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Multiple Pulse Excitation of Molecular Vibration
in Resonant Pump-Probe Experiments. I.
Perturbative Approach
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The possibility of stepwise amplification of molecular vibration by resonant multiple pulse excitation is
theoretically considered on the basis of perturbation theory. A grating experiment favorable to its observation
is proposed. It has proved that the effective interval of the repetitive irradiation to attain large amplitude
vibrations is equal to odd halves of the period of the vibrational cycle and that there is no gain with an interval
equal to the integral multiples of the vibrational period while such an interval is effective in mode selective
excitation. It has also proved that the dispersed signal shifts periodically over a range of energy and that the
range is widened as the vibrational amplitude is increased.

The pump-probe techniques have attracted interest
since it facilitates the real time observation of ultra-
fast dynamics in condensed phases. In its application
to vibrational spectroscopy, the material system is sub-
jected to a ultrashort perturbation by pump pulses to
be distorted abruptly along an active mode from the
equilibrium structure, and the time evolution of the sys-
tem is monitored by the variably delayed probe pulse.
The nonstationary state initially prepared, therefore,
determines the dynamics in spectroscopic manifesta-
tion. The mechanisms to drive an active mode to dis-
place differ according to whether the optical pulse is
resonant with the electronic transition or not; in the off-
resonance case, the driving force from the pump field is
exerted through the polarizability derivative, and the
initial displacement can be made larger by the more in-
tense pulse. In the resonant case, by contrast, the role of
the pump pulse is just to switch the two relevant poten-
tial surfaces upon which the wavepacket should move.
Therefore, it might appear that the initial displacement
cannot be controlled by the strength of the external
field. However, larger displacements can be achieved
by multiple pulse excitation; recently, Weiner et al.
have conducted an impulsive stimulated Raman scat-
tering experiment using specially devised femtosecond
pulse trains and have demonstrated enhanced scatter-
ing from a selected active mode.) Gerdy et al. have re-
ported building up of the wavepacket population by res-
onant multiple excitation.?? The population discussed
by them is of the second order in the pump field and
not the higher order as treated here. In the present
paper we will propose the resonant multiple excitation
resulting in a large amplitude vibrational motion that
extends beyond the Franck—-Condon region. In particu-
lar, it will be predicted how the large amplitude motion
appears in the spectral and temporal signals.

Theoretical

Spatial Coupling and Nonlinear Polarization.
The resonant medium considered here is an electroni-
cally two-level system which is coupled to molecular vi-

brations as is exemplified by dye molecules in solution.
For the arguments which follow, Assumptions 1)—6)
will be made; 1) the slowly varying amplitude approx-
imation is applicable. 2) the Condon approximation is
valid. 3) the relaxation of nuclear motion is negligi-
ble. 4) the time intervals between the successive pairs
of pumping pulses, and between the last pumping pair
and the probe pulse are much longer than the homoge-
neous transverse relaxation time 7. Accordingly, the
electronic coherence induced by any one pulse decays
out completely before the arrival of the next pulse. 5)
the optical pulses are weak enough to assure the validity
of the perturbative treatment. 6) the temporal width
of every optical pulse is so short that dynamics of the
system such as the optical dephasing and molecular vi-
brations is regarded as frozen during an irradiation.

We have in mind a kind of transient grating experi-
ments which will be outlined as follows; a definite num-
ber of pulse pairs on different arms are successively sent
into the sample with a certain interval of time between
the neighboring pair. The two pulses in each pair are
temporally and spatially overlaps inside the sample to
induce the spatially modulated population inversion,
i.e., the population grating. After the transmission of
all the pairs, a probe pulse denoted as E;, is incident on
the material and is diffracted by the grating into various
directions. The diffraction into a particular direction is
detected as is illustrated in Fig. 1a.

Suppose the simplest case of the excitation by a sin-
gle pair of pump pulses, say E; and F> and attempt
to detect the diffraction along the direction parallel to
(7 —7lp), where 7ip, 7i;, and 7y represent the unit
vectors along the propagation directions of the probe
pulse Ey, the pump pulses E; and Ej, respectively. We
shall consider another excitation mode, i.e., exciting the
sample with the succeeding pair of pulses F5 (along 7i3)
and FE, (along 7), and attempt the detection of the
diffracted light into 7=+ (7 — 7ip)£(73 — 1is). We fur-
ther consider the mode involving the additional pair of
pluses E5 (along 7i5) and FEg (along 7i) and will be con-
cerned about the diffraction into 7i,3=(7; — 7ip) % (73 —
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Fig. 1. Schematic representation of the experimental
arrangement. Panel (a) corresponds to the triple
excitation case, where S represents the sample and
Afi;=#; — ;. The intersecting angles between 7
and 7z, 7iz and 74, and 75 and 7ig should be taken
as small as possible in a real experiment. Panel (b)
depicts an alternative arrangement for the double ex-
citation case.

7i4)£(7is — 7ig). For the last case involving three pairs
of excitation pulses, an example of the beam-geometry
is shown in Fig. 1la. The implication of Fig. 1a will be
explained later in the section of Significance of Grating
Arrangement.

The diffraction intensity varies for different combina-
tions of the signs in coupling the wave vectors because
there exists a partial breakdown in the phase-matching
condition caused by discrepancy of the lengths of those
vectors from unity. Except for such difference in the ab-
solute intensities, all the combinations give a common
signal of beating, which will be described later in detail.

