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Abstract

Selective stimulated Raman scattering using a single-color femtosecond N-pulse train of finite pulse duration leads to
a low excitation efficiency in the high frequency region. This low efficiency of Raman mode excitation is due to spectral
modulation which stems from the finite duration of the pulses in each train. To overcome the low efficiency of excitation
in the high frequency region, a vibrationally synchronized pumping technique with frequency difference resonance is
proposed. In this technique, both the pulse-repetition rate and the center frequency difference of carrier-phase-locked
two-color beams consisting of a femtosecond N-pulse train are chosen to be resonant with the frequency of a specific
vibrational or rotational mode of interest. In addition, a formula describing the optimum pulse number N for efficient
selective excitation is derived. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 42.65.—k; 42.65.Re; 42.65.Dr
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1. Introduction bration or rotation period. Typical values of the
vibrational or rotational period corresponding to

The recent development of the ultrafast tech- the Stokes shift in many Raman scattering media
nology has enabled us to generate optical pulses are of the order of 107*~10 s, This means that
whose duration is shorter than the molecular vi- with the use of laser pulses whose duration ~
10-100 fs, many Raman modes can be excited
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selectively. On the other hand, selective excitation
of a specific Raman mode or quantum control of
molecular motion with a high time resolution has
been carried out using femtosecond shaped optical
pulse sequences (consisting of N-pulse trains) whose
repetition rate are equal to their vibrational or
rotational frequency [4,5]. In addition, an analysis
of this selective excitation with the N-pulse train
has been done only under the assumption that each
constituent pulse is a d-function in time [6,7]. How-
ever, a more realistic analysis of the selective ex-
citation with the N-pulse train consisting of pulses
with a finite duration is essential for proper ana-
lysis of experimental results.

In this paper, we show that the practical
analysis of selective excitation of molecular vibra-
tion or rotation using an N-pulse train with finite
pulse duration leads to a low selectivity or effi-
ciency due to the envelope spectral modulation
arising from the finite pulse duration. In order to
overcome this problem we propose an ultrafast vib-
rationally synchronized pumping technique with
frequency difference resonance where not only the
pulse repetition rate (7-') but also the center fre-
quency difference ((w; — w,)/27) between carrier
phase-locked two-color femtosecond-pulse-train
beams are tuned to the corresponding resonance
frequency (wgn/27m) of a specific vibrational or
rotational mode. With this detailed analysis that
accounts for the finite pulse duration, it is demon-
strated that this novel technique allows efficient
selective excitation.
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2. Proposal and fundamental analysis for a femto-
second vibrationally synchronized pumping tech-
nique with frequency difference resonance

2.1. Proposal

Here we propose a vibrationally synchronized
pumping technique with frequency difference reso-
nance for efficient selective molecular vibrational or
rotational excitation that can be applied up to the
high frequency region. The basic concept of the
vibrationally synchronized pumping technique with
frequency difference resonance is that both the
center frequency difference and the repetition rates
of two-color N-pulse train beams can be simulta-
neously tuned to the resonance of a specific mole-
cular vibrational or rotational frequency of interest.
For example, this vibrationally synchronized pump-
ing technique with frequency difference resonance
can be implemented as shown in Fig. 1. After the
amplified femtosecond optical pulses are spectrally
broadened by self-phase or induced-phase modu-
lation [8-10], they are guided into a two-dimen-
sional (2D) pulse shaper consisting of a 4f-system in
which a 2D spatial light amplitude- and phase-
modulator are located in the Fourier-plane. By use
of this 2D-pulse shaper, simultaneous two-color
pulse shaping is carried out with an arbitrary center
frequency (wavelength) selection (w; and w;) and
with arbitrary control of the pulse intervals 7" (pulse
repetition rates: 7'). Thus we generate two-color
shaped N-pulse train beams whose center frequen-
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Fig. 1. Schematic diagram of the vibrationally synchronized pumping technique with frequency difference resonance.
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cies are w; and w,, with the same repetition rates

