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Backward SRS suppression of picosecond pulses in water upon moving
the pump beam waist from the water volume through the surface

S.M. Pershin, A.I. Vodchits, I.A. Khodasevich, V.A. Orlovich,

A.D. Kudryavtseva, N.V. Tcherniega

Abstract. We report, for the first time to our knowledge, suppression
of backward stimulated Raman scattering (BSRS) of picosecond
pulses (57 ps, 532 nm) due to the development of optical breakdown
in the surface (0—3 mm) water layer with a shift of the beam waist
(lens focal length of 83 mm) to the water—air interface without
changing the pump pulse energy (~1.3—1.5 mJ). In this case, SRS
generation in forward direction is observed even in the presence of
breakdown. When the focal plane coincides with the surface, the
BSRS generation is restored without optical breakdown, despite an
increase in the pump radiation intensity due to a decrease in the beam
diameter. It is significant that the optical breakdown threshold in the
water volume was unattainable even with an increase in the pump
pulse energy by more than an order of magnitude — up to 16 mJ. The
mechanism of self-consistent summation of nonlinear optical pro-
cesses, such as electrostriction, beam self-focusing, beam phase con-
jugation, and BSRS pulse compression is discussed.

Keywords: backward and forward SRS of picosecond pulse in
water, water—air interface, beam waist, surface spallation.

1. Introduction

It is known that the first (1961) nonlinear optical frequency
converter of laser radiation was a Franken second harmonic
generator based on a quartz crystal [1]. In the first mono-
graph on nonlinear optics [2], its basic principles were devel-
oped, and the existing and future nonlinear optical laser fre-
quency converters were analysed as sources of coherent radia-
tion in new spectral ranges. Along with harmonic generators,
sum and difference frequencies, in which the frequency tuning
step is determined by the quantum of pump laser radiation,
the most well-known were frequency converters based on
stimulated Raman scattering (SRS) on natural vibrations of
molecules, or Raman lasers [3,4].

The frequency shift in the Raman converter (in both direc-
tions from the pump laser radiation frequency when generat-
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ing several components) is equal to the quantum of the vibra-
tional transition energy in a transparent sample: gas, liquid,
or solid [5]. Note that this frequency shift was an order of
magnitude smaller than in harmonic generators [1,2], and
had a large, almost unlimited set of frequencies, mainly
depending on the mass of substance molecules [6,7]. For
example, the frequency shift of SRS components in hydrogen
was ~4155 cm™; in water, ~3450 cm™!; in methane, ~2917 cm™;
in nitrogen, ~2329 cm™'; and in oxygen, ~1555 cm™'. It
should also be noted that in water, despite a large shift, the
SRS threshold in the field of nanosecond pulses was not
reached due to optical breakdown [8].

In liquid nitrogen, on the contrary, the SRS threshold
turned out to be low. At the same time, several interesting
features of the development of high conversion efficiency SRS
were discovered in nitrogen due to the energy jump of Stokes
pulses (by seven orders of magnitude) and the asymmetry of
amplification in the forward and backward directions [3,4].
In liquid nitrogen, SRS was first implemented in a parallel
pump beam [9] with spontaneous activation of a resonator via
distributed feedback due to Rayleigh scattering [10], genera-
tion of terahertz radiation in the field of femtosecond pulses
[11] was obtained, and a decrease in the SRS threshold of
picosecond pulses was detected by focusing pump radiation
near the surface as compared to focusing in the volume [12].

Transition to picosecond pump pulses made it possible to
overcome the SRS threshold in water without optical break-
down [13, 14] upon focusing the pump beam in the volume of
water. Moreover, relatively recently [15—18], a new interesting
phenomenon was discovered: a multiple (up to 30 times)
decrease in the SRS threshold of picosecond pulses in water
upon moving the beam waist from the volume of water
through the surface into the air. Based on work [9], we
explained the observed phenomenon as the activation of an
asymmetric resonator formed by distributed feedback (DFB)
[10] in the volume of water and a concentrated mirror — a sur-
face with Fresnel reflection (2%), which is many orders of mag-
nitude greater than the retroreflectivity under DFB [12].

However, it remained unclear how the asymmetry of for-
ward SRS radiation (in the forward direction, FSRS) and
backward SRS radiation (in the backward direction, BSRS)
[13], as well as the SRS conversion efficiency, change when
the pump beam waist crosses the water surface without reduc-
ing the energy of its pulses, despite lowering the SRS thresh-
old [15—17]. The study of this issue was the aim of this work.

