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The fifth-order Raman spectroscopy of Bansstilbene in solution was demonstrated. A time domain
observation of fifth-order Raman scattering was conducted by using ultrashort, tunable UV and visible pulses.
A 22-fs UV pulse at 315 nm induced the first vibrational coherence state ofitk@ate. At the time delays

of t; = 0.173, 0.216, 0.259, and 2.000 ps, a 17-fs visible pulse at 630 nm transferred the first coherence state
to the second vibrational coherence state. The time-evolution of the second coherence state was probed by
the other 17-fs visible pulse at 630 nm. Thirteen bands due to the fifth-order Raman scattering were identified
in the Fourier transformation spectra of the second coherence in the range-df3@Mcnm. The intensities

and shapes of two bands at 193 and 398 tsiowed significant; dependence, whereas those of the other

11 bands were insensitive to The 193-cm? band was assigned to the depletion of the UV-pump-induced
first vibrational coherence (in-plane bendingg) by the first visible pulse. Both stepwise creation of the
vibrational coherence of the overtone of the mode and the depletion of the first vibrational coherence may
have contributed to the 398-cthband. The 11 other bands are equivalents of time-resolved spontaneous
Raman bands (third-order optical process) ptransstilbene.

1. Introduction the experimental difficulties have been partially fixed by using

a heterodyne detection and a unique phase-matching geometry,
the application of the technique was limited to ground-state
molecules with high nonlinearity such as carbon disulfide in
the electronic nonresonance conditiéA? Fifth-order Raman

Redistribution of vibrational energy deposited by photo-
excitation to other vibrational modes plays important roles in
photochemical reactions, such as isomerization and bond

dISS'OCIatIOI’l. Combination (or overtone) ylbratlonal mOde.S In spectroscopy has a potential for probing combination modes in
excited states act as such energy-accepting modes. Probing thg, “ojetronic excited state. In the present paper, fifth-order

vibrational bandwidths, shapes, and frequencies of these modes; . 1.2 measurements of excited-state molecules are demon-

is important to understanding of the vibrational energy redis- strated. The fifth-order Raman signal of Bansstilbene was

tr|but|o_n. Their bandwujths and shapes reflect _depha3|_ng enhanced with tunable, ultrashort UV and visible pulses the
_dynamlc_s of the accept_mg modes. Th? _frequt_anmes prov_'dewavelengths of which are in resonance with the-S'S; and
information on unharmonicities of the multidimensional potential S, — S, transitions oftransstilbene

surface that determine the coupling between the initially excited
Franck-Condon modes and other vibrational coordinates.
However, the investigation of the combination modes is difficult
with linear spectroscopies, such as time-resolved Raman and Figure 1a shows a diagram of fifth-order Raman spectroscopy
infrared spectroscopies. Although some combination bands areof excited-state molecules. A UV-pump pulse having a 22-fs
sometimes observed, the distinctions between these bands anduration excitesrans-sstilbene to the §state of|glg| and
fundamental vibrational bands are difficult with these spec- |fi{f|, as well as to the vibrational coherent statesgffh|
troscopies. and|fi[g| because the bandwidth of the UV-pump pulse is more
It was theoretically proposed that fifth-order Raman spec- than 650 cm*.24716 g is the vibrational ground state of the S
troscopy provides more information on the combination modes state, and; is the § vibronic state having a FranelCondon
than linear spectroscopies #3.Experimental investigations  overlap with the vibrational wave functions of thg Sate!*
have demonstrated the ability of this method to probe vibrational We used two visibleR;—, andP3) pulses with a 17-fs duration
mode couplings and dynamics of the combination bénéls.  and a 900-cm* bandwidth. At a time delay df, the broadband
However, two cascading third-order optical processes were P12 pulse transferred the first coherence stategdl;| and
sometimes misidentified as a fifth-order proc&ss. Although If,g| to the second coherence statesgghff| and|f,Ig| via a
Raman pumping proces§ (— S, — f,). f, denotes anothenS
*To whom correspondence should be addressed. E-mail: taib@ Vibronic state. Iff; is the vibrational combination state of the

