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We have calculated the absorption spectrum of an intense chirped pulse exciting a solute molecule
in a solvent. The excitation of quantum intramolecular modes has been also taken into account. In
general absorption depends on both the real and imaginary part of the susceptibility
phase-dependent absorption in the nonstationary meédlia have shown that for strongly chirped
pulses, the absorption spectrum can be expressed by the difference of the convolutions of the
“intramolecular” absorption and luminescence spectra with the instantaneous population wave
packets in the ground and excited electronic states, respectively. Incorporating of optically active
high-frequency intramolecular vibrational modes eliminates the qualitative discrepancies between
experimental and calculated absorption spectra which occurred in the model of one vibronic
transition. © 2002 American Institute of Physics. [DOI: 10.1063/1.1446042

I. INTRODUCTION nonperturbative interactions: light-matter and relaxation
(non-Markovian ones???3 Therefore, the majority of non-
The possibility of controlling molecular dynamics using perturbative light-matter descriptions was carried out by nu-
properly tailored pulses has been the subject of intensivenerical solving the corresponding sets of equations for mo-
studies in the last few yeats'® Ultrashort pulses intrinsi- lecular systems noncoupfetf'”?4%%and coupletf?’ with a
cally consist of a broad range of frequency components. Theissipative environment.
relative phase of these frequency components can be system- However, the light-matter interaction for large molecules
atically changed by introducing positive or negative linearin solutions is characterized by fast electronic depha@ig.
chirp. Chirped pulses can selectively excite coherent wavallows us to simplify the problem by considering only the
packet motion either on the ground electronic potential enequations for density matrix elements diagonal with respect
ergy surface of a molecule or on the excited electronic poto electronic indice$2232°It is worthy to note that in spite
tential energy surface. In particular, a negatively chirpedof the fast electronic dephasing approximation, such an ap-
(NC) pulse creates a nonstationary ground state componerroach does take into account vibrational coherences within
while a positively chirpedPC) pulse discriminates against both the ground and excited electronic states.
it. 1 This property of chirped pulses is essentially enhanced  In essence, the appro&é*?°for strong pulse interac-
by going beyond the perturbative regime due to the multition with large molecules in solutions is closely related to the
photon processes of exciting molecuté$° theory of electron transfer reactions under strong interaction
The effects of varying the chirp and intensity of an ul- (solvent-controlled limit3°~33 Really, one can consider an
trashort pulse exciting dye molecules in liquid solutions haveelectronic optical transition as an electron-transfer reaction
been investigated experimentally by Cerullo, Bardeen, Shanketween “photonic replication” 1 of the ground electronic
et al.,** Bardeen, Wilsoret al.,?® and Huppertet al.?! They  state 1 and the excited electronic statéoPbetween state 1
measured the integrated fluorescefwhich is directly pro- and “photonic replication” 2 of state 2 induced by inter-
portional to the integral excited state populajiaiter the  action with electromagnetic radiation of frequeng$f?®
completion of the pulse action, as a function of pulse chirp.
In addition, Shanlet al.1* and Hupperet al.?! measured the E(t)= 3 E(t)exp(—iwt)+c.C. 1)
absorption spectrum of chirped pulses. For low-power exci- ) e _ )
tation, they found that the absorption and amount of excited™©" chirped pulse excitation the field amplitude can be rep-
state population were indepergdztlant of chirp, while for high-resented in the form:
power excitation the authdfs*>?!observed a strong chirp E(t)=E()exp(i o(t)), )
dependence.
The interaction of strong radiatiotand especially in- where £(t) and ¢(t) are real functions of time, ang(t)
tense chirped pulsgswith large molecules in solutions is describes the change of the pulse phase in a tinte this
rather complex problem. This problem involves two types ofcase the “photonic replications” move vertically due to the
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variation of the pulse frequenay(t) = o — (d¢/dt) with the
time. In the last case an electronic optical transition can be 1 3
considered as an electron transfer reaction between a “mov- € 08k
ing photonic replication” and the corresponding term occur- ; '
ring at their instantaneous intersectfon. c 06
Whereas the information given by measuring the inte- 2 ~
grated fluorescence is completely clétre integral excited g 04
state population an accurate interpretation of the absorption E 02 o
spectrum of intense chirped pulses is a nontrivial problem. ' 2
Really, in the nonstationary media the absorption depends on 0 ~=

15 16 17 18 19 20

the electric field phas&. Correspondingly, the absorption Qx10%, om™

spectrum depends on both the real and imaginary part of the
susceptibility. In contrast, in the stationary media the absorpFIG. 1. Linear absorption spectrum of LD690 in methariBef. 5
tion is conventionally proportional to the imaginary part of (circles and its fit by Eq.(35) (solid line).
the susceptibility and depends on the population difference
of molecular levels. It does not depend on the electric field
phase.