BSRS was discovered almost simultaneously with the dis-
covery of the forward SRS in the 1960s. In a number of works
[19-21], the main physical properties of BSRS were investi-
gated upon focusing the pump beam into the sample volume.
It was shown that, in the case of BSRS, the Stokes pulse dura-
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tion is significantly reduced compared to that in the case of
FSRS, and a high conversion efficiency (in terms of power) of
pump radiation into Stokes radiation can be attained.

Subsequently, a number of BSRS studies were performed
in compressed gases, liquids, plasma, optical fibre, and other
media [22—-32]. One can observe an asymmetry in the proper-
ties of BSRS and FSRS in the process of the SRS develop-
ment. Under special conditions of SRS excitation (tight
focusing of exciting radiation into the medium), it is possible
to achieve a high conversion efficiency into the Stokes com-
ponent of the BSRS and almost complete suppression of the
FSRS process [30]. A significant reduction in the BSRS
Stokes pulse duration compared to the duration of the pump
pulse is used in ultrashort pulse compressors based on BSRS
radiation frequency converters. The beam phase conjuga-
tion is also observed in the BSRS process [33, 34], which is of
great applied significance.

It is very important to study the BSRS characteristics in
water. Some properties of water do not yet have a convincing
explanation (in particular, the properties of water near the
interface, for example, the structure of ice in the water layer at
room temperature [35] or a higher value of the order param-
eter in the near-surface water layer compared to that on the
ice surface [36]). A number of studies on BSRS in water have
been already performed (see, for example, [29]). The general
direction of such studies is to optimise BSRS and to achieve a
high efficiency of pump radiation conversion into the radia-
tion of the first Stokes component. Recently, studies of the
influence of phase boundaries (liquid—plasma, liquid—gas, etc.)
on nonlinear optical processes, including on SRS [37,16,17],
have become relevant. However, no systematic studies of
BSRS in water have actually been performed.

This paper presents the results of studying SRS of picosec-
ond radiation pulses in water in the vicinity of the water—air
interface: threshold and energy characteristics of BSRS and
FSRS as functions of the pump beam waist position relative
to the water surface. Preliminary spectral measurements were
also carried out.

2. Experiment

The optical scheme of the experiment is shown in Fig. 1. The
pump radiation (Lotis TII laser, wavelength 532 nm, pulse
duration 57 ps, repetition rate 15 Hz) was deflected right-
wards by a dichroic mirror M onto a prism P, which directed
the beam vertically down onto a lens L1 with a focal length of
83 mm, focusing the pump radiation onto the sample. Distilled
water was placed in a cell with a diameter of 20 mm and a
length of 75 mm with a transparent bottom and an open sur-
face. The cell was placed on a table to move it vertically up
and down in 0.1 mm increments. The initial position of the
cell was chosen so that the beam waist was in the water at a
distance of 15 mm from the surface and approached the sur-
face as the cell was moving down.

A lens L2 was installed behind the cell to collimate the
FSRS and pump beams. Optical filters F were used to select
FSRS radiation. After passing through the filters, the FSRS
beam was incident either on a white screen S for visual obser-
vation and spectrum measurement, or on a detector for mea-
suring the energy of the FSRS pulses. The BSRS radiation
beam passed through a folding mirror M with a transmittance
of at least 85%—90% at a wavelength of 652 nm of the first
Stokes component. Below the mirror, a focusing lens, a
Pellin—Broca prism with a 90-degree deviation, and filters F
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Figure 1. Optical scheme of the experiment (upper part — top view,
lower part — side view):

(M) mirror; (L1, L2, and L3) focusing lenses; (PBP) Pellin—Broca
prism; (F) optical filters; (P) prism; (C) water cell; (S) screen.

were installed to select and direct BSRS beam to a pulse
energy meter or to a spectrometer slit.