2. Optical Transitions of Interest

hiroshima-u.ac.jp. ‘ S, state, information about the combination state can be obtained
. ?:S:r?asvgiae ﬁé’:‘iﬁ?ﬁg‘;ﬁﬁ;’ggﬁ AaggnTc‘;Ch”O'ogy (KAST). by this method. The second interaction by Eye, pulse induces
$ Kobe University. ' an additional absorbance change that is probed biP4ipeilse.
U Hiroshima University. The interval between thB;—, and P3 pulses ist,. The whole
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Figure 1. Energy diagrams of the fifth-order (a) and third-order (b)
Raman processes of excited-state molecuigs$he vibrational ground
state on the Sstatejt;, the time delay between the UV-pump afd
pulses;t;, the time-delay between the,—, and P; pulses;f;, the §
vibronic states having a FraneikCondon overlap with the State;f,
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Figure 2. Apparatus used for the fifth-order Raman measurements:
NOPA, noncollinear optical parametric amplifier; BS, beam splitters;
ODL, optical delay lines; SHG, a crystal for the second harmonic
generation; VND, variable neutral density filters; C, synchronous
mechanical chopper; CM, concave mirror; F, filter for the rejection of
the pump pulse and the fluorescence of the sample; D, photodiodes.

the resonance anti-Stokes Raman process of the combination
modes wherf, is a combination mode. The transition probability

of this final interaction is proportional to the Raman cross section
of the combination transitions. The probability can be enhanced
in a resonance condition because the cross section of the
combination transition relative to those of fundamental transi-
tions in a resonance condition is much larger than that in a

the other $ vibronic states. The solid and dashed arrows represent a honresonance condition. The fir.st and second coherence states
ket- and a bra-side transition, respectively, between the connected levelsare time-evolved on the;State in our scheme. Thus we call

the present method “fifth-order Raman spectroscopy of excited-

process contains five incident electric fields, and thus the signal State molecules” although the initial state is theste.

field, Esin, is proportional to the fifth-order optical response,

«©Xt). The spectral sensitivity curve of the present measurements

depends on the convolution function of the UV-punff,-2,
andP; intensities, Gaussian functions having full width at half-
maxima (fwhm) of 22, 17, and 17 fs, respectively. That
convolution function in the present work was given by a
Gaussian function having a fwhm of 33 fs. The sensitivity curve
calculated by the Fourier transformation (FT) analysis of the
convolution function was a Gaussian function centered at0'cm
having a half-width at half-maximum (hwhm) of ca. 450 ¢in

On the other hand, when the time detays sufficiently longer
than the dephasing timeTy) of the vibrational coherence
generated by the UV-pump pulse, the obtained signal is
equivalent to the third-order optical respong€)(t), of the
excited-state moleculég:20 The spectral sensitivity curve of
this response depends on tRe , pulse and on th&; pulse

3. Experimental Setup

The apparatus used for the fifth-order Raman measurements
is shown in Figure 2. The light source was a noncollinear optical
parametric amplifier (NOPA, TOPA®hite Quantronix) pumped
by a Ti:sapphire regenerative amplifier (Hurricane, Spectra
Physics) operated at 1 kHz. The wavelength of the output was
tunable in the range of 566750 nm. The visible output (630
nm) was divided into four parts for the UV-pump;_z, Ps,
and reference pulses. The UV-pump pulse was generated by
the second harmonic generation of the output of the NOPA with
a 50um-thick 5-BaB,O,4. The generated UV-pulse (315 nm)
was passed through fused-silica prism pairs (with an apex
apex distance of 210 mm) for the group-velocity-dispersion
compensatiod? The UV-pump, P;—,, and Pz pulses were
spatially crossed at a sample jet. Polarizations of all the pulses

and not on the UV-pump pulse. This is because the amplitude were parallel. The UV-pumgP;_,, andPs energies were 0.15,

of |glg| or |fi(Ify| at the arrival time of theP;—, pulse is
independent of the UV-pulse width. Therefore, the sensitivity
curve can be calculated by the FT analysis of the convolution
function of theP;—_, intensity with theP; intensity, and it was
given by a Gaussian function centered at 0 thmaving a hwhm
of ca. 600 cm™.