In this paper we calculate the absorption spectrum of a

The presence of HF quantum modes gives rise to parallel
vibronic channels, each involving a distinct intramolecular
Vibrational excitation of the initial and final statésThese

intense chirped pulse exciting a solute molecule in a solventa ajie| vibronic channels must exert direct effect on the ab-
We get that generally it does depend on the electric field,piion spectrum under discussion. Here we show that in-

phase. Then we obtain an asymptotic series of the absorptiqy horating of OA intramolecular vibrational modes elimi-
spectrum formula for strongly chirped pulses. We show tha,5teq the qualitative discrepancies between experimental and
the principal term of the asymptotics is directly related to theq4|cjated absorption spectra which occurred in the model of
time evolution of the population wave packets in the ground, e vibronic transitio®

and excited electronic states. Some of the preliminary re- e outline of the paper is as follows: In Sec. Il we
sults, not including the excitation of intramolecular quantumggculate the absorption spectrum. In Sec. Ill we obtain an
modes, are presented in a lefteidere we generalize this asymptotic series of the absorption spectrum formula for

study to the presence of intramolecular quantum modes. strongly chirped pulses. In Sec. IV we apply our theory to
Consideratioff was based on the one vibronic transition the experiments by Cerullo, Bardeen, Shankl 4 In Sec.

model. Such a model described reasonably well a generg} \we summarize our results.

behavior of the corresponding experimental curisee Fig.

4) except for two qualitative discrepancies in the range; cALCULATION OF THE ABSORPTION SPECTRUM
where the instantaneous pulse frequency was close to the

blue edge of the model absorption spectrum. First, in contrast Let us consider a molecule with two electronic states

to the theoretical dependence for positive chirped piiitee =1 and 2 in a solvent described by the Hamiltonian

corresponding experimental curve goes through the mini- 2

mum. Second, for negative chirped pulse the experimental H,= 2 IN[En+Wa(Q)X(n|, (3
n=1

curve shows two maxima marked off by arrows, as opposed

to theoretical dependenteshowing only one maximum and whereE,>E,, E, is the energy of state, W,(Q) is the

very small intensity in the range of the left maximum of the adiabatic Hamiltonian of reservoR (the vibrational sub-

experimental curve. systems of a molecule and a solvent interacting with the
However, the absorption spectrum of large molecules inwo-level electron system under consideration in swijte

solutions shows a progression with respect to a highThe molecule is affected by electromagnetic radiation deter-

frequency (HF) optically active (OA) vibration (=1000  mined by Eqs(1) and(2).

cm™?) (see Fig. 1 Each member of this progression is  Since an absorption spectrum of a large molecule in so-

broadened due to the presence of low-frequefidy) OA  |ution consists from overlapping vibronic transitions, we

intra- and intermolecular vibratior{sog}. Thus one can con-  shall single out the contribution from LFOA vibratiofie <}

sider an absorption spectrum of a large molecule in solutiofio W,(Q): W,(Q) =W,y + W, WhereW, is the sum of the

as consisting from overlapping vibronic transitions. Hamiltonian governing the nuclear degrees of freedom of the
In the first paper of the seri®swe have generalized solvent in the absence of the solute and LFOA intramolecular

approacf”’®’ to the presence of the quantum intramolecularvibrations, and the part which describes interactions between

modes. We have obtained nonperturbative equations for thge solute and the nuclear degrees of freedom of the solvent;

populations of molecular electronic states under the action ofv,,,, is the Hamiltonian representing the nuclear degrees of

intense chirped. Then we used the equations for the study dfeedom of the HFOA vibrations of the solute molecule.

the chirp rate influence on the integral population of the ex-  The absorption spectrum at a frequenfyis given

cited staten, after the completion of pulse action. Here we py**38

study the influence of the quantum intramolecular modes on

the absorption spectrum of an intense chirped pulse exciting *ab$ )~ 2@ IMPUL)/E(Q)], @)

a solute molecule in a solvent. where
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S ) o
P0)= [~ P exti(a-wtlat prs(@)=p2(@) +(~1)"5
(5) t o
and Xf dXIDS(X)sz dg’ Gnc(9,t—%;q")
0 — o0
E(Q)=f E(t)exi(Q— w)t]dt X [Fim(@(X)— 05— V(a')/h)p1s(d’ . X)
—Fau((X) = 03— Vs(a')/h)pas(q’ X)],
are the Fourier transforms of the positive frequency compo- 9)

