intermediary.5 Recently,

laser plasma grating induced by interference of two noncollin-

ear fs filaments was demonstrated to generate ultrahigh local

electron density in their intersection region in water, which

was due to the much higher optical intensity at the positive

interference fringes, and the local electron density was beyond

its typical value limited by an intensity-clamped filament.17

Previous work suggested that plasma grating in air gave rise

to interesting physics including laser energy exchange,18–20

diffraction of a third beam,21,22 and enhanced third harmonic

generation,23 which originated from the interaction of two fila-

ments and the spatially modulated ultrahigh electron density

along interference fringes in the intersection region. Inspired

by those experiments, it is also intriguing to explore the

impact of plasma grating on water Raman conversion.

In this paper, we report experimental observation on

intense forward SRS in water with fs UV filamentation at

400 nm. At this wavelength, we showed that when laser peak

power was sufficiently high, Raman conversion dominated

the spectral change during laser filamentation rather than

self-phase modulation (SPM) induced continuum, implying

that plasma in the aqueous filamentation channel played an

important role in compensating for the group velocity walk-

off between the pump and Stokes pulses. Moreover, by over-

lapping two UV filaments with a small crossing angle to

form plasma grating in water, significantly enhanced SRS

emission at 463 nm was observed. We attributed this phe-

nomenon to the compensation of GVD due to the ultrahigh

local electron density of plasma grating, which acted as a
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buffer area for pulse self-compression. The enhanced SRS

emission mechanism revealed in this paper may be of direc-

tive significance for applications in intense Raman lasers and

fs Raman spectroscopy.

Intense 400-nm fs pulses with a pulse energy up to 3 mJ

and a full width at half maximum (FWHM) diameter of

6 mm were generated by passing 800 nm fundamental-wave

pulses of a Ti:sapphire regenerative laser (130 fs, 15 mJ,

10 Hz) through a b-barium borate (b-BBO) crystal of 0.2 mm

thickness. The fundamental-wave laser and the thin crystal

were adjusted to their best conditions as to achieve the high-

est frequency-doubling efficiency, so the pulse duration of

the 400-nm pulses was believed to be roughly the same as

the fundamental-wave pulses. After passing through a tun-

able attenuator (fused silica) of 2 mm thickness for energy

adjusting, the generated 400-nm pulses were split into pump

and probe beams by means of a UV beam splitter with an

energy ratio of about 2:3. With one beam applied by a delay

line for pulse synchronization adjustment, the two beams

were finally transferred in parallel to a planoconvex focal

lens (f¼150 mm) to generate two noncollinear filaments,

which overlapped each other with a crossing angle of �4� at

the focus of the lens. The polarizations of two beams were

orthogonal to their intersection plane. A fused silica cuvette

with 50 mm length was placed after the lens. The fore and

rear walls of the cuvette were both 2 mm thick. The crossing

point of two filaments was located in the middle of the

cuvette when the cuvette was filled with water. To visualize

the filaments and assist synchronization adjustment in water,

1 ll of commercially available aqueous colloidal gold (NS-

60–50, NanoSeedz) was doped into 25 ml distilled water in

the cuvette as scattering media as implemented in Ref. 17.

Figure 1 schematically shows the formation of plasma grat-

ing as two beams temporally overlap each other in water. In

their intersection region, interference of two beams resulted

in periodic optical fields, as shown in the inset of Fig. 1,

which was taken by a CCD camera equipped on a 10�
microscope (see Ref. 17 for details). The full width and the