The wavelength of thé;_, and Ps pulses is tuned to the
electronic absorption of the, 8olecules to obtain the resonance

0.07, and 0.02J, respectively, and their spot diameters at the
sample position were-0.1 mm. The intensities of thés and
reference pulses were detected by photodiodes (S1226-18BU,
Hamamatsu) coupled with current preamplifiers (LI-76, NF
Corporation), and the difference of the photodiode outputs was
amplified with a differential amplifier (5307, NF Corporation).
The differentially amplified output was gated with a boxcar
integrator (SR250, Stanford Research Systems), A/D converted,

enhancement. The resonance enhancement provides two adand sent to a personal computer on a pulse-to-pulse basis. The

vantages to the fifth-order spectroscopy. (1) Owing to the
resonance enhancement, ®e, pulse can dominantly excite
the § molecules generated by the UV-pump pulse, and the
doubly photoexcited molecules are probed byRkpulse. Thus,
the fifth-order Raman response of 8ans-stilbene can be
selectively detected. (2) The final interaction of the fifth-order
Raman procesdA(— S, — g) is regarded as an equivalent of

P;—> pulse was modulated at 500 Hz with a synchronous
mechanical chopper (3501, New Focus). The signals Rith

on and off were separately accumulated on the computer, and
the P;—o-induced absorbance change was calculated. The
instrumental response and the time origing;0&ndt; at the
sample position were determined using the intensity cross-
correlation with a 5Qtm-thick 8-BaB,O4 crystal. The fwhm of
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Figure 3. (a) Time-resolved fifth-order Raman signal of 8ans
stilbene in hexadecane solutiontat= 0.173 ps (UV-pump, 315 nm;
P,—, andP3, 630 nm). The vertical axis is expanded by a factor of 2.
(b) Time-resolved absorption signal of tBans-stilbene in hexadecane.
The interval of data points was 4 fs in both figures. Each data point
was obtained by averaging over 2000 (a) and 4600 (b) probe pulses.

the cross correlation between the UV-pump apgises was
28 fs, and that between tliy_, andP3 pulses was 24 fs. The
intensity time widths (fwhm) of the 315-nm and 630-nm pulses
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tion measurement without th& _, pulse. Figure 3b shows time-
resolved absorption dfansstilbene measured with the same
wavelengths and pulse energies of the UV-pump Rgpulses
as in Figure 3a. The UV-pump pulse instead of Fhe; pulse
was modulated at 500 Hz with the synchronous mechanical
chopper. An absorbance change induced by the UV-pump pulse
was probed by th&; pulses. The measurement corresponds to
the third-order pumpprobe experiment shown in Figure 1b.
The absorption signal was composed of a periodic modulation
due to a vibrational coherence of tBans-stilbene superimposed
on the § — S electronic transition. The present signal
reproduced the previous result reported by Takeuchi and
Taharal* The large periodic modulation at the period of 0.19
ps was assigned to the Raman-active vibrational mode; of S
transstilbene (200 cml, in-plane bendingyzs).** It decayed
exponentially with a time constant of 0.5 ps. We confirmed that
the vibrational coherence of thes mode was mainly created
by the UV-pump pulse. The timg of 0.173 ps in Figure 3a
corresponds to the phase shift of the mode (25 = 27vost;)
of 2.0z. The nonoscillatory components were well-fitted with
a sum of two exponential functions convoluted with the cross-
correlation function of the pump arfés (a Gaussian function
having an fwhm of 28 fs). Time constantsaf= 0.11 ps and
72 > 3 ps and amplitudes &; = —0.012 and?A; = 0.048 were
evaluated.

We carried out the fifth-order Raman measurements &t
0.216, 0.259, and 2.000 ps with the same experimental condi-
tions of Figure 3a. The thretg delays correspond to the phase

were estimated to be 22 and 17 fs on the assumption that theshift 6,5 of 2.5z, 3.07, and 11.6. The nonoscillatory compo-

pulse shapes were Gaussian functidnsns-Stilbene (Tokyo
Kasei) was dissolved in hexadecane {99, Aldrich) at the
concentration of 10 mmol/L. A thin-film jet of the solution was

used as the sample. The efficient thickness was estimated to be

ca. 50um from the penetration depth of the pump pulse although
the thickness of the sample jet was300 um. We set the
efficient thickness to be thin to avoid the group velocity
dispersion of the light pulses in the soluti&h.