The pump radiation beam with a diameter of ~8 mm
and a Gaussian intensity distribution over the cross section
had a divergence of ~0.4—0.6 mrad and linear polarisation
in the horizontal plane. An attenuator made of two Glan
prisms was introduced into the pump beam to vary the
pump energy in the range of 0.1-16 mJ. The beam diameter
(2wg) at the waist was ~40 um. Then the length of the confo-
cal parameter of the beam (caustic surface), or doubled
Rayleigh length

2Lg = 2w, (1)

can be roughly estimated as 4.8 mm for pump radiation
with 4 = 0.532 um. Note that at the maximum pump pulse
energy (~16 mlJ), the radiation intensity in the focal plane
reached ~20 TW cm™2, but was below the threshold inten-
sity of multiphoton ionisation of water (~40 TW cm™2) in
the field of picosecond pulses of the second harmonic of a
neodymium laser [8]. We have not reached the optical
breakdown threshold in the water volume upon focusing
pump radiation with a close-to-maximum energy. The
energy of the pump pulses, as well as of the FSRS and
BSRS pulses was measured with an IMO-2N power meter,
and the SRS spectra were measured using an S100 mini-
spectrometer with a fibre input.

3. Results and discussion

Figure 2 shows the dependences of the pulse energy Egqrg of
the first Stokes component at a wavelength of 652 nm (the
Stokes shift is ~3450 cm™') for FSRS and BSRS radiation on
the pump pulse energy E,. The measurements were carried
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Figure 2. (Colour online) Dependence of the energy of BSRS and

FSRS pulses in water on the pump pulse energy and the pump beam
waist position.

out by focusing the pump radiation into the depth of the cell
at a distance of 15 mm from the water surface and at the
water —air interface.

Figure 3 shows the results of evaluating the efficiency of
converting the energy of pump pulses into SRS components.
Experimental data are presented without allowance for losses
on optical elements. One can see that BSRS undergoes a tran-
sition to the saturation regime at pump pulse energies above
5—6 mJ. With allowance for the radiation losses on the opti-
cal elements, the maximum efficiency of converting pump
radiation into BSRS components reaches ~12%, and into the
FSRS components, about 8 %.
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Figure 3. (Colour online) Dependences of BSRS and FSRS efficiency
in water on the pump pulse energy £, (@— BSRS; ® — FSRS, beam waist
in the water volume; A — FSRS, beam waist near the water-air interface).

Figure 4 shows the SRS threshold dependences in the for-
ward and backward directions on the beam waist distance to
the water—air interface. The SRS threshold energy was
recorded on a screen when a red spot of the Stokes compo-
nent appeared at a wavelength of 652 nm. One can see that
when the beam waist moves in the volume of water, both

dependences have the same areas with constant (at a depth of
more than 9 mm) and with slightly increasing (from 0.39 to
0.43 mJ at a depth of 7—5 mm) threshold energies, and then,
as the beam waist approaches the surface, areas with an
increase in the threshold and dramatic differences between
these energies.

BSRS threshold /mJ
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-

FSRS threshold /mJ
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Figure 4. (Colour online) Dependences of the threshold values of BSRS
(m) and FSRS (0) on the beam waist distance to the water surface.
Negative values along the abscissa axis correspond to the beam waist
positions in the water volume, and zero, to alignment with the water
surface.

Thus, the FSRS threshold repeats the N-shaped depen-
dence, but with a 7-fold decrease in energy (up to ~0.17 mJ)
near the surface, which we first detected earlier in water [15]
and liquid nitrogen [12] in the field of pulses with a duration
of 15 ps. We should note here that the similarity of the
N-shaped dependences indicates the fundamental nature of
the discovered phenomenon and confirms the mechanism
proposed in [15] for the surface to act as a concentrated mir-
ror of an asymmetric distributed feedback resonator [9, 10]
in the water volume. The last section of the SRS threshold
growth when the beam is removed from the surface into the
air for both SRS components clearly demonstrates an
N-shaped dependence. The observed increase in the SRS
threshold with a decrease in the beam waist depth, starting
from a depth of 5—7 mm (Fig. 4), may be associated with the
onset of a reduction in the gain length in the exponent index
when the upper part of the caustic surface emerges from the
water into the air, assuming that the SRS gain g remains
constant. It is known [6—8, 30, 38] that the gain increment G
in the exponent index of the radiation intensity growth of
the SRS Stokes component is determined by the expression