As a representative case, the explicit form of the non-
linear polarization associated with the excitation by
three pairs of pulses will be given. The electric field
of an optical pulse E; (i=1, 2, ---, or p) is assumed to
take the form as

E; (t,7) = & (t — (75;+7) Jc) er =D/ 4 ¢ ¢ (1)

where c denotes the velocity of light, and ¢;(t) repre-
sents the temporal envelope that varies slowly compared
with its carrier frequency w;. From now on an individ-
ual pulse is identified by the notation of its envelope
for convenience. In the triple excitation in Fig. 1a, the
source of the detected scattering is the seventh order
polarization in the form

P (t,7) = P (t,7) et + c.c., (2)

(7
where P )(t,?) expresses a temporal envelope. Solving
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the Liouville equation perturbatively under Assump-
tions 1—6, we obtain the polarization envelope

R t—(fig+7)/c
PO (4,7) = (=) Mpesl” [ o st
0

tr+(Afgfo7)/c
/7 ( 9f ) di

0
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/ dts / d

0 0
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where .#"and pge denote the number density of the ab-
sorbers and the transition dipole, respectively. The dif-
ference vectors are defined as Afi;=7; —17i;, and €,(t),
ep(t), .-+, and e4(t) correspond to €1(t), e2(t), -+, €6(t),
or ep(t). Here, we do not write down the explicit forms
of the seventh order response functions Ri(7)(t— t7, -+,
ts—t1) (i=1—8) since it is not their complete but re-
duced forms that is required after all as will be shown
later. The eight terms in Eq. 3 possess the respective
phase factors involving the propagation directions 7i;
(4=1—8) which are given by

nslEﬁg_ﬁf"'ﬁe_ﬁd'i'ﬁc_ﬁb'{‘ﬁay

ns2Eﬁg_ﬁf"'ﬁe_ﬁd‘l‘ﬁc""ﬁb_ﬁa’
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and Tlsg = 7ig + 7l — Tle — Td + Tic + Tib — 7.

The radiation into 7i,+ (7 — 7ip) + (7is — ia) + (7is — Tle)
arises from a particular assignment of the fields in the
eight terms in Eq. 3. The definite assignment is listed
in Table la. It is obvious that the eight propagation
vectors 7ls; through i are all equivalent. Henceforth,
we omit the spatially dependent phase factor which is
common to all the eight terms, and denote the polar-
T . +(7) .
ization in Eq. 3 simply as P "(t). We set the interval
of time between the first and the second pairs of coin-
cident pulses to be 7, the one between the second and
the third pairs be 75, and the last one between the third
and the probe pulse be 7. Suppose that the first pair
of coincident pulses are incident on the sample at ¢=0.
The pulse envelopes can be replaced with § functions
by Assumption 6, and written as

Table 1. Field Assignment
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(a)
Eg Ef €e €d Ec €b €a
1 Ep €6 €5 €4 €3 €2 €1
2 €p €6 €5 €4 €3 €1 €2
3 €p €6 €5 €3 €4 €1 €2
4 €p €6 €5 €3 €4 €2 €1
5 €p €5 €6 €3 €4 €1 €2
6 €p €s €6 €3 €4 €2 €1
7 €p €s €6 €4 €3 €2 €1
8 €p €5 6 €4 €3 €1 €2
(b)
Ec Ec €a
1 €p €2 €1
2 £p €1 €2
(©)
Ee €d &c b €a
1 €p €4 €3 €2 €1
2 €p €4 €3 €1 €2
3 €p €3 €4 €1 €2
4 €p €3 €4 €1 €2

(a) For the seventh order polarization propagating along
fip + (71 — i2) + (73 — M4 ) + (A5 — 7 ), (b) For the third or-
der polarization propagating along 7ip + (71 — 7iz), and
(c) For the fifth order polarization propagating along
fip+ (71 — fi2) + (7i3 — fia). The columns in (a) correspond
to the fields eg through e, in Eq. 3, and the running
numbers of the rows correspond to those of the response
functions in Eq. 3. Similarly, the two rows in (b) and
the four in (c) correspond to the two response functions
of the third order and the four response functions of the
fifth order, respectively.
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e1(t) = e2(t) = exmpé(2),

ea(t) = £a(t) = esmpb (¢ — m) o1

e5(t) = e6(t) = esmpb(t — 72 — 1) e—iw1(1-2+7-1),
and ep(t) = epmpb (t — T ~ 120 — 1) emin Tty

where 7, is the temporal width of the optical pulses.
Referring to Table la, we substitute Eq. 4 into Eq. 3,
and neglect the spatial dependence in the upper limits
of the integral for simplicity while integrating over #
through #;. All the eight terms result in the following
form

(1/8)(=3)"A01260505% 0 pge
RD(t—1—1—m7,7,0,72,0,71,0), (5)

where 0;=pgeeiTp (1=1, 3, 5 and p) with ;<1 by As-
sumption 5. The factor 1/8 comes from the fact that
three half-delta functions are involved in the sevenfold
integration. Since the following relation holds generally

R1(7) (37, 36,0, 84,0, 32,0)
= R2(7) (s7, 86,0, 84,0, s2,0)
- = Rg(7) (s7, 86,0, 84,0, 52,0), (6)

the eight terms in Eq. 3 are in a common form to give
the seventh order polarization

PO (t) = (=i) " A01%05°05°0ppge
Rr™ t—-7—T0—71,7,72,71)

for t>m+m+T, (7)

where R(V)(s7, s¢, S4, S2) is defined as in Eq. 6.