4. Results

In the fifth-order Raman measurements, the UV-pump pulse
at 315 nm was used to populate Bans-stilbene, and the
wavelength of the visibl®;—, andP3 pulses was set at 630 nm
to be resonant with the absorption band gftans-stilbene??

The time-resolved absorbance change af tnsstilbene
induced by theP;—, pulse as a function of, was measured
with the P; pulse (Figure 3a). The time delaywas set to be
0.173 ps. The signal was composed of a oscillatory modulation,
a sharp peak around the time origintgfand a nonoscillatory
background. The oscillatory modulation is due to the second
coherence state ofy &ans-stilbene and is the fifth-order Raman
signal. The sharp peak and the nonoscillatory background were
well-fitted with a sum of three exponential functions convoluted
with the correlation function of thd®;—, and P3 pulses (a
Gaussian function having an fwhm of 24 fs) in the range of
—0.3 to 3 ps. Time constants of < 24 fs, 7, = 0.10 ps, and

73 > 3 ps and amplitudes ¢&; = —0.012,A, = —0.020, and

As = 0.004 were evaluated. Thg and t, components were
interpreted as the resonance electronic response tfaSs-
stilbene and its population recovery process due toar S;
internal conversion, respectively. The tz3 component was
assigned to both the vibrational cooling of thesgate and the
population recovery of Strans-stilbene!8 23

To investigate what vibrational modes were induced by the
UV-pump pulse, we carried out a similar time-resolved absorp-

nents of the fifth-order Raman signals at the three time delays
were similar to that at; = 0.173 ps (Figure 3a) and fitted with

a sum of three exponential functions.

To extract the oscillatory components, the nonoscillatory
components were subtracted from the total signals by the fitting
analysis. The oscillatory components as a functiot, afere
Fourier transformed to frequency-domain spectra. To smooth
the transformed spectra, the subtracted oscillations-& [0s
were multiplied by a window function (a Gaussian function
having an fwhm of 3 ps centered @at= 0 ps), and zero data
points were added at-330 ps before the FT analysis. Figure
4a—d shows the real parts of the FT spectra, and Figura 4f
shows their imaginary parts at the four time delayg;0fThe
oscillatory component as a functiont@ft t, of the third-order
signal in Figure 3b was also extracted and Fourier transformed
to the vibrational spectra in the same manner. The real and
imaginary parts of the FT spectra of the third-order signal are
shown in Figure 4e,j. Thes band (193 cmt) was dominantly
observed, while it was very small in the fifth-order spectrum
with t; = 2.000 ps (Figure 4d).

In the fifth-order FT spectra, 13 vibrational bands were
identified at 1234, 1174, 1143, 1072, 978, 848, 781, 721, 615,
461, 398, 287, and 193 crth These bands can be classified
into two groups, the bands that showed signifidadependence
(398 and 193 cmt bands) and the other 11 bands that were
insensitive tot;. The bands in the latter group correspond to
spontaneous Raman bands gfra@ns-stilbene. As seen in Figure
3b, the vibrational coherence induced by the UV-pump pulses
almost faded away dt of 2.000 ps. Thus, the FT spectra with
ty = 2.000 ps (Figure 4d,i) should be similar to the third-order
Raman spectrum of;$ransstilbene. Eleven bands in the range
of 1234-287 cnt! were observed by time-resolved spontaneous
Raman measurements, eight bands were assignegnodes
of the § state {14, V16, V17, V18, V20, V21, V22, andva4).242" The
vibrational bands in the real part had negative, symmetric shapes,
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Figure 4. The real part of the FT spectra of the fifth-order Raman signal=at(a) 0.173, (b) 0.216, (c) 0.259, and (d) 2.000 ps and the imaginary
part of the FT spectra &t of (f) 0.173, (g) 0.216, (h) 0.259, and (i) 2.000 ps. The delay tithesrrespond to the phase shift of (a,f) 2.0z, (b,9)

2.51, (c,h) 3.0r, and (d,i) 11.6. The (e) real and (j) imaginary parts of the FT spectra of the beat components of the third-order time-resolved
absorption signals are also shown. The vertical axes of (e) and (j) are reduced by a factor of 3.