nents of the polarizatioR * (t) and the field amplitud&(t),
respectively. An optical polarization in the mediuRt) wheren=1, 2;p§f2(q) is the nonperturbated density matrix,
=P*(t)exp(—iwt)+c.c. can be calculated by the density w§'1=(E2—E1)/ﬁ, Gne(a,t—x;q") is the Liouville space
matrix of the systenp(t): Green function describing diffusion in potentidl,s(q) of
the electronic state. The quantitied= , in Eq. (9)
P(t)=NTrg(Dp(1)), (6) L
whereN is the density of particles in the system,is the Fram(’) 2@ JloodTlf“"”M(Tl)eXp( lo'ry) (10

dipole moment operator of a solute molecule. \ . :
We believe that the intramolecular relaxation related to?'€ the “intramolecular'M) absorption(1) or luminescence

the OAHF vibrations takes place in a time shorter than bott{2) Spectra of a solute molecule in the absence of the solvent,
intermolecular relaxation of the low-frequency systéwmy} an

: 39-41
and the pump pulse (_juratléﬁ. Therefore, we can con- F o ont(72) = Tr[€XP( (1) W,y 71)
sider the density matrix averaged with respect to the intramo- _
lecular OAHF vibrations: X exp(+ (/) Wy 71)p1,v] (11

are the characteristic functiortthe Fourier transfornmsof
the “intramolecular” absorption (@) or emission (¢)
spectrunf?
Let us assume that the potentidlss(q) are harmonic:
(8) U nsh(‘qz) =En+ %Z’z(q - 5n2d)2_ Then ) V(a) ig wgil2
—(qw“d, and one can pass on to the variable qdw“/% so
thatpns(9,t)dq="Pns(a,t)da. Herewy=o?d?/4 is the con-
tribution of the OALF vibrationd w} to the Stokes shift of
_ _ _ the equilibrium absorption and luminescence spectra. In this
Pt = XL BWow)/ Triy €XP(— BWaw) case Eq(21) of Ref. 29 for the positive frequency compo-
nent of the polarizatio®* (t) is generalized to

Pns(t) =Trypnn(t), (7)

where the total density matrix,,(t) is factorized

Pron(t) = pampns(t)

and

is the equilibrium density matrix of the intramolecular
OAHF vibrations. Here Ty, denotes the operation of taking a iN|Dygl2 = o
trace over the variables of the intramolecular OAHF vibra- P (t)= TJ daf dr'E(t—17")
tions, B=1/(kgT). > 0

The influence of the vibrational subsystems of a mol- Xexfi(w—wyut @) 7' Wi (1) Prs(a,t)
ecule and a solvent on the electronic transition within the “ s
range of definite vibronic transition-8k related to HFOA —f;M(T’)TJZS(a,t)}, (12

vibration (=1000—1500 cm?) can be described as a modu- ol .
lation of this transition by LFOA vibrationgw}.*2% We wherew,;= w3+ wg/2 is the frequency of Franck—Condon

suppose thati w,<ksT. Thus {w} is an almost classical transition 1—2. Substituting Eq(12) into Eq. (5) and using

system. In accordance with the Franck—Condon principle, afe nverse [Fourier ,transform ,Of E(t—7')
optical electronic transition takes place at a fixed nuclear” (27) J==E(Q")exp(-i()’ —w)(t—7))d’, we obtain
configuration. Therefore, the quantity/s(Q)=W,¢(Q) 1 (o
—W,4(Q) is the disturbance of nuclear motion of subsystem  P(Q)= ff dQ' x(Q,Q")EQ"), (13
s under electronic transition. A reduced description is conve- ‘°°

nient to use, taking into consideration only a partial set ofhere

coordinates related to OA modes which give a contribution
to V. The effect of the remaining modes can be introduced
through a random force and friction in the Langevin

equatior** Considering damping as a random perturbation
by the diffusional Markovian process in the configuration

coordinate spacg, the equations for the diagonal elements

of the density matrix of the system under consideration can
be written in the fornmt® —Br Q' —war+ @)Pas(a,t) ] (14

Q.0 _iN|D12|Zf°° q Q=0
x(Q,Q)=——— _xtexm( —QNt]

X f_ da[JTr (Q' —wyt+ a)pis(a,t)
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is the two-frequency susceptibility of a nonstationary me-the functions £(t) and |u[@(t) are equal to&(t)=&,

dium, X exf —38%(t—to)?] and| u|e(t) = 3u(t—ty)?2, respectively.
J1 7L (2 —wpt a) In this section we consider strongly chirped pulses when
. a pulse duratiort, is much larger than that of the corre-
:f d7’ exg —i(Q' —wu+a) 7 1f 4 om(7) (15  sponding transform-limited one,,. For linear chirped
0

pulses it corresponds to the conditidpe|> 2. If chirped

are the Fourier—Laplad&L) transforms of the characteristic PUISes are obtained by changing the separation of pulse com-

functionsf , (7). pression grathZ%s, the parametérand u are determined by
One can see from Eq¢4), (13), and (14) that the ab- he formulas'*

sorption is determined by both the real and imaginary part of

the susceptibility Eq(14) (a phase-dependent absorpiion 8°=2{ 50+ [2D" (w)/ Tp0)?} 1,