If the material is excited by only a single pair of
pulses, the two coincident pulses are assumed to be in-
cident on the sample at ¢t=0, and the probe pulse is
at t=7. Likewise, in the double excitation mode the
first and the second pairs of coincident pulses are as-
sumed to be incident at t=0 and t=7y, respectively,
and the probe pulse is delayed from the second pair
by an interval of 7. The scattering to be detected in
the single excitation mode arises from the third or-
der polarization whereas in the double excitation mode
from the fifth order polarization. The former incor-
porates two response functions, R;®)(s3, so, 51) (i=1
and 2), and the latter four, R;(®)(s5, s4, s3, s2, 1)
(1=1—4), the explicit forms of which are not given here.
The components propagating along 7i,+ (7 — fiz) and
along i, + (7, — 7ip) + (i3 — 7i4) follow the assignments
given in Tables 1b and lc, respectively. With a pro-
cedure similar to that in the triple excitation mode,
one can obtain the relevant polarizations as follows by
introducing R®(s3,s2)=R;®)(s3,52,0) (=1 or 2) and
R©)(s5,54,82)=R; (%) (s5,54,0,82,0) (i=1, 2, -+, or 4).

PO () = (i)’ 40, 0ppge RD (t — 7,7)  for t>T (8)
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and

PO(t) = (—i)°#01%05%0,pge R®) (t — 7 — 11,7, 71)
for t>7m 4. 9)
The reduced response functions in Egs. 7, 8, and 9 are

expressed as follows in terms of the constituent func-
tions defined by Eqs. 13a, 13b, 13c, and 13d

R(s)(s, T) = e~/ {vo +v1(7)}, (10)
R® (s,7,71) = e~ (T+T)/T1

X{vo+v1(7)+’l}1 (7'+7'1)+’02 (T;Tl)}a (11)

and
R (s,7,72,71) = e~ (THm2tT1)/Th
x{vot+vi(r)+vi(T+m)+v(t+72+7)
vz (7 + 725 71) + v2 (73 72)
+v2 (1572 + 71) +v3 (7372, 1) } - (12)

The constituent response functions are defined by

iAgs —o02s2 —s/T
vo = "% e/ T2 (g

Ul (s)Ug(s)| 4o}, (13a)

vl(T)EeiAose—azsze—s/Tg <¢0

Ul(r + s)Ug(s)Ue(f)J do),
13b)

iAgs _—o02s? —s/T
va(m;m) =e"7%%e77 T e /T2

x (g0 |US (r1) U (1)UL (5)Ug (s + T)Ue (11)] g0), (13c)

and

. 2.2
v3 (1372, 71) = gt R08e"s" =5/ T (o

Ug(5)Ue(7)Ug (72) Ue (11)| do)

with

Ug(s) = e 78 and Ue(s) = e *He’, (14)

Here, Ay is a detuning frequency of the purely electronic
transition from that of the incident radiation, o is a
measure of inhomogeneous broadening for the electronic
transition, T5 and T3 are characteristic decay constants
for the electronic coherence and population inversion,
respectively. The symbol |¢g) denotes the zero-vibra-
tional state in the electronic ground state, and Ug(s)
and Ue(s) are nuclear propagators during an interval of
s under the vibrational Hamiltonians Hg and H, in the
electronic ground and excited states, respectively.

In Egs. 13a, 13b, 13c, and 13d, the subscripts of
the notations vy through vz denote the number of
pump-pulse-driven switchings of the two potential sur-
faces. The argument s is omitted in the left-hand-
side of Egs. 13a, 13b, 13c, and 13d. Each function in
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Egs. 13a, 13b, 13c, and 13d corresponds to either ab-
sorption or stimulated emission from a nonstationary
state. As has been pointed out by Pollard et al.;% v is
the ordinary absorption from |¢g), v1(7) is the stimu-
lated emission from Ue(7)|do), v2(7; 71) is the absorp-
tion from Ug(7) Ue(71)|¢b0), and v3(7; 72, 71) is the stim-
ulated emission from Ue(7)Ug(72) Ue(71)|0). Notice
that every vibrational overlap in Eqgs. 13a, 13b, 13c, and
13d with s=0 is all unity, so these constituent response
functions with s=0 convey no vibrational information.