and those in the imaginary part had dispersive shapes. Thereforeband agreed with that of the,s mode observed in the third-
the vibrational coherence tof 2.000 ps can be expressed as order pump-probe measurements (Figure 4e). In contrast, the
intensity of the 398-cm! band was very small both in the third-
AP (L) O z A, cos[2tu,t, + ¢, (t)] exp(—t,/T,) (1) order signal (Figure 4e) and in the fifth-order signal at 2.000
v ps (Figure 4d). The temporal behavior of these bands suggests
With @,(tz = 2.000 ps)~ , whereA,, w,, ¢,, andT, are the that they are unique for the fifth-order response. We discuss

amplitude, frequency, initial phase, and dephasing time of eachthe ongm_of the band; In section 5, ] o
vibrational mode. In time-domain resonance Raman measure- 10 confirm that the fifth-order Raman signal originated from
ments due tg/®), the phasesy,, are often close to either 0 or <1 trans-stilbene, we measured thy_, pulse induced absor-
71, so the vibrational bands in the real part of the FT spectrum bance changes with and without the UV-pump pulse under the
have symmetric shapes, whereas in the imaginary part, they havesame conditions of Figure 3a. The signal without the pump pulse
dispersive shap&8-3! The band characteristic of the present (Figure 5a) consisted of only the sharp peak assigned to the
observation at; of 2.000 ps (Figure 4d,i) is consistent with nonresonance electronic response of the ground-state mol-
that of the time-domain Raman measurements in the resonanceculest®3 The signal due to the vibrational coherence of the
condition32 ground-state molecules (Figure 5a) was negligible compared
The intensities and band shapes of the 398 and 193 cm with that of the fifth-order Raman signal (Figure 5b). This
bands largely depended on The frequency of the 193-cth confirmed that the observed oscillatory components by the fifth-
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Figure 5. Py, pulse induced absorbance change of trans-stilbene (a) M T71 11
measured without the UV-pump pulse or (b) measured with the UV- UV-Pump 3 -7.2~V uv-Pump T ;{V
pump pulse (the fifth-order Raman signal). S ‘; 4 b 7S ‘; R 2 S
order Raman signal (Figure 3a) have no contributions from the : :
signal of the ground-state molecules created byRhe and S : S :
0—— 0——