~! as the pump beams (pumpl and pump2) which
are focused into the medium under study. When we
adjust the center frequency difference of these
beams w; — w, to a specific molecular vibrational
or rotational frequency of interest wg i, and the
pulse repetition rates T-' to wgn/2m, We can
achieve vibrationally synchronized pumping exci-
tation with frequency difference resonance. In this
vibrationally synchronized pumping technique with
frequency difference resonance, the pulse-repetition-
rate synchronization with vibration leads to selective
excitation and the center-frequency difference reso-
nance brings Raman-signal enhancement of the
selective excitation. That is, the wg iy-vibrational or
rotational mode is selectively excited with a rela-
tively high signal intensity. When the probe pulse
having time delay tp between the pumpl and
pump? is also focused into the medium, we can
observe behavior characteristic of temporally SRS
of a selected Raman mode. A local oscillator pulse
LO, derived from a portion of the signal before
detection, is used for optical heterodyne detection
(OHD). We term ¢ the relative phase of the pump2
with respect to the pumpl or probe and i the phase
of the local oscillator with respect to the probe. The
phase difference between the pumpl and the probe
is arbitrary. When one adjusts ¢ and y to the ap-
propriate values, the real and imaginary parts of the
Raman response can be obtained.

2.2. Fundamental analysis

Fundamental analysis of selective excitation
using an N-pulse train with finite duration in the
two-color pump case as well as the one-color
pump case is described in Appendix A. From
Appendix A, the optical-heterodyne-detected co-
herent Raman scattering signal is expressed by
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Here, u(¢) is the unit step function, represented by
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””:{Lin>0 (2)

In the case where pumpl and pump2 have the
same pulse-train envelopes and 7y < 7T, as shown
in Fig. 2(a), the factor # {Ey, (¢)E, ,(¢)} in Eq. (1)
has the form sin(NwT/2)e V-VT2Z{|F(t/
To)['}/W sin(wT/2) (see Appendix B). From this,
it should be noted that, because of the finite pulse
duration, the spectrum of an N-pulse train is
modulated by a factor #{|F(¢/T)|"}. This corre-
sponds to the spectrum of the constituent pulse,
unlike in the delta-function pulse train case. The
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Fig. 2. (a) An example of an N-pulse train (F(¢/Tp) =
sech(t/Ty), t, = 1.763Ty = 30 fs, N = 6 and T = 333.56 fs). (b)
Its spectrum is represented by the solid line. The dashed line
corresponds to a spectrum of a #, = 30 fs single pulse. The wave
number 0 cm™' corresponds to the center wavelength. (c) The
spectral peak around 7-' =100 cm™' is magnified. The full
width at half maximum dw; of the peak approximately equals
dw,, which is the difference between the peak and the first ad-
jacent zero point.
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conventional analysis using an infinitesimal dura-
tion is impractical because it could excite a mode
strongly in an arbitrarily high vibrational frequency
region. As an example, in our analysis here, we
consider F(¢/T;) as a hyperbolic secant function.
Then

Clw) = 9{|F(z/ro)|2} = 7 {sech®(t/Ty)}
= nwT; cosech(nwTy/2), (3)

as shown in Fig. 2(b). Since spectral filtering for
selective excitation at wg i is done by the peak of
® = wpn = 21/T, the stimulated Raman signal
for N-pulse train beams with finite duration is re-
duced by a factor of C(wgn)/C(®w = 0) compared
to that for delta-function N-pulse train beams. For
the example described in Section 4 (wg /27 =
448.2 cm™! and Ty = 30/1.763 = 17.0 fs), the ana-
lysis using the N-pulse train with the infinitesi-
mal duration overestimates the power spectrum of
the coherent Raman scattering signal excited se-
lectively at wgjn /27 =448.2 cm™! by about a
factor of five compared to our analysis using the
N-pulse train with finite duration. Thus the ana-
lysis using the N-pulse train with the finite dura-
tion is essential for an accurate interpretation of
the experimental results.