Significance of Grating Arrangement. Now
the explanation of our adopting the rather complicated
set-up of Fig. 1a is in order. If the material is excited
by a train of pulses along just a single arm, the signal
has a contribution from the third order polarization as
in Eq. 8, which is created by any couple of one of the
pump pulses and the probe pulse. From the perturba-
tive point of view the third order polarization yields
the dominant feature that is dependent on 7 to ob-
scure the faint feature arising from the higher order
polarization induced by the multiple excitation. The
ordinary transient grating arrangement mitigates this
difficulty; if the material is excited by pulse trains on
two arms along 7; and 73, the dominant contribution
to the diffraction along 7,+2(7; —7lz) comes from the
fifth order polarization and along 7i,+3(7; —7i2) from
the seventh order polarization, and so forth. By choos-
ing an appropriate direction, therefore, the higher order
signal can be detected without being interfered by the
lower order signals. However, some difficulty still re-
mains; suppose the case of the double excitation, where
a pulse train along 7; consists of two pulses €; and
€3, and the other along 7i; of €2 and €4. Then, the
fifth order polarization propagating along 7, +2(7i; — i)
comes from the field products e efeseier (epeacheacy),
epeaciener (epeactesct), and epefesefes (epeacseaes)
with the products in the parentheses being for 7, —2-
(1 —7i2). The first product leads to the polarization in
Eq. 9 with the response function being given by Eq. 11,
and the second and the third products also give the po-
larizations, each being associated with four vibrational
terms which are different from the contents of Eq. 11.
The set-up in Fig. 1a selectively picks out the polariza-
tion given by the first product. As is described later,
multiply excited vibrations manifest themselves exclu-
sively through the last component v (7; 71) in Eq. 11.
The relative contribution of this important term is,
therefore, reduced from 1/4 to 1/12 by replacing the
proposed set-up in Fig. la to the set-up with the two
excitation arms, say, e.g., along 7; and 7i;. In the case
of the triple excitation, it is reduced more severely from
1/8 to 1/80. This is why the set-up in Fig. la is fa-
vored. A similar idea to avoid the interference from
the lower order signals has been demonstrated by Bout
et al. in their recent Raman echo experiment.” As far
as the double excitation is concerned, the alternative
set-up shown in Fig. 1b is also conceivable, where two
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pulses 1 along 7i; and ¢4 along —7; are coincidentally
incident on the sample prior to the another coincident
pair €3 and 7i3 and &4 along —7i3. The dominant con-
tribution to the diffraction along 7i,+2(#; — 7i2) is from
the fifth order polarization due to the field product of
epeacierer (epeseseqey) for i, —2(7 — ).

Emphatically, the probe pulse after transmission
through the sample should not be detected because the
transmitted pulse is unavoidably accompanied by the
forward scattering from the third order polarization due
to the field products as 6p5§"€1, €pEsca, and so forth.
This is a similar situation to that encountered in the
set-up of a single excitation arm.

Detection Scheme. For the sake of simplicity, the
optical density effect is neglected. Then the following
simple relation holds between the diffracted light €inq(?)
and its source polarization P(t)

€ind(t) = —2mikdP(2), (15)

where k=w;/c, d is the thickness of the sample, and
pt)=P"(t) (i=3, 5, or 7).

In the present study, we adopt a heterodyne detec-
tion as shown schematically in Fig. 2, a half mirror des-
ignated as BS1 splits a single pulse into two, one being
the probe pulse €,(?) and the other its replica €i,(?).
The temporal separation, say 7, between the last ex-
citation pulses and the probe pulse is varied by VD1
which controls the optical path length before splitting
the replica, so the variation of the delay time is trans-
mitted to the replica. The replica €1,(%) is not sent into
the sample but is mixed with the diffracted light €;,4(%)
by a half-mirror BS2 out of the sample to work as the
local oscillator. The delay time of the replica must be
adjusted by another controller VD2 so that the replica
and the induced field may overlap temporally at the
half-mirror BS2 to satisfy €10(t)=¢p(t). Once such a
coincidence between the two is attained, the controller
VD2 is fixed throughout the measurement while VD1

<l
£ Esum .
T b b O
&
b ()
Fig. 2. Schematic representation of the detection

scheme: VD1, VD2, controller of optical path length;
BS1, BS2, half-mirror; M, mirror; S, sample; F, spec-
tral bandpass filter or monochromator; PD, photode-
tector. A fine tunability is assumed not for the con-
troller VD1 but for VD2 (see the text).
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is swept.

The sum, egym(t)=¢10(t)+¢€ina(t), is received by a
square-law detector, and its output is recorded as a
function of 7. The 7 dependence of the signal is given
by the heterodyne product

Sher = 2.5 /_ T dt {en(®)ema(t)) . (16)

Substituting Eq. 15 with P(t) being replaced by Eqgs. 7
and 8, or Eq. 9, and ¢1,(?) being expressed explicitly as
€10(t)=¢p(t), we have

Shet ~ He{R(0)},

where we use an abbreviated notation R(s) for R()(s,
T), R(5)(s, 7, 71), or R (s, 7, 79, 7). Then, as stated
above, the beating feature due to the molecular vibra-
tion disappears and only a monotonic decay of the elec-
tronic origin persists.®) To avoid the disappearance of
the beat, the sum field e5ym(f) must be dispersed and a
spectrally selected component is received by the detec-
tor as claimed previously.®*~® In the dispersed detec-
tion, the heterodyne signal Syet(wp) is given by

+oo .
Shet (WD) ~ !%/ dse_z[(wD_w1)5+¢]R(3)7 a7)
0

where wp is a tuned frequency of the monochromator,
and w; is a carrier frequency of the probe pulse. The
symbol ¢ in Eq. 17 represents the difference between
the phases of the local oscillator and of the induced
field. In the measurement under consideration, ¢ can
take an arbitrary value by finely tuning the delay time
of the replica pulse by the controller VD2 within the
carrier cycle 27t/w;. Such a fine control can be achieved
by a piezoelectric transducer.®>® From now on ¢=0 is
assumed as in the ordinary transmission measurement.
The alternative approach to avoid the disappearance
of the beat is the homodyne detection as in the ordi-
nary transient grating experiment. The homodyne sig-
nal Spom is given by

+o0 +oo N 2
Shom = / dt [esma(t)[? ~ / at| P ()|

—00 —00

o /+°° ds|R(s)[?.
0

The manifestation of multiply excited vibration is sim-
ple and transparent to understand in the heterodyne
signal compared with that in the homodyne signal since
the former is associated with the response function itself
and the latter with its modulus squared. Thus, in the
present treatment the heterodyne arrangement includ-
ing the spectral dispersion is favored over the homodyne
arrangement, although the latter would be experimen-
tally much easier than the former.