Ps pulses.
In studies of ground-state molecules, it is often difficult to Figure 6. Energy diagrams of possible depletion processes ofihe
distinguish a fifth-order process from a cascading third-order Qﬁgeer']éz Is fundamental, overtone, or combination states 0 &hs
proces$11 The cascading process generates a signal in the '
same phase matched direction and with the same dependencef the UV-pump-induced absorbance change can be ap-
on the laser fluence. For example, a signal due to the first third- proximated as
order process can act as a probe light for the second third-order
process, a so-called parallel cascading third-order prd€éss. — AA,,,(t;,t)) ~ Ads COS[2Tv,(t; + t,) + 7] exp[—(t; + t,)/T,d
In our experiment, the third-order sign&{®, of ground-state o
molecules generated B, and P; pulses possibly serves as A~ —Rg5 COS[21v,4(ty + )] exp[—(t; + 1)/ Tyl
thePs light in the third-order process ofi &ans-stilbene (Figure ()
tlhbe).J\r/]j)lfrii)CZilgf)p :gzissk?elnrﬁii?jjngzengslzcézli-gftljisr of If the 'cohe.rence is bleachgd by the §eccf?1d2 pulse, the
Raman signal, because the phase matching conditions and lase(;epletlon signal for the oscillatory part is given by
fluence dependence of the cascading signal are the same as tho ) =—
of the fifthf)order Raman signal. Hogvevger, we expect that this %Adeplenor(tl’tZ) NAApumL{tl’tZ)
type of cascading process did not contribute to the signal. This ~ A(ty) cos[2tv, g, + 0,(t;)] exp[—t,/T,
is becauseES) was negligibly small due to the off-resonant 3)
condition of theP;—, and P3; pulses for the ground-state 0
molecules (see Figure 5a). where A(t)) = NAy; exp[—ty/Tas], Oos(t)) = 2mvost;, and N
denotes the probability of the depletion process. Equation 3
5. Discussion shows that the center frequency is constapg)( and the phase,
025(t1), is modulated by the frequency ofs (193 cnt?) as a
The fifth-order Raman spectra in Figure 4 contained the 13 function oft;. The predictedd,s(t;) agrees with the; depen-
bands in the range of 186A300 cnT™. The band characteristics  dence of the 193-cnt band in the fifth-order Raman spectra.
of the two bands at 193 and 398 chwere sensitive td;. We Therefore, we assign the 193-chband to theP;—, induced
discuss the origin of these bands in sections 5-1 and 5-2 anddepletion of the first vibrational coherence).
then the equivalence of the other 11 bands to the time-resolved Possible depletion processes of the mode are shown in
spontaneous Raman bands in section 5-3. Figure 6. First, we consider three fifth-order Raman processes
5-1. Depletion of Vibrational Coherence {25, 193 cnt?). in Figure 6a-c. The fifth-order Raman 1 process transfers the
The band shape of the 193-ctband §,s) largely depended  vibrational coherence of the,s mode to that of the other
ont; (Figure 4a-c). Att; = 0.173 ps @25 = 2.0r), the band vibrational modes §). As in the fifth-order Raman 1 process,
had a positive, symmetric shape in the real part. The bandthe processes of the fifth-order Raman 2 and 3 transfer the
characteristic shows that the phase of the vibrational coherencevibrational coherence of the,s mode to the vibrational
@, is 2nt (n= 0, 1, ...) in eq 1. In contrast, the bandtat= coherence at the frequency efs — v, and the vibrational
0.216 ps @25 = 2.57) had a dispersive shape in the real part, ground state, respectively. Second, the&itation also causes
whereas it had a negative, symmetric shape in the imaginarythe depletion of the vibrational coherence of thg mode
part. The shapes of the band indicate that the phase (Figure 6d). TheP;—, pulse can excite the;3nolecules to the

(2n + 0.5yr. Also, the band shape &t= 0.259 ps and),s = S, state. Although a vibrational coherence in thes&te can
3.07, (Figure 4c,h) indicates that the phaggis (2n + 1)x. be generated by tHe,_, pulse, the coherence may vanish within
The results show that the phase of the band synchronized with<100 fs by an $— S; internal conversion as well as the other
the phase shiffs. relaxation processes of a diregt & S transition!834

The phase dependence of the 193-Etvand can be explained 5-2. Fifth-Order Raman Band at 398 cntl. Here we
by the depletion process of the first vibrational coherence. As consider three possible interpretations of the origin of the 398-
seen in the third-order spectra (Figures 4e,j), the vibrational cm™! band: the band originates from (1) a fundamental
coherence of theps mode was mainly generated by the UV- vibrational band of the Sstate, (2) thd®;—,-induced depletion
pump pulse at; = 0 ps. Therefore, the oscillatory component of the coherence generated by the UV-pump pulse as in the
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case of the 193 crt band, or (3) the first overtone of thes (a) Fifth-Raman of Sy stilbene  (b) Fifth-Raman of S stilbene
mode (2s) of S transstilbene excited stepwise by the UV- S, i R

pump andPy—» pulses [SollBo| — |glhrs| — |gl2v2s| and i T 5

| S| — |v2sig| — |2v2sg| in Figure 1a). For the first case, s, LY R 7

the observed bandwidth of the 398 chiband (40 cnTl) was = =1
much smaller than that (100 c®) expected for the bands of :
the S, state with the lifetime of 0.1 ps. We thus rule out the
first interpretation. Next, the second possibility is examined.
Small bands were observed in the FT spectra of the third-order
pump-probe signal (Figure 4e,j). This indicates that vibrational

o ————

coherence having a frequency %00 cn'! was induced by (c) Fifth-Raman of solvent (d) Pump-Probe of Sy stilbene
P