3. Optimum pulse number of an N-pulse train

For a practical consideration of the selective
excitation using an N-pulse train with finite dura-
tion, the condition that the total energy of the N-
pulse train is constant should be considered. SRS
is a third-order non-linear process governed by the
pulse peak intensities. Thus, under the constant
total-energy condition, it is important to derive the
formula that determines the minimum pulse
number for efficient selective excitation in both
cases of one- and two-color N-pulse train beams.
Fig. 2(c) shows the magnification of the first posi-
tive frequency (or negative-frequency) sub-spec-
trum of F {Epui (1)E,,(1)} at @ = +27/T, which is
used for conventional selective excitation. From
equation in Appendix B, the shape of this sub-
spectrum is expressed mainly through the factor
sin(NwT/2)/W sin(wT/2). Adjacent spectral zero

points are at w = 2n(1 £ 1/N)/T. Approximating
the shape around the first positive frequency sub-
spectrum to that of an isosceles triangle, we can
evaluate the full width at half maximum (FWHM;
dw;) of the first positive frequency (or negative-
frequency) sub-spectrum to be 2n/NT, which is
equal to half of the base width dw, of the trian-
gle. Considering that only the Raman spectral
component almost within the FWHM of the first
positive frequency (or negative-frequency) sub-
spectrum can be excited effectively, we find that the
condition for efficient selective excitation is that
the FWHM should be smaller than the minimum
interval (Awg),,;, of the intervals between the
Raman line wg i of interest and the lines wg pi;
(G=1,...,m—1) of no interest. That is,
2n

Nz (AwR)minT ' (4)
This is the criterion for the optimum pulse number
N for efficient selective excitation using an N-pulse
train. It should be noted that the optimum pulse
number does not depend on the shape of each
pulse that constitutes the N-pulse train, because
the width of the first positive frequency (or nega-
tive-frequency) sub-spectrum is determined by the
factor sin(NwT/2)/W sin(wT/2).

4. Efficient selective excitation by the vibrationally
synchronized pumping technique with frequency
difference resonance

As mentioned above, the spectral modulation of
F{Epui (1)E, 5 (1)} in Eq. (1) leads to a low selec-
tive-excitation efficiency of a specific Raman mode
in the high frequency region in the case of w;—
wy; = 0. In order to avoid this low selective-exci-
tation efficiency, due to the factor F {E,u () x
E;;uz(t)}, we take notice of another factor of
F{expli(or — w)tu(t) 32, r;(¢)} in Eq. (1)._*While
the spectral modulation due to F{Eu(t)E, (1)}
decreases the spectral amplitude at w = g jnt, €5-
pecially in the high frequency region, the spectral
amplitude at @ = 0 is not modulated even in the
finite duration case. Moreover, shifting the Raman
spectrum is possible with a factor expli(w; — w,)1]
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in 7 {expli(w1 — w)tju(t) 32, r;(¢)} by varying the
o — w, value. When we adjust @y — @, = OR jnt,
we can shift the Raman spectrum by —wg iy, thus
we can use the un-modulated spectral component
at w = 0 of the N-pulse train for selective Raman-
mode excitation. That is, to greatly improve on the
low efficiency of selective excitation in the high
frequency region, we employ the vibrationally
synchronized pumping technique with frequency
difference resonance. We use two-color N-pulse
train beams with a frequency difference of w; — w,
which corresponds to the Raman frequency wg i
and for which the pulse interval T satisfies wg jn =
2n/T. These two-color N-pulse train beams, as well
as one-color N-pulse train beams, can selectively
excite the specific Raman mode of wg . More-
over, when adjusting the center frequencies of the
two-color beams that satisfy w; — wy = wgjn, We
can shift the spectrum of the Raman response
effectively to make them resonant with the cen-
tral spectral peak of the N-pump-pulse trains.
Thus, we can perform efficient selective excitation
even in the high frequency region, with compli-
cated Raman lines, using two-color N-pulse train
beams.

As an example, we investigate the efficient se-
lective excitation of tetrachloroethylene that has
Raman modes at 236.6, 346.5, 448.2 and 511.9
cm~! in the high frequency region [11], as shown in
Fig. 3(a). Here, we consider the selective excitation
of the 448.2 cm™!' Raman line. The pulse interval T
for selective excitation at 448.2 cm™' is 74.4 fs, and
the minimum frequency interval (Aw),;, /27 is 63.7
cm~'. To avoid a decrease in power of each con-
stituent pulse for selective excitation under the
condition that the total energy of the N-pulse train
is constant, N should be at least 7 to satisfy the
inequality (4).