Now we introduce Fourier transforms @ (i=
0—3) of the constituent response functions wv; in
Eqs. 13a, 13b, 13c, and 13d as follows
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+oo . .
B = / dse~i@p=wiey (i —0-3)  (18)
0

It is to be noted that each %; represents a frequency
spectrum although the frequency dependence as a func-
tion of wp is not explicitly written out.

With these components Eq. 17 is rewritten as in
Egs. 19, 20, and 21, where the signal Shet(wp) is de-
noted as S1, S2, and S3 for the single, double, and triple
excitations, respectively.

S1 ~ e_T/Tl%{ﬁo +01(7)} (19)

So ~ —e~(T+T)/Th

X Re {0 + 01(7) + 01 (1 +11) + D2 (1371)}  (20)

S3 ~e” (t+72+71)/T1

X He{bo+ 01 () + 0 (T+71) + 01 (T+ 71+ 72)
+7o (T; 7'2) + Dg (T +7'2;7'1)

+ dg (T;m2 + T1) + D3 (7372, T1) } (21)

The heterodyne signal has a great advantage over the
homodyne in that the signal can be expressed addi-
tively. It is to be noted that the signs of S; through Ss
differ. The radiation from the (4n+1)th order polariza-
tion (n=0, 1, ---) is out of phase to the local oscillator
and reduces it as in the ordinary linear absorption while
the (4n+3)th radiation is in-phase to enhance it.

Results and Discussion

Large Amplitude Vibration. First, we ex-
amine some properties of the individual components
through 93 in Egs. 13a, 13b, 13c, and 13d. Since the mo-
tion of the wavepacket given by these equations is quite
simple, the following semiclassical interpretation gives
a good picture of the optical control of the molecular
vibration; suppose a normal mode g with a frequency of
wy, and suppose that the potential minima are located
at ¢=0 in the ground state and at ¢=¢ in the excited
state. By the first switching the initial wavepacket at
¢=0 is vertically transferred to the upper surface, and it
begins to move with an amplitude of 6 around g=6. If
the second transfer occurs at the turning point of ¢=26,
the wavepacket is forced down to the lower surface with
an increased amplitude of £26 of motion around the
center at ¢=0. The third transfer at the turning point
of g=—26 brings the wavepacket to the upper surface,
and the motion is associated with still a larger ampli-
tude of +36 of motion around the center at g=¢. Thus,
as shown in Fig. 3, the oscillating amplitude becomes
larger by an amount of +6 for each transfer to the other
potential surface provided that the repetitive transfers
occur with an interval equal to 7/w,, half a period of
the vibrational cycle. To be more rigorous, we may
elongate the interval to any multiple of the half period
by odd numbers in so far as the vibrational dephasing is
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insignificant. In the off-resonance case, the correspond-
ing time interval for the repetitive excitation is 27t/wy.
This time interval does not lead to any constructive ac-
cumulation of the repetitive excitation in the resonant
case because two successive transfers with an interval
of 27t/w, act counterbalancingly to leave no gain in the
vibrational amplitude.

To reproduce numerically the phased amplification of
vibrational motion, we assume a single harmonic mode
of frequency w, =200 cm™! with a displacement §=1.1
between the two minima where the displacement 6 is
defined so as to make the overlap between the two zero-
vibrational states as exp{—(1/4)§%}. It is also assumed
that the vibrational frequency remains the same be-
tween the two electronic states. The vibrational over-
laps in the integrand of Egs. 13b, 13c, and 13d are given
in Appendix A. The numerical result of {1 (7)} is
shown in Fig. 4a; immediately after the transfer, i.e.,

g

AE4 = AE ;40,82

-28 0 28 43

Fig. 3. Schematic representation of the phased ampli-
fication of molecular vibration by successive transfers
to the counterpart potential surface. The interval of
time in the repetitive transfer is one half of the vi-
brational period. After a transfer, the wavepacket
moves with an energy indicated by the horizontal ar-
rows, and its motion until the next transfer can be
observed through the annotated element v; (1 =1—3).
The transition energies between the two states con-
nected by the vertical dashed lines are denoted by
AE,; (i=1—4) according to the semiclassical inter-
pretation, which should correspond to the energies
at the peak in the absorption or emission spectrum.
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at 7=0 fs, the spectrum, i.e., the frequency disper-
sion of the signal, is identical to the ordinary absorp-
tion spectrum as it should be. It starts to shift to the
lower energy side to reach the turning point at 7=80
fs, i.e., 7/wy, and then goes back to the initial position
at 7=160 fs. Such a periodic spectral shift arising from
a single transfer has been observed by Fragnito et al.,*
and the relevant theoretical formulation has been given
by Pollard et al.>® When the transfer occurs twice,
v2(7; 1) in Eq. 13c is relevant and the spectral behav-
ior of F{ve(r; 71)} is shown in panel (b), where 7; is
set to be 7/w,; immediately after the second transfer,
i.e., at 7=0 fs, the spectrum is identical to that at 7=80
fs in panel (a). It begins to shift to the higher energy
side to reach the turning point at 7=80 fs, and then
returns to the initial position at 7=160 fs. This blue-
shifted spectrum at 7=80 fs lies in the higher energy

Signal / arb. units

1 T 1
-2000 -1000 1000 2000

0
Energy / em’!

T 1] T 1
-2000 -1000 0 1000 2000
Energy /cm’

____//'/¥

T T T 1
-2000 1000 [ 1000 2000
Energy /cm’!