length of the plasma grating were about 70 lm and 2 mm,

respectively. Once the periodic scattering fringes showed

their best fringe contrast, rigid synchronization (zero time

delay) of two beams was confirmed, and in the following

experiments, the liquid was replaced by pure water, as is the

research object in this study. Here, we used the extended

concept of plasma grating, namely, as long as two coherent

pulses had an overlap in time domain, the interference of

their filaments was called plasma grating, even if the overlap

was partial or the interference fringes deteriorated. After the

cuvette, a fused silica planoconvex lens with a focal length

of 50 mm was used to collimate the output conical emission

of the two beams, and the light spots of the two beams were

spatially separated in the output [see Fig. 2(b)]. To study the

Raman properties of single beam filamentation in water and

the effect of plasma grating on the Raman conversion in

water, a beam dump was used to block the pump beam

before and after the cuvette, respectively. A long-pass filter

with a cut-on wavelength of 450 nm (FEL0450) was used to

filter out the 400 nm pump signal when measuring the energy

of the Raman signal in the output probe beam. As the spectra

of the conical Raman signal were spatially dispersive,5 the

output of the probe beam after collimation was converged to

a small point using lenses, and the spectra were measured

using a fiber spectrometer (Maya2000 Pro, Ocean Optics)

with a neutral density filter (OD: 1.0) for attenuation. All

experiments were performed at ambient temperature and

pressure.

The critical power (Pcr ¼ 3:77k2=8pn0n2) for laser fila-

mentation in water is �1 MW for 400 nm laser,6 which is

about three orders lower than that of air. Femtosecond pulse

energy as low as hundreds of nanojoules at this wavelength

is able to create a filament in water and then modify the spec-

trum.24 Figure 2 shows the spectral and beam evolution as

the laser undergoes filamentation in water. The pulse energy

of the probe beam was set as 10 lJ, corresponding to �73

Pcr. Intense SRS emission at �463 nm was observed in the

forward direction, as spectrally shown in Fig. 2(a). The

Raman peak was distinct in the weak continuum background

and possessed a FWHM linewidth of 12 nm (560 cm�1).

Note that it was much broader than the normal SRS line-

width of water (e.g., �200 cm�1 in Ref. 5), which was gener-

ally considered to arise from self-focusing of the Raman

pulse,13,16 and the other way round it indicated the high

intensity of the Raman pulse. Unlike infrared filaments that

FIG. 1. Schematic of plasma grating formation in water. The inset shows the

interference fringes of plasma grating when two beams were synchronized

(zero time delay) in dilute aqueous colloidal gold with the total input pulse

energy of 25 lJ.

FIG. 2. Forward SRS emission during 400-nm fs filamentation in water. (a)

Spectra of the probe beam before and after it underwent filamentation in

water. The inset spectrum shows the clean Raman peak after passing the

450 nm long-pass filter. (b) and (c) are the light spots of two asynchronous

beams after propagation in water and projected onto a white paper after col-

limation without (b) and with (c) the 450 nm long-pass filter, respectively.

The pulse energy of the probe beam and the pump beam was 10 lJ and 7 lJ,

respectively.
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can generate supercontinuum covering the whole visible

region in water,6 spectral broadening by UV filaments is

quite limited, which is similar to that in air and is attributable

to the much lower clamped intensity of UV filaments.25,26

When two beams were far away from synchronization and

both entered the cuvette, their output light spots projected

onto a white paper after collimation without and with the

450 nm long-pass filter as shown in Figs. 2(b) and 2(c),

respectively. After the filter, the output pulses could be

regarded as pure Stokes Raman pulses [see the inset spec-

trum in Fig. 2(a)]. The Raman pulses had a slightly smaller

conical angle than the pump pulses after propagation in

water and they shared the same central optical axes, as well

as good directivity, which implied that it came from a stimu-

lated process. It was quite different from the experimental

results of Jarnac et al. that no apparent Raman effect

emerged as a similar 400-nm, 100-fs pulse underwent fila-

mentation in water.24 In their experiments, laser peak power

was varied from 0.6 to 9 Pcr and the output spectra took on

conventional broadening which extended mainly into the red

due to SPM. However, we showed that when the peak power

of the laser pulse was sufficiently high, Raman conversion

became noteworthy and an impressive part of laser energy

was transferred to the Raman peak. As we will see below,

the pulse energy for efficient forward SRS generation is

above 4 lJ (�30 Pcr), which means that a dense plasma envi-

ronment is necessary for fs filamentation induced SRS gener-

ation in water.