Equation(14) generalizes Eg15) of Ref. 35 to the case of (20)

the excitation of quantum intramolecular modes. n= —4CI>”(w)[r§0+4<1>”2(w)]*1,

where 7p0=t,0/2In2 and ®"(w)=®"(v)/(47?) is the
lll. STRONGLY CHIRPED PULSES phase term. For the last case the conditjo[® 62 is equiva-
Let us turn back to Eq(12). Disregarding by changing lent to the following[Certainly, the value ofu| is confined
the field amplitudeS(t) in time 7' and taking into account DY condition Eq.(B19) of Ref. 29 that does not contradict to
only the linear changes of the field phase in this time, wehe inequality| u|> 6.1:
obtain
2| (w)|> 5. (21)
P*(t)=(1/2 x[ w(1),t]E(D), (16)
For the conditions under consideration integral Ef)
iN|D )2 [~ is the Fourier integral with large parametgt in the phase
xlo(V),t]=— f da[J7e ((t) — w1t @) function. We can evaluate this integral asymptotically using
o the method of stationary pha&&*’

XPas(a,t) = I3 (w(1) N SN i -

P(Q)= 2 |‘Pﬂ(tsp)| ex |(P(tsp)+|(w(tsp) w)tsp
i

where y[ w(t),t] is the time-dependent susceptibility. The + ngncp”(tsp)}

last procedure implies that the main contribution to the pulse

— w1+ a)pos(a,t)], (17
«© 1 | k d 2k
% la) (&l
k=0 k! 2(P (tsp) dt
spectrum stems from the phase term.

Using Egs.(2), (5), and(16), one can represent the Fou- X[x(o(),DEMexpin(ttg) ], (22
rier transform of the polarization in the following form:
wherego”(tsp)E(dzldtz)(,p(t)It:tsp,

h(tatsp) =[e(t)— @(tsp)] +(Q—-o)(t- tsp)
- %‘P”(tsp)(t_tsp)zu (23

1 oo
POQ)=5 f_mx(w(t),t)E(t)exp[i (Q—w)t]dt

= fmmf(t)exﬂi[lulﬁt)+(ﬂ—w)t]}dt, (18)

- tsp is the phase point determined by the following equation:
where f(t)=(1/2))((w(t),t)€(t), |:U’|a(t): (P(t)- For ex- (d/dt)[|u|cp(t)+(ﬂ— w)t]=0, or w(tsp)=Q. The quantity

ample, for linear chirped pulses of the form h(t,ts,) =0 for linear chirped pulses. .
In a similar way one can calculate the denominator of

E(t)=E exd — 3(8°—iu)(t—to)?] (19 Eq.(4). As a result, we obtain for the absorption signal

© : k 2k
1 I .
gok_u(z 0 ) (E) [x(w(t),DEM exp(in(t,tsp)) Ti-,

! @ sp)
agpd Q)~wlIm =1 : k 2k 2
> m) (& [E(exp(ih(t,tsp)) -,

The last formula shows a phase dependent absofftimtauser,,{2) depends on both the real and the imaginary part of
the susceptibilityy(w(t),t). Only the principal term of the asymptotics is determined by the imaginary part of the suscepti-

bility:
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~ 2
Aapd )~ @ ImX[w(tsp):tsp] o) t]= N|D12| exp — S, cothdy)
N7T|Dlz|2 f

0 [ ol (olty) — ozt @)

X > 1(Sy/sinhfy)exp(kfy)
><’Z’ls(a-tsp)_FZM(("(tsp)_L"Zl""a) k=-o

Xﬁzs(avtsp)]v (25 X _12(—1)r171f7OO dap,s(a,t)

P

where o(ts;) =, and we used Eq(17). Equation (25) _
o(t)— wy+(—1)"kwg+a

shows that for strongly chirped pulses, satisfying €4), an
absorption at a frequendy is approximately proportional to
the difference of the convolutions of the “intramolecular” +imd(w(t)— wy+ (—1)"kwg+ a)
absorption and luminescence spectra with the vibrationally

nongqumbnum populgtlons in the ground and excited eIec'vvhereP is the symbol of the principal value. Substituting
tronic states, respectively.