The power spectrum of Eq. (B.4) in the case
where Eyi (1) = Epn(t), F(1/Ty) = sech(t/Ty), N =
7, T=744 fs and every pulse duration ¢, =
2Ty In(1 4+ +/2) = 30 fs (Ty = 17.0 fs) for selective
excitation at 448.2 cm~! is shown in Fig. 3(b). The
height of the first peak at the positive or negative
frequency (w/2m = +£448.2 cm™!) is much lower
than that of the peak at the center of =0 cm™'.

As a measure of the selectivity and efficiency of
excitation, we define a factor yg, such that
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Fig. 3. (a) Raman spectrum of tetrachloroethylene. (b) The
spectrum of an N = 7 pulse train for selective excitation at
448.2 cm™! mode. The wave number 0 cm™! corresponds to the
center wavelength.
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the Fourier transform of Sheero(ks, 7p)). In Section
4, the efficient selective excitation by the vibra-
tionally synchronized pumping technique with
frequency difference resonance will be discussed
together with the 74 values. Fig. 4 shows the cal-

culated coherent Raman scattering signals as a
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Fig. 4. Temporal profiles of heterodyne-detected coherent Raman scattering signals with pump pulses of (a) ; —w, =0 and N =1,
(b) , —wy =0and N =7, (c) (0 —w,)/2n =4482 cm™! and N = 1, and (d) (0, — w,)/2n = 448.2 cm™! and N = 7. The com-

parison of the signals in the (b) and (d) cases is shown in the inset.

function of delay time in the OHD scheme for four
cases (A) N =1, w; = wy, (b) N =7, w1 = w», (¢)
N=1, (o —w)/2n=4482 cm ! and (d) N =7,
(0 — y)/2n = 448.2 cm™!), on the assumption
that the damping rates y of all Raman modes in
Eq. (4) are all 20 cm™~'. To obtain maximum signal
intensities in the OHD scheme, we set the ¢ + ¢
values to /2 and 0 for the @, — w, = 0 and 448.2
cm~' cases, respectively. In the N =1 (Fig. 4(a)
and (c)) cases, it is found that the signals exhibit
combined oscillation of more than one frequency.
In the N = 7 and w; — w, = 0 case (Fig. 4(b)), it is
seen that the signal oscillates with a specific fre-
quency at wg i, but the signal oscillating at g jnt
is weak. In the N=7 and (0 —w,)/2n=
448.2 cm™! (Fig. 4(d)), it is seen that the signal is
dominated by a non-oscillating component. This
non-oscillating part corresponds to the selectively-
excited mode of interest owing to the frequency
shift of (w; — w,)/2n = 448.2 cm™!. By consider-
ing the integral of the non-oscillating part with
respect to the time delay, the selectively excited
Raman signal at wgjy =448.2 cm™! mode is

found to be comparatively large. (See the inset of
Fig. 4(d).) To further clarify the selectivity of the
excitation, the corresponding power spectra are
shown in Fig. 5. Signal intensities when w;—
w, =0 (Fig. 5(a) and (b)) are low owing to the
spectrum modulation factor #{|F(¢/Ty)|*} in Eq.
(1). On the other hand, signal intensities when
(0, — w,)/2n = 448.2 cm™! (Fig. 5(c) and (d)) are
much more enhanced than those when v, — w, =
0. For Fig. 5(c) and (d), the horizontal axis rep-
resents wave number corresponding to [w — (w;—
,)]/2n. Thus, the peak at 0 cm~! corresponds to
the vibrational mode of 448.2 cm~!. That is, by
adjusting (w; — wy)/2n to the mode frequency
wrnt/2n of interest, we can effectively shift the
Raman mode frequencies by —(w; — w,)/2x so that
the only the signal intensity of interest is strength-
ened. As a result we can achieve much more effi-
cient excitation at w = 0 cm™!. In addition, the N =
7 pulse train enables the further selective excitation
of only the 448.2 cm™' mode (Fig. 5(d)), while the
N =1 pulse excites all the Raman modes simulta-
neously (Fig. 5(c)). The quantitative comparison
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Fig. 5. Power spectra of heterodyne-detected coherent Raman scattering signals with pump pulses of (a) w; — @, =0 and N =1, (b)
o —w;=0and N =7, (¢) (0 — »,)/2n =448.2 cm™ and N = 1, and (d) (w; — @,)/2n = 448.2 cm™! and N = 7. The selectivity is
determined by g, which is defined by Eq. (5). This is evaluated to be (a) 0.285, (b) 7.35, (c) 12.2 and (d) 199.