With a single probe beam undergoing filamentation in

pure water and the long-pass filter to filter out the 400 nm sig-

nal, we measured the Raman intensity at 463 nm and its

dependence upon the fs pump pulse energy, as shown in Figs.

3(a) and 3(b). For a limited detection capability of the power

meter, Raman intensity was characterized by measuring the

spectral intensity at 463 nm when input pulse energy of the

probe beam was below 20 lJ, during which 10 laser shots

were accumulated to reduce errors. When input pulse energy

was above 10 lJ, we directly measured the output Raman

energy and calculated the conversion efficiency meanwhile, as

shown in Fig. 3(b). Raman intensity experienced a slow

growth when input pulse energy was low (<4 lJ), and SPM

induced continuum background and the onset of SRS are

responsible for it. When input pulse energy was above 4 lJ,

Raman intensity increased steadily with the pump energy. The

Raman conversion efficiency also increased with pump energy

and approached saturation at 100 lJ to its maximum of about

2.5%. The tendency of the conversion efficiency as pump

energy increased agreed with the experimental results

observed with nanosecond lasers,10,11 but the efficiency was

much smaller. We attributed this to the temporal walk-off of

the pump pulse and the Stokes Raman pulse as the ultrashort

laser propagated in water due to normal GVD.

Let us consider a chirp-free 100-fs pulse with initially

synchronous 400- and 463-nm components linearly propagat-

ing in water. After co-propagating L ¼ 10 mm, the GVD will

lead to a temporal walk-off of about Ds ¼ L � Dng=c � 266 fs

between the two spectral components with the 463-nm pulse

propagating ahead, where ng is the group index and the

wavelength-related values are 1.363 and 1.355 for 400- and

463-nm components, respectively.27 It means that only a very

limited Raman gain length is available for fs Raman conver-

sion in water, and it accounts for the high critical pulse energy

for Raman emergence in our experiments, namely, only when

plasma density reaches a certain value and extends for a mod-

erate length will Raman conversion become efficient.

Although the interplay of optical Kerr self-focusing, plasma

defocusing, and pulse splitting due to the normal GVD during

laser filamentation in water leads to abstruse pulse temporal

and spatial reshaping,6,24 the intuitive picture of this process

can be understood as follows: When intense fs pulses propa-

gate in water, the leading edge of the pulse ionizes water mol-

ecules mainly through multiphoton ionization (MPI) and

generates plasma,28 which will exert an influence on the fol-

lowing part of the pulse, during which plasma plays its role by

creating an environment with refractive indexes below unit

and anomalous dispersion. The group velocity of light travel-

ling in plasma is expressed as vg ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2

p=x
2

q
, where

xp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nee2=e0m

p
is the plasma frequency of the free electron

gas, ne is the plasma density, e and m are the electric charge

and effective mass of the electron, respectively, and e0 is the

permittivity of free space.29 It implies that in plasma the 400-

nm pulse travels faster than the 463-nm pulse, and their group

velocity difference increases with ne, which is just the oppo-

site of normal GVD in water and can make some compensa-

tion for it. For rough estimation, we take the typical value of

the peak electron density as the laser undergoes filamentation

in water of the order 1025 � 1026=m3, which is obtained at

532 nm excitation.28,30 After co-propagating L ¼ 10 mm, a

compensation of 8� 80 fs will be made for the temporal

walk-off of the 400-nm pulse and the 463-nm pulse.

Considering the actual situation where the pulses propagate in

a mixture of plasma and neutral water molecules, and further-

more, the plasma density created by UV filamentation and a

relatively tight focusing in our case could be even greater,6,21

the compensation of the walk-off by plasma is thus rather con-

siderable. As the input pulse energy increased, the generated

plasma channel became denser and the volume of the plasma

channel expanded transversely,17 which allowed Raman con-

version in a larger transection. This was directly verified by

the increasing output light spot of the Raman pulse as we

increased the input pulse energy.