Fig. 4. Numerical results of Z{1(7)} (a), Ze{2(T;
71)} (b), and Fe{¥s(7; T2, T1)} (c) calculated for sev-
eral values of the parameter 7. The abscissas are
taken for wp —wo, where wp is a tuned frequency of
the monochromator and wo is the purely electronic
transition frequency. Furthermore, the carrier fre-
quency of optical pulses is assumed to be identical
to the purely electronic transition frequency, that is,
w1 —wp=0. In the calculation we have used parame-
ters of T2=120 fs and 0=320 cm™*.

Signal / arb. units

Signal / arb. units

Multiple Pulse Excitation of Molecular Vibration

1909

region than the spectrum at 7=0 fs in panel (a), which
corresponds to the ordinary absorption spectrum. The
case of three transfers corresponds to vs(7; T2, 71) in
Eq. 13d, and {9s(7; 72, 71)} is shown in panel (c),
where 72 as well as 71 is set equal to 7/wy; at 7=0 fs,
the spectrum is identical to that at 7=80 fs in panel (b).
It starts to shift to the lower energy side to reach the
turning point at 7=80 fs, and then returns to the initial
position at 7=160 fs in the same way as the two pre-
ceding cases. This red-shifted spectrum at 7=80 fs lies
in the lower energy region than the spectrum at 7=80
fs in panel (a), or equivalently that at 7=0 fs in panel
(b). According to the semiclassical consideration based
on the Franck—Condon principle, the energy shift from
the center of the ordinary absorption spectrum denoted
by AF should vary periodically between the two ends
AE=0at 7=0 and AE=—2w,6? at T=m/w, for the case
the single transfer, and between AE=—2w,6? at 7=0
and AE=+2w,62 at T=m/w, for the double transfer,
and between AE=+42w,62 at 7=0 and AE=—4w,§2 at
T=m/wy, for the triple transfer (See Fig. 3). The range
of the periodic spectral shift, therefore, should be in-
creased by an amount of 2w, 62 for each single transfer.
Such a semiclassical predictions are in good agreement
with the features depicted in Fig. 4.

As shown in Egs. 19, 20, and 21, the observed signal
consists a number of components, one of which is the
contribution from the vibrational motion prepared by
the most frequent excitations, and the rest are the con-
tributions from the vibrations created by less frequent
excitations. In so far as 73 =72 =7/w,, the individual
components of Ze{iy} through Z{is(r; 72, 71)} be-
have differently from the others, particularly in the re-
gion of energy where each spectrum moves about. This
feature makes it possible to identify the most impor-
tant contribution, that is, Ze{¥(7)} in Si, Fe{(T;
71)} in Sy, or Ze{¥3(7; T2, 1)} in S3. Figure 5 shows
the observed signals 57 through Ssas 7 is varied; the de-
tected frequency is tuned lower in panel (a), and higher
in (b) by 1200 cm~! than the zero-zero transition fre-
quency in the ordinary absorption spectrum; in the dou-
ble excitation, the component from the double transfer,
Re{in(r; T1)}, is more prominent in (b) than in (a),
whereas in the triple excitation, the component from
the triple transfer, %{5(7; 72, 71)}, is more dominant
in (a) than in (b). Thus, one can selectively detect the
highly excited vibration as the primary feature by mon-
itoring it through the frequency far from the center of
the absorption spectrum. As is evident from Fig. 5, the
effective direction of detuning depends on the excitation
mode; the red-shift is favored for the triple excitation
whereas the blue-shift for the double excitation.

Mode Selective Excitation. So far, it is as-
sumed that the material has only one active vibrational
mode. Under the influence of a definite number of ex-
citation pulses, selective excitation in the general mul-
timode system is prohibited by the fact that the vibra-
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Fig. 5. Numerical results of S; through S3 (solid lines

with the annotations) as a function of 7. Although S
in Eq. 20 accompanies a negative sign, it is ignored
in the figure. The detuning frequency wp —wy is fixed
to —1200 cm™* in (a) and 41200 cm™* in (b). The
densely dotted, fine dashed, and coarse dashed lines
show 1 —e™ "/ T2 Z{in (1)}, So—e T/ Tt g Liy(;
)} and S3—e” 2T/ T g liy (70 1y, 1)}, re-
spectively. They indicate background levels from
contributions other than the most important ones.
Meaningful comparison of intensity is possible only
among a set of four traces, i.e., a solid line in (a),
its background and their counterparts in (b). In the
calculation we have assumed 77=4.8 ps.

tional motion can no longer be recursive unless all the
ratios of two frequencies involved are rational numbers.
Here we confine ourselves into a simple system of two
vibrational modes and assume that the two frequen-
cies are well separated from each other. Our purpose
is to see the effect of the selective excitation of the vi-
brational mode of a low frequency wy, in the presence
of another vibrational mode of a high frequency wy.
By virtue of Assumption 4 we can discuss such a sys-
tem meaningfully. Note that the pump-probe method
is suited for the observation of such a low frequency vi-
brational mode that is buried under the linewidth due
to a T, process, while the photon echo method is not
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appropriate for the detection of such a low frequency
vibration because the echo polarization decays within
the characteristic time constant T5.