G=gIL, 2

where g is the SRS gain; Iis the pump radiation intensity; and
L is the gain length in the medium. It is also known [6—8] that
the SRS threshold is reached at an increment value of ~25.
For focused beams, it is commonly assumed [6—8, 30, 38] that
the SRS gain length L is equal to the length of the confocal
parameter of a beam with a Gaussian intensity profile in the
cross section, or doubled Rayleigh length (1). In our case, the
gain length of real picosecond radiation beams was deter-
mined for the first time from an increase in the SRS threshold
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when part of the waist emerged from the water volume into
the air. The beginning of an increase in the threshold intensity
of the N-dependence means that the gain length in the expo-
nent index decreases, i. e., the upper part of the waist begins to
emerge from the water into the air. Then the distance from the
waist to the surface is equal to half the gain length. Therefore,
in our case, the entire gain length is (2 X6) mm = 12 mm.

One can also see from Figure 4 that BSRS is suppressed in
the water layer after the —3 mm mark. The next two steps
(1 mm each) of approaching the waist to the surface without
changing the pump pulse energy (1.3—1.5 mJ) are unexpect-
edly accompanied by the development of optical breakdown.
Note that the breakdown threshold in the water volume was
not reached even at the maximum pump pulse energy of
~16 mJ with the same experimental geometry.

It should also be noted that, in addition to SRS suppres-
sion, other features of the interaction of pump pulses with
water near the surface were also observed. For example, the
breakdown development was accompanied by water splash-
ing in different directions with one preferred direction — flying
away or spallation of part of the surface [39,40] in the form of
a drop along the beam axis into the geometric centre of the
lens, which indicates an anisotropy of the pressure pulse of
cylindrical symmetry with a noticeably larger magnitude
along the axis beam. Hence it follows that the breakdown
threshold (of multiphoton ionisation) [8] is reached in a region
extended along the beam axis with a pump energy one or two
orders of magnitude lower than the FSRS threshold. Next,
the BSRS generation is restored at the same pump pulse
energy, but after the waist is shifted by another 1 mm out of
the water until it aligns with the surface and without break-
down, despite the minimum beam diameter and, accordingly,
the maximum pump intensity at this energy. In this case, the
generation of FSRS was observed at all waist positions, as
well as during optical breakdown (see Fig. 4). The revealed
fact indicates the development of FSRS at the leading edge of
the pump pulse (57 ps) until the optical breakdown threshold
is reached, as was observed earlier in the field of nanosecond
pulses [8]. Hence it follows that the FSRS pulse duration will
always be shorter than the pump pulse front, 15-20 ps, with
subsequent compression as it propagates and amplifies in the
pump field [38].

Thus, we have discovered a new phenomenon — BSRS
suppression of picosecond (57 ps) pulses due to the develop-
ment of an optical breakdown with a paradoxically low
(~1.3 mJ) pump pulse energy upon moving the focal plane of
a lens with a focal length of 83 mm in a layer 1-3 mm below
the water surface. All the data obtained suggest that in the
vicinity of the focal plane in a thin layer near the surface,
energy density and intensity of all picosecond pulses (pump
and SRS components) are self-consistently concentrated in
time and space on the beam axis. It is physically obvious that
the achievement of the breakdown threshold is ensured by the
inclusion of all nonlinear optical processes that contribute to
an increase in the total radiation intensity on the beam axis.
Let us list the most significant processes in our case: these are
electrostriction and self-focusing [41], the critical power
(1.86 MW cm™ [8]) of which is exceeded by more than an
order of magnitude at an energy of 1 mJ for a 57 ps pulse, as
well as the beam phase conjugation and compression of the
BSRS pulse [7, 33, 34], which ensure maximum intensity in the
beam waist near the surface. In this case, the waist’s approach
to the surface will increase the contribution of part of the
high-intensity BSRS pulse with a shortened front, reflected

from the surface towards the beam waist, which is amplified
in the forward-direction pump field.

Regarding the Kerr lens and self-focusing, we note the fol-
lowing. Since the Kerr additive n,/, to the water refractive
index n = ny + ny1;, (ny and n, are the linear and nonlinear
refractive indices, and I, is the pump radiation intensity) is
proportional to the optical field intensity 7, [6—8], a nonlinear
Kerr lens with a maximum curvature on the beam axis in the
threshold-free regime will be formed in the beam cross sec-
tion. Note (see Fig. 4) that at a threshold energy of ~1.3 mJ,
the power of a 57-ps pulse was ~23 MW. This value is one
and a half orders of magnitude higher than the critical self-
focusing power (1.86 MW) of a 100-ps second harmonic pulse
(532 nm) of a neodymium laser in water. Given the high BSRS
efficiency (up to 12%) and the reduction in the BSRS pulse
duration when it moves towards the pump pulse, we can
expect a multiple excess of the critical self-focusing power in
the beam of the backward SRS wave [6].