The result expressed by E(5), has a clear physical Eqg. (27) into Eq. (25), we have for strongly chirped pulses
meaning. The phase structuihirp) of the pulse determines Nr| D42

the temporal ordering of its different frequency components. a(Q)~w T exp(— Sy coth6p)
When a pulse duration is much larger than that of the corre-

X

(27

sponding transform-limited or{&q. (21)], one can ascribe to >

different instants of time the corresponding frequencies. XK_EDO [(Sp/sinh6p)exp(k o) [p1s( w21+ Kwg
Thus in the case under consideration different frequency

componentd) of the field are determined via values of the —o(tsp),tsp) = Pas(wa1—Kwg— o(tsy),tsp) ],

instantaneous pulse frequeneyt) for different instants of 29)
time. For the same reason, different frequency comporents
of the polarization are also determined wit), if the func- where w(ts,) =Q. The last formula generalizes E@7) of
tion f(t) =(1/2)x(w(t),1)E(t) is slow with respect to the Ref. 35 to the model incorporating quantum intramolecular
transform-limited pulse. modes.

The “intramolecular” absorption and luminescence If quantum intramolecular modes are of a high fre-

spectraF, 5y, appearing in Eq(25), cannot be measured quency, so that wy>kgT, Eq.(298) is reduced to
directly for a molecule which is in a polar solvent. However,

they can be determined as the spectra of the same solute in a N7|Dqy? oSS

nonpolar solvent® Therefore, the time evolution of popula- a(€) ’VwTeXp(—So)IZJO PRZECHRAC
tion wave packets in the ground and excited electronic states

can be extracted in principle from the absorption spectrum —0(tsp),tsp) —Pas( w1~ Kwg— o(tgy), tsp) ].
by the deconvolution, when measured using strongly chirped (29)
pulses.

The quantitiesp;s(wo+kwg— w(t),t) in Eq. (29) are the
population wave packet values in the ground electronic state

Let us consider one normal intramolecular oscillator of1 at the intersections of the moving “photonic replication” of
frequencyw, whose equilibrium position is shifted b¥Q  state 1 with term Zfor k=0) or with its vibrational “repli-
under electronic transition. Its characteristic functionscations” (for k#0). In a similar manner, the quantities
f,.om(7') are determined by the following expressith: Pad wa1— kwe— w(1),t] are the population wave packet val-
ues in the excited electronic state 2 at the intersections of
term 2 with the moving “photonic replication” of state(for

One normal intramolecular oscillator

fa,em(7') =€Xp(— S, coth ) k=0) or with its vibrational “replications”(for k#0) (see
w Figs. 5and &
X > 1(Sy/sinhbp)exd k(Op+iwgr')], The quantities p,g wz1—(—1)"kwo— w(t),t] satisfy
e 0 ° 0 differential equation(42) of Ref. 36 which is obtained from

8 _ o]
_~ — ~ _1\n./
where S, is Huang—Rhys factor that defined b, atp“S(a’t) LosPns(at) +(—1)"V2moa I;O wWilt)

=wo(AQ)?%/(24), Bo=hwy!/(2kgT), 1,(x) is the modified _

Bessel function of first kind® Substituting this expression X[8(wa1t kwo— w(t) — @)pis(e,t)

into Eq. (15) and using Eq(17), we obtain an extension of — 8w~ kwo— o(t)— a)pas(a,t)], (30)
Eqg. (22) of Ref. 29 to the model incorporating quantum in-

tramolecular modes: where
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0.4 the pulse parameters were:|d? (w)|=507 & (|®"(v)|
T 1 =10*fs?) and 75,=1211¢, so that condition Eq(21) for
the method of stationary phase was satisfied.

To compare our theory with the experiment, we need to
know the model parameters. Most of them can be found by
fitting the experimental spectrum of the linear absorption of
LD690 in methanof! A formula for the linear absorption
l spectrum can be obtained directly from E89) if we put
640 therew(ts,) =) and replace the density matiixs(a) by its
equilibrium value

0.2

Absorption

of

-0.2

560 600
Wavelength (nm)

~(0) N_ s -1/2 _ 2
FIG. 2. Absorption spectrum of LD690 in methanol for high-power excita- Pis (@)= 0j1(2m0as) exfl —a’/(203) ], (34)
tion using positively chirped®”(v)=10" fs?, solid line] and negatively

chirped[d” (1) = — 10° f<2, dotted lind pulses(Ref. 14. whereo,.= wykgT/A. Then the form functiori-(Q) for the

linear absorptiof a() ~wF ()] is determined by the fol-
lowing equation:
J

Los=7s 7| 1+ (a= Ono0st) 50 =5 05 F(Q)=exp(—so)k20 k—S,°73<1‘;>(w21+ kwo—Q). (35
(?2
+ O a—owa) (3D Figure 1 shows the linear absorption spectrum of LD690
n2%st in methanal® and its fit by Eq.(35). The fit is rather good
s('g and gives the following values of parameters for room tem-
Wi(t) = exXp( = Sp) 1y Tal w21) I(1) (320 perature (RgT=420cnl): fiwg/(2kgT)=1.99, wy
' =16447 cm?, Sy=0.454,w,=1130 cm 1.
are the probabilities of light-induced transitions @t w,; It is necessary to consider these findings in the context