of the selection factor 4 defined by Eq. (5) makes
it clear that the yg values are 0.285, 7.35, 12.2 and
199 for Fig. 5(a)—(d), respectively. Thus, it is found
that, even in the high frequency region, efficient
selective excitation can be made with two-color
synchronized shaped-N-pulse train beams whose
frequency difference is adjusted to the phonon
mode frequency of interest (Fig. 5(d)). The calcu-
lated results show that this vibrationally synchro-
nized pumping technique with frequency difference
resonance (Fig. 5(d)) has the advantage of exhib-
iting an enhancement factor about 20 times larger
in the power spectrum of Raman signal for selec-
tive excitation than the conventional one-color
pulse shaping technique (Fig. 5(b)).

5. Conclusions

We have analyzed the SRS signal using N-pulse
trains with finite duration. It was found that
spectral modulation due to the finite duration of
the constituent pulse causes low efficiency of se-
lective excitation in the high vibrational frequency

region. To greatly improve on this low efficiency in
the high frequency region, the vibrationally syn-
chronized pumping technique with frequency dif-
ference resonance is proposed, in which both the
pulse-repetition rate and the center-frequency dif-
ference of the two-color N-pulse train beams are
made resonant with the frequency of the specific
vibrational or rotational mode of interest. From
the experimental point of view, under the condi-
tion that the total pulse energy is constant, the
formula describing the optimum pulse number for
effective selective excitation has been derived. As
an example, we have calculated the SRS signal of
tetrachloroethylene for (a) single pulses (N =1,
w; — wy = 0) case, (b) single pulses with frequency
difference resonance (N = 1, w; — w, = wg i) Case,
(c) single frequency N-pulse trains (only repe-
tition rate resonance: N =7, w; — w; = 0) case
and (d) N-pulse trains with repetition-rate and
frequency difference resonances (vibrationally syn-
chronized pumping technique with frequency dif-
ference resonance: N =7, w; — w, = WRnt) Case.
In the vibrationally synchronized pumping case
with frequency difference resonance (d), a specific
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vibration mode is selectively excited with a ~20
times larger power spectrum than in the repetition-
rate resonance case (b). Thus, it is shown that this
vibrationally synchronized pumping technique
with frequency difference resonance for selective
excitation is useful in the high frequency region as
well as in the low frequency region.

Appendix A. Fundamental analysis of selective
Raman-mode excitation

In order to clarify the advantage of the selective
excitation using two-color pulse trains, we first
describe the analysis of selective excitation by an
N-pulse train with finite duration including two-
color pump case as well as one-color pump case
here. Consider a thin medium interacting with an
external electric field:

E(r,t) = Epu(r,t) + Epe(r, 1), (A.1)

Epu(r,1) = 3Epu (1) expli(ky - r — wyt)]
+1Epn (1) expli(ky - r — ot — §)] + c.c.,
(A2)

Epe(r,t) =1E (1 —

> 1p) expli(ks - ¥ — wst)] + c.c.,

(A.3)

ELo(V, t) = %FLo(Z‘ — ‘L'D) exp[i(ks -r — Lot — l//)] +c.c.
(A.4)

Here, Epui(t), Epn(t), Ex(f) and Epo denote the
temporal envelopes of pumpl, pump2, probe and
local oscillator pulses with different center fre-
quencies w; (j =1, 2, 3 or LO), respectively. The
probe pulse is delayed by the time interval zp with
respect to pumpl and pump?2.

