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Abstract. A multipeak structure of four-photon scattering by a nonlinear source proportional to the third-order suscep-
spectrum in the range from2 to +2 cm ! has been found tibility of the medium.

experimentally in liquid water. The theoretical interpretation  Nonlinear spectroscopy uses the high intensity of optical

relates these spectral features to an interference of strictionlaéams. Therefore, to describe a valid signal, one has to con-

and orientational contributions to the scattered signal. sider not only the interaction of pumping and reference waves
but also the specific amplification of signal and reference
PACS: 42.65.Dr; 42.65.Es; 61.20.Qg waves in the pump field, owing to the stimulated scattering of

the pumping wave. Furthermore, in the studied low-frequency
band, when a frequency differene= wp — ws of pumping
and reference waves is less tHahcnt 1, the strongest mech-

. - . . : . - anisms of optical nonlinearity are strictional and orientational
tigated in detail and interpreted rather authentically in a highy . -2 ~ions (Kerr effect). In the experiment [2—5], the signal

frequency £ 100 cm ) range [1]. Such investigation is more and reference waves coincide in frequency and direction, rep-

difficultin the low-frequency range due to the complex statisy oo niing different polarization components of a single wave

tics of short-range order fluctuations. These fluctuations re5acket

sult in, first, new lines arising inherent only in such excitation Variation in these waves under action of the counter prop-

structures, and, second, broadening and mutually overlapping _.. . .
lines of classical origin. 9 y P a%atmg pump beam (with frequeney and amplltudeﬁ\fp))

One of the most promising spectroscopy techniques its described by equations for slow amplitu @(j =12
a method of four-photon polarization spectroscopy, which alef the field at frequencys, in which light-induced variations
lows new information on the structure and properties of liquidie of the dielectric constant [7] are related to the above two
water and other liquids with strong intermolecular interac-mechanisms of nonlinearity:
tions to be gained [2—6]. In particular, with the help of this
method in water and some water solutions, temperature an@A; 1 { 2Gp2B[B (S AP AP
i

T2 |22elp-i(22-22) K K

The spectrum of intrinsic excitations of liquid water is inves-

concentration deformations of a narrow part of the Rayleigh gz — 2
wing spectra are found, which modified nonmonotonically

nearly thermodynamic anomalies at temperaturés 4f 36, 3GrIR [A(S) AP pP*
and 76°C [2—-4]. Also a regular set of lines of collective 22—irr) L' "k T
modes has been found in the range frbdrio 90 cnT! [5, 6]. AP AP A ZA(S) AP AP 1
In the present work we measured the four-photon spectra of TACAC A 3% Tk N 1)

liquid water in the range from-2 to +2 cm! and recorded . .
their multipeak structures. Here Gg and Gr are the maximum increments of

amplification due to Brillouin and Rayleigh wing scatter-
ing for a linearly polarized pump wave of unit intensi-

1 Theory :
L G — wpS2Bp(3e/3p)% _— 1672B¢

In four-photon polarization spectroscopy, the process= B= 462n2v2 T ’ R= 3n0C

. ) X . ovals 0
wp — (wp —ws) is realized, where the differeneg, — ws is
scanned in the vicinity of studied resonances (in our caség and Ik are the half-widths of spontaneous scatter-
around the Brillouin doublet and the Rayleigh wing). A meas-ing lines; £2g = 2wpnova/C is the frequency shift of Bril-
ured parameter is the polarization of thewave, determined louin scattering 3 and c¢/ng are the speeds of sound
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and light in medium); ando, ¢, and Bk are the densi- parable to 1, the dependence of signal intensitysdibe-
ty, dielectric, and Kerr constants of a medium, respectiveeomes asymmetrica. The solid curve in Fig. 1 shows the
ly. ) spectral dependence (2) calculated for parameters of liquid
" : S water [8]. Compared to other liquids, the stimulated Bril-
In conditions of the proposgd ex.penme i = louin s[ca]ltteringpincremen'G(B %5qx 103 cm/MW) in wa-
Ipexp—Gg rlpl), wherelp is the intensity of pump wave. (g1 is much lower, while the Kerr constarBg ~ 4 x 10~7)
Input (z= 0) boundary conditions in the area of overlappedg (ather high; therefore for watéBg/Gg ~ 2. Hence, the
pump and reference beams a4’ (0) = v/To (v/To is the  two nonlinear mechanisms give comparable contributions in
input amplitude of linearly polarized reference wave) andhe investigated frequency range. Adapted for comparison to
A3 (0) =0. the experiment (averaged by the windaw? ~ 0.1 cm 1),
For the pumping wave of circular polarization the plot of formula (2) is also shown in Fig. 1 (dashed

(A(lp)/A(zp) = i), the solution to system (1) at these condi-Curve).