By following this idea, if we injected a pump beam into

water and steered it to interfere with the probe beam to form

FIG. 3. Raman intensity of the probe beam as a function of the input pulse

energy when a single beam underwent filamentation in water. (a) Raman

intensity was characterized using the spectrometer when the input pulse

energy was below 20 lJ. (b) Raman energy and Raman conversion effi-

ciency were directly measured when the input pulse energy was above

10 lJ.
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plasma grating in their intersection region, significant

enhancement of Raman conversion of the probe beam should

be observed due to the enhanced electron density of plasma

grating.17 Figure 4(a) presents the experimentally observed

SRS enhancement of the probe beam when two beams form

plasma grating in pure water. The pulse energies of the probe

beam and the pump beam were 50 and 35 lJ, respectively,

and the output Raman energy of the probe beam increased

from 1.02 lJ to 1.67 lJ when the pump beam was turned on.

As the two beams were almost the same and their Raman

conversion benefited from the interacting plasma grating, we

measured the Raman intensities of both beams versus the

time delay, as shown in Fig. 4(b). Positive values of the time

delay are referred to the pump beam travelling ahead of the

probe beam. The Raman intensities were characterized by

their spectral intensity at 463 nm, which were averaged over

10 sequential shots, and the error bars were omitted with the

displayed data being their expectancy values. The Raman

signal of both beams got enhanced in a temporal range with

a FWHM of �2 ps, which was much larger than the input

pulse duration while within the lifetime of plasma in water.31

There is no doubt that the pulses were temporally broadened

due to dispersion when propagating in water. Raman

enhancement existed during the whole life of plasma grating

as we steered the time delay. From the point of view of pulse

evolution, the overlapping part of two pulses generated ultra-

dense plasma due to interference, which could act as a buffer

area for pulse self-compression, and it further compensated

the GVD of the pump pulse and the Stokes pulse, as sche-

matically shown in Fig. 1. Interestingly, the maximum of the

Raman intensities for both beams was not at the zero time

delay point but at a delay of �1 ps with the other beam prop-

agating ahead. Note that for UV fs filamentation, the effect

of electron impact ionization due to inverse bremsstrahlung

is rather small,6 so the avalanche ionization model should

not be responsible for it. On the other hand, it can be easily

understood as we consider the chirp and temporal broaden-

ing of the pulse. Here, we take the probe beam as the analy-

sis case. As analyzed above, the Raman component mainly

occupies the front edge of the pulse due to the dominant

GVD, and the duration of the whole pulse is extended to the

order of picosecond. So, when the front edge (Raman com-

ponent) of the probe pulse synchronizes with the main part

(400-nm component) of the pump pulse, the compensation

reaches its best condition and finally results in the highest

Raman conversion efficiency. While when the probe pulse

travels in advance of the pump pulse, in which the main part

(400-nm component) of the probe beam overlaps the front

edge (Raman component) of the pump pulse, the SRS

enhancement still exists but is not so significant. It is because

this kind of overlapping can also result in local higher elec-

tron density, and the Raman conversion of the remaining

part of the probe pulse still benefits from it.

In summary, we have experimentally observed intense

forward SRS emission in water with fs UV filamentation at

400 nm. The results supplemented fs filamentation research

at UV wavelength in water with significant SRS emission.

Plasma density was shown to play an important role for effi-

cient Raman conversion in compensating the normal GVD

of pump pulse and Stokes Raman pulse in water, and this

was verified by the enhancement of Raman conversion at

plasma grating cases. Although the theoretical explanation to

this phenomenon is rather rough in this paper, it provides a

clear physical picture for the fs filamentation induced SRS

process in water. The details of fs UV pulses propagating in

water remain carefully explored. Our work may enlighten

efficient Raman laser generation and fs Raman applications.
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