As mentioned above, a sequence of interactions re-
sults in the effective amplification of vibration if the
temporal separation is equal to the multiples by odd
numbers of the half period of the vibrational cycle, while
the multiples by even numbers are ineffective. This is
a key point to achieve the selective enhancement of a
lower frequency mode. To be more general, if the fol-
lowing relation holds for the two frequencies

wL/wa = (2n-1)(2m), (mandn=1,2,---) (21)

the interpulse separation equal to (2n — 1)m/wg =
2mm/wy promises the selective excitation successfully.
However, in a real experiment, n in the numerator
should be as small as possible not to suffer from the

“vibrational dephasing.

The numerical results are shown in Fig. 6, where we
assume frequencies of wy, =200 and wy=1600 cm ™! ful-
filling the relation in Eq. 21. Panels (a)—(c) correspond
to the single, double, and triple excitation cases, respec-
tively. The dashed lines are for the single vibrational
mode without the high frequency vibration. Compari-
son of the dashed curves in (a)—(c) reveals that the os-
cillational feature of the curves increases from the single
toward triple excitation, while no significant change is
seen for the higher frequency oscillation.

The author (H. K.) was financially supported by
JSPS Fellowships for Japanese Junior Scientists.

Appendix A. Vibrational Overlaps in

Egs. 13b, 13c, and 13d.

Referring to Ref. 10, one can evaluate the vibrational
overlaps in Eqgs. 13b, 13c, and 13d. The motion of a Gaus-
sian wavepacket on a harmonic surface is obtained with a
particular ease. From the calculation, all the vibrational
responses in Eqgs. 13b, 13c, and 13d can be written in the
common form

exp [-(1/2)8° {(1/2) (1* + £2) +i (fafs — fa) }] - (AD)
The results for the three cases are summarized as follows.
For (¢o| UL (7-+5) Ug(s) Ue(7) o) in Eq. 13b,

fi=sin 6, fa=1—cos 6, fs = —2sin(p +0) +sin 6,

and

fa =sin (¢ + 26) — sin ¢ — sin 6 cos 6, (A2)

where p=w,7 and =wys.
For (¢o| UL(1) UL(7) UL(s) Ug(s+7) Ue(71)¢0) in Eq. 13c,

fi=sin b, fo =1—cosb,
fa=—2sin (v1 + ¢ +0) + 2sin(p +0) —sin 6,

and
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Fig. 6. Numerical results of S1 through S3 for a sys-

tem having two active modes, one with a frequency
of w. =200 cm ™! and the other with wy=1600 cm™".
Panels (a)—(c) correspond to the single, double, and
triple excitation cases, respectively. The dashed lines
show results for the system of a single mode without
the higher frequency mode. All the traces are nor-
malized so as to give the same area under the traces.
In the calculation, we have used the parameters of
8 (200 cm~!)=1.1, 6 (1600 cm™1)=1.0, T>=120 fs,
0=320 cm™!, and wp=w1=wo. The decay of the
electronic population inversion is assumed to be slow
enough to regard T4 as being infinite.

fa = sin (1 + @ + 20) — sin (¢ + 20) — sin(p + 6)

+ sin ¢ + sin 6 cos 0, (A3)

where p1=wyT1, p=w,T and O=wys.
For (¢o| UL (1) U (72) UL(m+5) Ug(s) Ue(7) Ug(72) Ue(71)|$0)
in Eq. 13d,

fi =sin 6, fa=1—cos 6,
fa = —2sin (p1 4+ @2+ @ +0) + 2sin (p2 + ¢ +0)
—2sin (¢ + 6) + sin 6,

and

fa = sin (p1+ 2 + ¢+ 20) —sin (o1 + p2 + )
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— sin (p2 + ¢ + 26) +sin (p2 + )

+ sin (¢ + 20) — sin ¢ — sin 6 cos 6, (A4)

where p1=wyT1, P2=wyT2, p=wyT, and f=wys.

Appendix B. Grating Experiment with In-
tense Optical Pulses.
Here, some comments will be made on the grating ex-

periment employing so intense optical puses as to require
nonperturbative approach in solving the Liouville equation

pt) = —i [ + H.p(t)]. (B1)
The field free Hamiltonian # is given by
Ho = |g9)Hg(gl + le) (wo + He) (el, (B2)

where the electronic ground and excited states are denoted
as |g) and |e), respectively. The vibrational Hamiltonians
in the two electronic states are denoted as Hy and He. The
symbol wo stands for the frequency of the purely electronic
transition between the two. The optical interaction # is
described by

Hi = —pgeoxE (,7). (B3)

where pge represents the transition dipole moment, ox de-
notes the x component of the Pauli operators in the form
of ox=|g)(e|+|e)(g|- Corresponding notations for y and z
components are reserved for later use. The case of the triple
excitation is taken representatively. In this case the sample
is irradiated by three pairs of excitation pulses at t=ti, ta,
and t3, and a probe pulse is incident at the moment of t=t;.
Then the externally applied field E(¢, ) can be written as

E(t,7) = e (t,7) e +c.c.
£ (t,7) = e1[exp {—i(w/c) (i)}
+ exp {—i(w/c) (A2+7)}] for t7 <t < tT,
= ez [exp {—i(w/c) (fiz-T)}
+ exp {—i(w/c) (a-7)}] for t; <t < t3,
= e3[exp {—i(w/c) (5+7)}
+ exp {—i(w/c) (e+7)}] for t3 <t <3,
= gpexp{—i(w/c) (7ip-7)} fort, <t < t;r,
(B5)