* koo~ w(t), 7sis the correlation timey,(w,y) is the value  of their correspondence to the actual system. In essence, we
of the cross section corresponding to the maximum of theyre dealing with replacing a group of OA oscillators with
absorption band in the absence of HF intramoleculapne effective. An agreement between the actual oscillators’
modes>’ J(t) is the power density of the exciting radiation. contribution 3;S,? cotl{w; /(2kgT)] to the central second

In the end of this section we will consider the validity of joment of an absorption spectrum and that of an effec-
Eqg. (25 and hence Eqs28), (29) in more detail. Let us take tjye oscillator can serve as an criterion for such replaéing.
into account also the second terkiK(1) in the numerator of  ysing the values of parameters obtained above, one can

Eq. (24). For the linear chirp we obtain find that a contribution to the central second moment due to
N7|Dyg? (= OALF intra- and intermolecular vibrationw} is equal
aabiﬂ)~w[Tf da[Fiu(w(tsp) —wot @) to 0,s=175518 cm? and that of OAHF intramolecular
o vibrations is equal to 020=Sowg coth 7wy /(2kgT)]
~ ~ _ ~2 : i
XP1s(a,tsp) —Fom(w(tsy) — wort @) pos(a,tsp)] =585075 cm*. The corresponding half bandwidtids ,
° Spd2 * e =220,50In 2 constitute 985 and 1798 cth respectively.
LD690 in methanol has been studied by the photon echo
+ ————>[&1)Re 0,0 ]li=t_ ;- 33 . ?
2u&(t) dtZ[ (ORex(w(®).0]] tsp (33 and resonance Raman techniqtfes The intramolecular

contribution to o, has been evaluated ar g nter
=46225 cm 2 in Ref. 51. LD690 has 18 intramolecular OA
modes whose frequencies; and Huang—Rhys factors;

gan be found in Ref. 53. One can separate them into three
. e I groups: LF Gw;<2kgT), intermediate frequency(IF)

the susceptibility I o(tp)te)~J =dalFam(w(tep) ~@21 G )~ ok T) “and HF 1w, >2keT) modes. There is only

T )Pas(atsp) —Fam(@(tsp) = w2t a)pas( v, tsp)] 'S one LF mode ofw; =303 cn !, two IF modes ofw;=571
small. At the same time the real part of the suscepnbllltyand 586 cm’, and 15 HF modes whose frequencies occur

Rex(w(t),t) does not need to_be small due to different fre in the region between 734 cih and 1662 cm’ in the
guency dependences of the imaginary and real parts of the ; . . I
.. .~ molecule under consideration. Their contributions to the cen-
susceptibility. Thus Eq925), (28), and(29) can be used in AT o IF
- . _tral second moment constitui@; ;= 7609 cM *, 05 a
the range where the instantaneous pulse frequency is not ; !

= 7 2 HF = q 2 I
very close to the blue edge of the absorption band. 191648 cm”, and 92,intra 464876 cm*, rfespectlvgly.
One can see that HF intramolecular modes give a major con-

tribution to the central second moment.

Furthermore, a LF mode ab;=303 cm't can be re-

Let us compare our theoffgs.(29) and(30)] with the  lated to the{wg} system. As to IF modes, experimental
absorption spectrum of the laser dye molecule LD690 irdata’°3show long living(~1 ps oscillations of frequency
methanol, measured by Cerullo, Bardeen, Sheirsk.,'* us- 586 cmi ! that suggests an interference at least between the
ing high-power chirped pulseg§ig. 2). For this experiment vibrationless and the first excited state of this vibration.

The second term on the right-hand side of E3@) shows

a phase dependent absorptirin spite of the presence of
a relatively large parametet in the denominator of this
term, the last can be important when the imaginary part o

IV. COMPARISON WITH EXPERIMENT
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FIG. 3. Absorption spectrum({)) of intense strongly chirped pulse calculated by E2f) for positively chirped(PO) [®"(v)=10" fs?, solid ling] and
negatively chirpedNC) [®"(v)=— 10" fs?, dotted lind pulses. Sincé) is equal to the instantaneous frequengy) = » — u(t—t,), an absorption is shown

as a function of —t,, bearing in mind its close relation to the time evolution of electronic population wave packets. Other parametgrs,ard: (a,b and