Pumpl and pump?2 interfere in the medium,
creating a transient grating with a wave vector
k| — k,. The probe beam then is Bragg-diffracted
by this grating, resulting in the scattered beam in
the k, = k; — k, + k; direction. The center fre-
quency of the scattered signal is w; = w; — w, +
3. An experimental setup of the box-CARS geo-
metry for coherent Raman scattering is one of the
cases of this configuration. In addition to these
three pulses, a fourth pulse that can be used as a
local oscillator for OHD is included here [12-14].

We here focus on Raman processes, with off-
resonant electronic-state excitation such that

Weg + o > l/fp,l,
Weg + w, > 1/Ip127 (AS)
U)eg + w3 > 1/fp‘37

where Awe, is the energy difference between the
electronic excited and ground states, and #,; (i = 1,
2, 3) is the pulse duration of pumpl, pump2 and
the probe pulses, respectively. In this case, the op-
tical-heterodyne-detected coherent Raman scatter-
ing signal in the ks-direction is given by

Shetero("w TD) X

ZwSIm{/ dz|Epr(;ffD)\2/ dtEpu (t — 1)
—00 0

X Epy(t — 1) expli(er — w2)t] Y ri(2)

x expli(d + l//)]}, (A.6)

integrated over all times ¢, on the assumption that
Ero(t) oc expli(ks - ¥ — wgt)]. r;(¢) is the Raman re-
sponse of the medium exhibiting the jth vibra-
tional mode (j = 1,...,m), expressed by

ri(t) = A;exp(—7y,t/2) sin( 1), (A7)

@R, =\ or, — (1;/2), (A-8)

where 4;,7; and wg; are the relative strength, the
damping rate and the natural vibrational fre-
quency of the jth mode, respectively. In accor-
dance with the philosophy of selective excitation,
m modes are classified into a mode of interest
(wrin) and m — 1 modes of no particular interest
(WRnits - - -, OrRnim—1), hereafter. We do not include
the electronic response function here.

Defining the Fourier transform of a function

£(0) as
Froy= [ " dref (o), (A9)

we can rewrite Eq. (A.6) as Eq. (1).
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Appendix B. Mode selection

The coherent Raman scattering signal produced
by the vibrationally synchronized pumping tech-
nique with frequency difference resonance is ana-
lyzed by describing the profiles of the pump pulses,
using a shaped-pulse train in the form

ol

Epul (t) = pu2(t)

F([t+ (n—1)T)/Ty) /N W, (B.1)

I
M=

3
I

2

00 N
W:/ &S F(e+ (- DTYT)| . (B2)
o0 n=1
where F(z/T;) denotes the profile of each constit-
uent pulse composing an N-pulse train with the
constituent-pulse duration parameter 7y, and T is
the time interval between pulses, as shown by Fig.
2(a). Considering practical cases for selective ex-
citation using pulse trains, the electric field is
normalized by VW under the condition that the
total pulse energy is constant. In the case where
Ty <T,

Epul(t)_puz(t> =~
+N"F([t+ (n = D)T)/to)F ([t + nT) /1)
+ Y F(t+ (n=1)T]/10)

< F*([t+ (n— z)T}/to)}/W. (B.3)

When T, <« T, the second and the third terms in
Eq. (B.3) can be neglected. Thus, the Fourier
transform of the first term in Eq. (B.3) is

F{ B (1)} =

1 Sln(N(DT/z) —i(N=1)oT/2 2
— ¢! LTS |F(t] T, .
W sin(wT/2) ¢ {| (t/T5)] }

(B.4)

The spectrum of Eq. (B.4) is almost discretized
with the frequency spacing Aw = 2xn/T, deter-
mined by the time interval T of the N-pulse train.
This discretization enables us to excite coherent
phonons selectively, that is, to excite only a specific
vibrational mode. This is in stark contrast to the
single-pulse (non-pulse train; N = 1) case where
many Raman modes are excited simultancously.
This selective excitation can be explained through
Eq. (1): among the Raman modes represented by
r;(t), only a specific vibrational mode @g iy is fil-
tered by the spectrum {Epul(t)E;uz(t)}, when
mAw = g jne (m: integer) in Eq. (A.8).
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