2
tions gives the signal wave intensity = ‘A(ZS)(I)‘ on the

exit from an interaction volume: 2 Experiment
Ip(2)= lolg [ 3IRGRlIpl } The experiment was conducted according to a scheme, the
4 22 —iIR) measuring part of which is shown in Fig. 2. For a master os-
2 cillator, we used a pulsedd®t:YAG laser. The laser beam
_ exp| _[RCRI 288Gl pl after two-cascade amplification and conversion to the second
A42—-1IR) 22plg—i (_Qé —2?) ’ and third harmonics was used for pumping of a dye laser with

Coumarin? solution, oscillating in the range d85-545 nm
2 h e .
e dye laser linewidth that determinet the spectral reso-
2 2 lution was0.1 cm ! at a pulse energy af0 mJand a pulse
where |y = ‘A(lp)‘ + ‘A(zp)‘ is the pump wave intensi- duration of10 ns For the pump wave, we used the second
ty. harmonic of the master lasek £ 532 nm pulse energy of
If the amplification on the length of interaction is weak, 30 mJ, which together with the dye laser allowed us to tune
the signal intensity (2) is an even function of frequency defrequency differencevp —ws in the range from—450 to
viation 12(—£2) = 12(£2). If the exponents in (2) are com- +1830cnTl.
The signal at frequencys was selected with the help
of a polarization analyzer (Glan prism) and a spatial filter,
L/, which cut noncoherent illumination from pump waves and
then was detected by a photomultiplier. Further, after ampli-
fication and digitizing, the signal was recorded in a computer
9 for statistical processing.
1 Figure 3 shows the four-photon spectra of twice distilled
i water, received with a spectral resolution0o4 (Fig. 3a) and
8 0.15cnt ! (Fig. 3b). The comparison of experimental and
theoretical spectra (Fig. 3 and 1) reveals their qualitative and
] approximate quantitative similarity. The two spectra contain
sharp peaks in the low-frequency range, corresponding to the
Brillouin resonances, and much more flat maxima (or only
one maximum) related to the stimulated Rayleigh wing scat-
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Fig. 1. Theoretical plot of signal wave intensity as a function of fre-
quency differences2 = wp — wg with total Rayleigh wing amplification ﬁ

Grlpl = 1.3 and Gglpl =3.3(2g =0.25¢nT L, g =6x103cm 4,
IR = 1cm—1). The solid line is for monochromatic waves; dashed line is Fig. 2. Schematic representation of the optical arrangement of the experi-
averaged by the windowd 2 = 0.1 cm~1 mental setup. L, lenses; M, mirrors; PH, pinholes; PR, photoreceivers
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3 Discussion
5x10°2 r

The performed experiment confirms the interference mech-
anism proposed above that forms the fine structure of low-
frequency scattering in water. This mechanism can be used in 4x10°° -
four-wave experiments for measurement of some parameters,
which are hardly measurable in other schemes. In particular,
it concerns the temperature derlvat|ves of the Kerr constant
Bk and orientational relaxation t|m'q2 which strongly de- 8x10™
pend on the short-range order in liquid Water With decreasing
temperature, water molecules form more and more hydrogen
bonds. Since Rayleigh wing scattering is provided by rota-
tions of the molecular cluster ensemble, a whole spectrum of 6x10
relaxation times'; *(N) oc N%/3, whereN is the number of
molecules in a cluster, is broadened. The maximum of clus-
ter distribution, over the sizg~ N¥/3), is shifted on cooling
to the greater. The effectivel'r thus decreases, and this re-
duction, evidently, can be rather precisely measured with the
help of the above described scheme. It is important that the
I'r reduction, up to the values characteristic of ice and prob-
ably of supercooled water, changes the four-photon spectrum 2107
not only quantitatively but also qualitatively.

Figure 4 shows the results of function (2) calculations for
I'r < 2. Additionally, we take into account the typical (for
condensed media) bac ?round noninertional nonlinearity (re:'4
laxation time< 3 x 10~12s). This contribution is described 1
by insertion of the componentsmiwnac=2ny AP AP . Qcm

A(p), where ny is the factor of nonlinearity of a refrac— Fig. 4. Theoretlcal plot of signal waye lnten5|ty forg « 28Ik =
ton arametem ~ n n E2 scalar nonlinearit n the 0.2cm™ QB =08cm™ FB =5x103cm™ ) and nonresonant nonliar-
lon p ~ No+N2E” ( : ity) i ity 4mun2c—2n‘1| | =4x1072; total amplificationsGrlpl = 1072 and

right part of (1). The characteristic dip in Fig. 4 arising Gglpl = 0.25. Solld curve is for monochromatic beams and dashed line is
near zero frequency difference, which is observed alseveraged by the windowt 2 = 0.3 cm~1
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Signal (a.u.) ground nonlinearity for circular pumping wave polariza-
tion. This spectral dip increases the accuracy of the re-
constructed values ofg and Gr/Gg by the experimental
data. This means, obviously, that four-photon spectroscopy
is a promising optical method for investigating the tem-
perature variability the intrinsic structure of liquid wa-
ter.
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Fig. 5. Four-photon spectrum of ice