(B4)

where t; and t! (i=1—3 and p) indicate the moments just
before and after ¢;, respectively. Then we introduce a den-
sity operator p(t) on a rotating frame defined by

p(t) = Vip(t)V{ with
Vi = exp[—(i/2)oz {wt — (1/2) (41 + ¢2)}],
where ¢;=(w/c)(7;-7) (1=1—6 and p).
During the first optical irradiation, the equation for p(¢)
takes the from

(B6)

p(t) = =i [-(8/2)0 + (1/2) (1 + 0.) Hy

+ (1/2) (1 = o) He = 2pgees cos (¢21/2) o, (1)
(B7)
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where 1 signifies a unit operator for the electronically two-
level system, A=wo—w, and ¢;;=@; —¢;. In this period, the
material system can be treated as being driven only by the
external field because the Rabi frequency is assumed to be
sufficiently large. Then p(t) obeys the equation

p(t) = —i[—2pgeei cos ($21/2) o, p(t)].  (BB)

From Eq. 8, we have

p(tr) == 006 (1), (B9)
where 81 =4pgee1{cos (¢21/2)}(t; —t; ) and % () is defined
by

Z(0)0 = exp{(i/2)5:6} O exp{—(i/2)0:6} .

(i=z,vy, or z) (B10)

Until the next irradiation, the system is under influence of
the field free terms in Eq. B7 and evolves into p(t; ) given
by

p() =2 (a(tz ~d)) % (1 — o) b (1), (BL)

where

Z(7)0 = exp{—i(P;Hg + P.H.)} O

x exp {i (PgHg + PeHe)} . (B12)

In Eq. B12, we introduce projection operators defined by
P;=[i)(i| (i=g and e). Repeating a similar procedure, we
find the time development of the material state for t>7+
T2+T1

pt) ={ZA(t-T-n-n)H({t-T-—12—7)}
X {% (0p) L (dpse) }
X {Z(AT) L (7)} { % (05) Z (¢5634) }
x {Z; (A2) % (12)} {& (02) Z; (#3412)}
x {Z (An) % (1)} % (61) p(0),

where 0y=4pgeea{cos (da3/2)}t§ — t5), O3=4pgees{cos
(¢65/2)} (85 = 157), Op=2pgeen(ty —t5), bym=(1/2)(¢i +
¢;)—(1/2)(ér+¢1), and dyp=¢; —(1/2)(¢pj+¢r). In de-
riving Eq. B13, we have set t; ~t1=0, t; —t] ~to—t1 =71,
ty —tf s —to=7o, ty —tf mtp—to=7, and tF Nty=T+T2+T1
since an optical irradiation is instantaneous on the time scale
of the investigated dynamics. The initial condition is given
by

(B13)

p0) = (1/2) (1+02) @ {lgo)(dol}  (B14)

with |@o) designating the zero vibrational state in the elec-
tronic ground state. Note that Assumption 4 in the text
saves labor greatly in the calculation of Eq. B13 because
the electronic coherence decays out completely within an
interval between the neighboring irradiations.

The material polarization can be expressed as

P(t) = P(t) exp {i (wt — ¢p)} + c.c..
The temporal envelope P(t) is defined by

(B15)
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P(t) = Hpgetr (p(t)o™) with o =(1/2) (0x — ioy) , (B16)

where .#signifies the number density of the absorbers.
Combining the result of Eq. B13 with Eq. B16, we find the
envelope for s>0

P(s+7+7+7)x —isin 6,
x {(1 + cos 63) (1 + cos 62) (1 + cos 61) vo
+ (=1 + cos 63) (1 + cos 02) (1 + cos 61) vy (T)
+ (14 cos 03) (—1 4+ cos 02) (1 + cos 01) v1 (T + 72)
+ (1 + cos 63) (1 + cos 62) (—1 + cos 61)
xv1 (T + T2+ 71)
+ (1 4 cos 63) (=1 + cos 62) (—1 + cos 6;)
xve (T + 12; 1)
+ (=1 + cos 63) (=1 + cos 02) (1 + cos 601) vz (7;72)
+ (=1 +cos 63) (1 + cosb2) (—1 + cos 1)
xvg (1572 + T1)
+ (=14 cos 63) (—1 + cos 62) (—1 + cos 61)

xvs (T;72,71)} . (B17)

The factor cosé; in Eq. B17 can be expanded into
1—(1/216;2 4 (1/41)8;* —---.  The pulse areas 8; (i=
1—3) have a spatial dependence according to their defi-
nitions. Then the product 6320220;2 includes the factor
exp{i(Etdestpaztd21)}. This is combined with the phase
factor in Eq. B15 to yield

exp [i {wt — (p * de5 & Pa3 £ ¢21)}]
= exp [iw {t — (1/c)

X ('r'ip + Aﬁ65 + A’fi43 + Aﬁm) -’f"}] , (B18)

with Afi;=ii; —#;. The spatial dependence in Eq. B18 ac-
counts for the diffraction into the direction of fi,+Afisst
Afisg3tA7a;. Collecting all terms in Eq. B17 proportional
to exp{i(testdastor)}, it is found that the diffraction
under intense pulses gives the signal consisting of the equiv-
alent eight components which are all the same except for the
absolute intensity as that from weak pulses discussed in the
text.
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