the UV-pump process. Thus, the depletion process of the Sh ——

vibrational coherence at400 cnt! may have contributed to Wpums

the 398-cm? band. In this case, the phase of this depletion UV-Pump s, % T Q

process,@,(t1), should have synchronized its own frequency
(~400 cnT?) as a function ot; as in the case of the 198 cth
band. For the third case, the frequency of the 398%chand
was identical with that of the first overtone of thes mode
(398 cnh) measured by a supersonic beam technf§uehe
fact that the frequency of the,s mode measured by the
supersonic beafhis in excellent agreement with that in the

solutior?* supports that the overtone frequency in the beam s, UVf“”“’ -E’Y"?“T" ...........
might be close to that in solution. Thus, the first overtone of S s b
transstilbene excited stepwise by the UV-pump éhd, pulses ] ====---3 T | Taw
may also have contributed to the 398-chband. The phase L3 r i A
shift of the coherence as a function of ¢,(t;), should So ¢ So ¢
synchronize with the frequencies s and |vosIg|
(193 cn?). (9) Third-Order Process

As seen in the FT spectra (Figure 4), the amplitude of the of So State
398-cnt! band was nearly zero in both the real and imaginary S1
parts of FT spectra @ = 0.216 ps (Figure 4b,g) although the P2 Py
band appeared a = 0.173 and 0.259 ps. This temporal 111
behavior can be attributed to an interference between more than So 2 f

two bands having differert dependences. Thus, the depletion Fi 7 E di f optical hat irradiate liaht i
: . L and the igure 7. Energy diagrams of optical processes that irradiate light in
process the phase of which synchronizes400 cn1* an the same direction as the fifth-order Raman sigrfglandf, are the

fifth-order Raman process of the first overtone of thgband vibrational excited states of thg States ofrans-stilbene or the solvent.
the phase of which synchronizes at 193 @émmay have _
contributed to the 398-cm band. Further experiments involving The absorbance change observed by the fifth-order Raman

the fine scans of; or the 2D spectra of the fifth-order Raman Setup in Figure 3a is expressed by

signal may provide thé; dependence of the 398-ctband,

such as its modulation frequencies and its phase as the function AAps= —log(lonl ore) (4)
of t3, leading to a conclusive assignment.

5-3. Possible Contribution of Signals in our SetupWe
discuss possible contribution of signals in the fifth-order Raman
setup. We define the wave vectors of the UV-puiap,, and
Ps pulses akpump K1-2, and ks, respectively. The observed )
signal fields had the wave vector ko because the transmittance Epump-probe-s, T Etnira-s, T Esl” ()
changes of th@; pulse were detected in the present study. The
signals due to the fifth-order process as well as the third-order andlorr is
processes are irradiated to the direction having the wave vector )
of ka. First, we consider the fifth-order Raman signal having a lorr = |Epump-probe-s, T Epump-prove-s, T El (6)
wave vector oKpump — Kpump + K1-2 — K1-2 + k3, induced by
all the optical pulses. This signal contains the fifth-order Raman where E; denotes the electric field of the inpis; pulse.
signal of the $ transstilbene Esmn-s, in Figure 7a) and the  Assuming that thes field (Es) is much larger than the other
ground-state molecule€qn-s, in Figure 7b,c). Second, the fields, eq 4 is approximated as
third-order processes are induced by only the UV-pumpRynd
pulses. The wave vector kgump — Kpump + k3. The signal is AP —Egin s B3 — Efin -5, 55 — Enie-s, B3 (7)
contributed from the pumpprobe processes of 8ans-stilbene
(Epump-probe-s; i Figure 7d) and the ground-state molecules Figure 5 clearly shows that the oscillatory componerting-s,
(Epump-probe-s, in Figure 7e,f). Third, the other third-order was negligible except for only the nonresonant electronic
processes having a wave vectorkaf, — k-2 + k3 can be response around the time origia € 0). In addition, the higher
detected by the present setup. The process is attributed to therder field, Esimn—s,, iS expected to be much smaller than the
third-order Raman signal of the ground-state molecules probedlower order field Ewig—s,- Therefore, the oscillatory components
by the P1—» and Ps pulses Ewni-s, in Figure 7g). in eq 7 are given by

wherelony and|lorr represent the transmittd®y intensity with
the P1—, on and off, respectively. The intensityy is

ION = |Efif'[h—Sl + Eﬁf’(h—S0 + Epump—probe—sl +
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