2 (¢, d), 7a( @20 Imat;=0.7 (2,0 and 1(b,d). Dots and dashed-dotted lines show the time dependencies of the first two summands on the right-hand side of
Eq. (28) for k=0 andk=1, respectively.
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Hence the IF modes are not in equilibrium, and we cannot 40 -
relate them to fast relaxing intramolecular modes. Therefore, ;
we relate IF modes to thigos} system, bearing in mind that 351
the linear absorption spectrum of LD690 in methanol does 1
not show any structure associated with the vibronic transi- |
tions corresponding to the excitation of one quantum of these 254
vibrations(see Fig. L 1

Numerous experiments*®**-%8show that the intramo- , 207
lecular HF modes relax very fast to the equilibrium state due ]
to rather large density of vibrational states in the range of
their vibrational excitation. It seems likely that the same is
correct for the state corresponding to the excitation of two
quanta of the 586 ciit vibration as well, because this state |
falls into the region of HF vibrations. The last can explain o
the absence of a second harmonic of the 586 tmode in ]
experimental signal, which is predicted by calculations not -5
taking into account the attenuation of intramolecular T
modes>t53 ]

From the above discussion it appears thabg 45+
=175518 cm? should be compared Witho s inter+ intra -100 -80 60 -40 -20 0 20 40 60 80 100
= 025 intert O'Iéﬁntra"_ O'IZITintra: 245482 cm (or AQ t‘to (fs)
=985 cm '—with AQs inter+ intra= 2 V20 25 inter+ intraIN 2 ] ) ) o
=1164 cnT 1), and 020=585075 cm 2 should be compared FI(_3. 4. At_)_sorlptlorr:_ spe((:It)r,:al of Lligdgl?zm mtle_zih?nol fozjhlgh-pt)pwler ehxcnagon
with o5, =464876 om (or ADG=1798 o *—with (o e STEEE L et 14 s fnctions of e, boar-
AQHF= 2207 jnyraln 2=1603 cm’ 1). One can see that ingin mind the time dependence of the instantaneous frequerity=
AQg inter+ inra differs by 15% fromAQg, and AQ"F varies - u(t—to).
by only 11% fromAQ,. Thus two effective oscillators of
our model capture the main properties of the actual system.

We will use the values of the parameters of the effectiverium populations of molecular electronic states 1 and 2 at
oscillators to calculate the absorption spectrufif)) [Eq. different time moments when a molecule is excited using a
(29)] for intense strongly chirped pulse of the shape deternegatively chirped pulseu(>>0). Here dimensionless poten-
mined by Eq.(19) (see Fig. 3 We solved Eq(30) numeri-  tials Uy =7%(a— 0g)%(203) +kog/og  and  uy
cally, using the initial condition Eq(34). Frequency() is =ﬁa2/(2w§t)+kw0/wst+[w(t)—wgll]/wst correspond to
equal to the instantaneous frequenoyt)=w— u(t—tp). the excited state 24, ) and the “photonic replication” 1 of
Therefore, we show an absorption as a functiont otg, the ground stateu;,), respectively.
bearing in mind its close relation to the time evolution of Let us consider the behavior of the term for 1 which
electronic population wave packets. To compare our theoretorresponds to the transitiongg— U,; (absorption and u,g
ical curves which are functions of-t, with the experimen-  —uy; (emission, for o, (®21) Jmadp=0.7. Initially only the
tal spectra of Fig. 2, we show the last ones also as functionfirst transitionu;o— U, is important. The intersection of po-
of t—tq in Fig. 4. tentialsu,o and u,; occurs near the Franck—Condon transi-

We suppose that the exciting pulse spectrum was certion, and the value of the term fér=1 is larges{Fig. 5a)].
tered neaih =620 nm1* Other parameters are: the saturationin the following instants of time the term rapidly decreases
parameten ,(w,1) Imatp=0.7 [Figs. 3a), 3(c)] and 1[Figs.  as the intersection is moving from the region of the Franck—
3(b), 3(d)], and7s/t,=1 [Figs. 3a), 3(b)] and 2[Figs. Jc), Condon transition due to a negative chirp of the pliSg.