It is essential that the BSRS beam phase conjugation
[7,33] ensures the superposition of counterpropagating beams
(pump and BSRS waves) with maximum intensities in the
waist region. It is physically clear that the nonlinear optical
interaction of all optical fields near the waist as it approaches
the water surface is modulated by picosecond pump pulses
(57 ps) and shorter (due to compression) BSRS pulses.

An additional contribution to an increase in the total radi-
ation intensity in the breakdown region comes from a fraction
of the BSRS pulse, which is reflected from the water surface
with a Fresnel coefficient (2%). The second passage of this
part of the BSRS pulse through the Kerr lens in the waist
direction is accompanied by an additional shortening of the
pulse front simultaneously with its exponential amplification
(2) and nonlinear beam compression. A slight removal of the
waist from the surface ensures the encounter of BSRS pulses
with short fronts, the total intensity of which reaches the
breakdown threshold, and this region moves to the surface in
the same direction as BSRS.

In addition, a special role of the water surface should be
noted here, since the facts of modification of the structural
forms of water near the surface are known: for example, the
formation of ice-like structures in a water layer at room tem-
perature [35], and also the fact that the order parameter of
OH bonds near the water surface is higher than that in a
quasi-liquid layer on the surface of a single crystal of hexago-
nal ice [36]. Of particular interest is the formation of a layer
near the water interface, a so-called exclusive zone [42]. There
is no doubt that the violation of the medium homogeneity due
to the increased concentration of dissolved gases and the pres-
ence of structures and impurities in the water layer near the
surface will reduce the breakdown threshold, which requires a
separate study.

Despite a noticeable (almost an order of magnitude)
increase in the BSRS threshold (~1.3 mJ) compared to that of
FSRS (~0.17 mJ), when the focal plane is aligned with the
surface (Fig. 4), the spectra of the SRS Stokes components
differ insignificantly (Fig. 5).

One can see from Fig. 5 that both spectra have a charac-
teristic feature: FSRS and BSRS generation develops simulta-
neously on two vibrational modes with frequencies of about
3400 and 3000 cm™' inside the envelope of the OH band of
water in spontaneous Raman scattering. Previously [17], the
low-frequency band (~3000 cm™") that we found in the FSRS
spectrum in water was interpreted as the result of four-wave
mixing under conditions of noncollinear matching. To the
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Figure 5. (Colour online) Spectra of SRS Stokes components in water
in the forward (solid curve) and backward (dashed curve) directions
when the focal plane is aligned with the surface.

best of our knowledge, we have for the first time implemented
BSRS generation in water simultaneously in two vibrational
modes. Taking into account the structural features of near-
surface water layers [35,36,42], the interpretation of this
result requires additional research. We believe that the obs-
erved red shift of the BSRS components (see Fig. 5) also ref-
lects the asymmetry in the development of SRS generation in
the lower half of the beam’s caustic surface in water near the
air—water interface.

4. Conclusions

Thus, backward SRS of radiation pulses with a duration of
57 ps at a wavelength of 532 nm was for the first time to our
knowledge suppressed upon moving the beam waist near the
water—air interface due to the development of optical break-
down with a paradoxical (more than an order of magnitude)
threshold decrease of a still unclear nature. When the beam
waist coincides with the water surface, BSRS generation is
restored without increasing the pump pulse energy.

The results of measurements of the efficiency of pump rad-
iation conversion into the ‘forward—backward’ SRS compo-
nents (with increased efficiency for backward SRS) and the obt-
ained threshold dependences indicate an asymmetry of the char-
acteristics [13,41] of BSRS and FSRS in water when the pump
beam waist approaches the water—air interface from the water
depth. In this case, for the first time, the FSRS gain length
was determined when a real pump beam was focused into the
volume of the medium, and BSRS generation in water was
achieved simultaneously in two vibrational modes in the
vicinity of 3400 and 3000 cm™!. The physics of these revealed
phenomena is not yet fully clear and requires further study.
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