3(d)] whereJ, . is the maximum value of the power density 5(b)]. In the end of the pulse the main contribution to the
of the exciting radiationt, is the pulse duratiofit,=56fs  termk=1 occurs from the transition,,— u,; which is re-
for |®"(v)|=10* fs?]. sponsible for emissiofiFig. 5(f)]. Therefore, at this time

One can see that the curves of Fig. 3 are similar to thosenoment the term under discussion gives the main contribu-
of Fig. 4, including two maxima for negative chirp marked tion to negative absorption.
off by arrows in both figures. To understand their origin, we  The term fork=0 corresponds to the transitions between
also show in Fig. 3 the time dependencies for first two sumpotentials u;g and u,y. It peaks at about—ty~—23fs
mands on the right-hand side of EQ9) for k=0 andk  when the difference’p;s [wa1— w(tsp),tsp]l—P2s [@21
=1. The contribution of the rest of the summands is negli-— w(tsp),tsp] is larges{Fig. 5(d)]. For the following instants
gible. The left maximum corresponds to the absorption withof time this difference diminishefFig. 5(e)] due to satura-
the creation of one quantum of the OAHF vibratiokh ( tion effect. If there was no saturation effect thé&mall pulse
=1), and the right one corresponds to the absorption withouintensities, the termk=0 would peak later at about-t,
creating the OAHF vibrationk=0). The behavior of the ~—10fs[see Fig. be)]. In the end of the pulse the term
terms fork=1 andk=0 can be understood with the aid of under discussion gives some contribution to negative absorp-
Fig. 5 depicting the “moving” potentials and the nonequilib- tion due to negative value o0fp;s [wy— w(tsp),tsp]

304

15

Absorption, rel. un
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FIG. 5. “Moving” potentials and dimensionless nonequilibrium populations of molecular electronic gidtes)= wyp,s(«,t) at different time moments
t—ty=—72fs(a), =50 fs (b), —39 fs (c), —23 fs (d), —11 fs (e), and 61 fs(f) when a molecule is excited using a negatively chirped pLdsg v)=

—10* fs?]. Other parameters are,(wy1) Imat,=0.7, 75 /t,=1. Here dimensionless potentialg, andu,, correspond to the excited state @,f) and the
“photonic replication” 1 of the ground statew,), respectivelyk=0 and 1 correspond to the vibrationless state and the first vibrationally excited state,
respectively, with reference to the HF intramolecular mage

—P2s [wa1— o(tsp),tsp] [s€€ Fig. )]. However, this con-  contribution in the beginning of the exciting pulse when its
tribution is smaller in value than that of the term for 1. intensity is small, and the terik=0 makes a contribution
The greater saturation parametey (w;1) Jmadp results  near the maximum of the exciting pulse when its intensity is
in decreasing the contribution from the tekm 0 [Figs. 3b) large. The greater the value af, the less a contribution
and 3d)], and as the consequence, the relative contributiofirom the termk=0 for the same pulse intensifyFigs. 3c)
from the left maximum of the absorption spectrum becomesnd 3d)]. It can be also explained by a saturation effect for
larger. Such a behavior can be explained by the saturatiothe termk=0 which is larger for a longer correlation time
effect which is larger for the terrk=0 than fork=1 [Figs. 7.
5(a) and 8d)]. The point is that the ternk=1 makes a In an analogous way one can discuss the absorption
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FIG. 6. The same as Fig. 5 with the only difference that a molecule is excited using a positively chirpeidigigise=10* fs?]. t—t,=—28 fs(a), —6 fs
(b), 20 fs(c), 40 fs(d), 50 fs(e), and 72 fs(f).

spectrum for positive chirp. It can be also considered as anodes eliminates the qualitative discrepancies between ex-
sum of two contributions corresponding ke=0 andk=1 perimental and calculated absorption spectra which occurred
(see Fig. 3 The term fork=0 peaks at about—t,~20fs in the model of one vibronic transitiof.
when the difference’p s [wo1— w(tsp),tsp]l—Pas [wo1
— w(tsp).tsp] is larges{Fig. 6(c)]. For the following instants
of time this difference diminishdg=ig. 6(d)]. As to the term
k=1, only the transitioru;p— u,; is important for positive In this work we have calculated the absorption spect-
chirp (see Fig. 6. The termk=1 peaks at about—t, rum of an intense chirped pulse exciting a solute molecule
~72 fs[Fig. 6(f)] when the intersection of potentialgyoand in a solvent in the presence of quantum intramolecular
U1 occurs near the Franck—Condon transition. modes. We get that generally it depends on the electric field
Thus incorporating of OAHF intramolecular vibrational phase(thus called a phase-dependent absorption in the non-

V. CONCLUSION
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stationary medi¥). Correspondingly, the absorption spec- doned in favor of the transition in some range centered at this

trum depends on both the real and imaginary part of théntersectiorf®

susceptibility. Thus one needs to extend the theory to the model of
Furthermore, using the method of stationary phase, wéiphasic solute-solvent relaxatignon-Debye solvenjstak-

have obtained an asymptotic series of the absorption speig into account electronic transitions in all the vicinity of

trum formula for strongly chirped puls¢gq. (24)]. We have the intersection. It will be done elsewhere.

shown that the principal term of the asymptotics is propor-

tional to the difference of the convolutions of the “intramo- ACKNOWLEDGMENTS
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