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On the basis of a second-order perturbation theory, some analytical formulas are derived for describing
spontaneous and stimulated Raman scatterings of a molecular system in the presence of weak pulse-mode
chirped laser field. We are concerned, in particular, with the effect of chirping of the incident laser pulse on
the Raman spectroscopic profile and the molecular vibrational distribution. From the derived formulas in the
small chirp rate limit, it was found that the molecular vibrational distribution by the spontaneous emission is
enhanced in the chirped pulse case relative to the transform-limited pulse and that the difference caused by
the sign of the chirp rate essentially does not exist. On the other hand, the overtone molecular vibrational
distribution by the stimulated emission was found to change considerably, depending on the sign of the chirp
rate.

I. Introduction Currently, while continuum Raman experiments are con-

ducted at a broad range of time scales, ranging from the
continuous-wave (CW) mode to the femtosecond regime, the
Aasers employed are mostly fixed at the resonant or off-resonant
excitation frequency. Here follows some research conducted

In recent years, with the rapid development of technology to
produce powerful ultrashort pulse lasers, many useful and
powerful spectroscopic techniques, e.g., absorption and emissio

spectroscopies, have become conveniently available for inves--". o o
tigating static and dynamic aspects of chemical reactions. ForYsing short laser pulses with different incident pulse wavelength.

example, Raman spectroscopy, which is a two-photon processAS a first example, Rousseau et al. classified Raman scatterings

involving incident and scattered photons, is receiving much into three tﬁpes ztaccordlng to the dexcr;atlon frequency: Sﬁ'
attention as a powerful technique for extracting information resonance, diScrete resonance, and continuum resonance raman

N . ;
about potential energy surfaces (PESs), vibrational force scatter!ng§. They_ foynd that there are many dlfferences.ln
constants, etc. On the other hand, the absorption process iScattering properties in these th'ree. excitation frequency regions.
utilized as a complement to the Raman interaction for a variety As a ;ecclj_nd example, the foc't?ﬂon fr?qu?ngzi/a:g%en:j?snce of
of molecular vibrations. A complete vibrational spectrum can emission lines was measured for the molecule H,

be obtained by combining these two spectroscopy methods. and it was found that the Raman s%ezgtrum contains more
In regards to the kind of laser incident on the chemical structure than the absorption spectr#ft?®28 From theoretical

species, the chirped (phase-modulated) laser pulse is attractin onsiderations, Shapiro compared the theory of Raman scattering

more attention in recent years. At present, it is being intensively y pulse-mode Ia;ers W'Fh that by CW lasérs? by.Wh'Ch
investigated and used for controlling molecular dynatfnitand the Raman .ampl'tUde”f is calculated on .the basis of the
can be shaped experimentall{ Ultrashort optical pulses Kramers-Heisenberg-Dirac (KHD) expression

generally create nonstationary vibrational states on both the

ground and excited electronic states. It is recognized that the Ll ;10

nonstationary vibrational states created on the ground electronic o U z .

state are the result of a stimulated Raman (stimulated emission Th(o T o, = w; + i)
due to intense pulse interaction) or second-order process. In

particular, intense laser pulses with a moderate negative chirpWhere|gil= uialyiland|¢il= ua1lyil] The ket vectorgyCand

rate are known to create nonstationary vibrational states on thelxi-2re the initial and final vibrational eigenstates of the ground
ground electronic stafett-14 This dynamical effect is known  electronic state, respectivelys, andu»; are the transition dipole

as the intrapulse pumdump mechanisr 17 experiments on ~ Mmoments between the ground and excited electronic states. The
which have been quite recently analyzed by a nonperturbative k&t vectorsy;s are theth vibrational eigenstates of the excited
analytic approach This mechanism has been found to be electronic statew;, wj, andw. are the initial and final vibrational
efficient for predissociation lifetime control of the wave packet State energies and the incident radiation frequency, respectively.
excited to the upper electronic quasibound state from the bound! is the phenomenologlcql lifetime of the excited eler_:tromc state.
ground eletronic stateand for quantum control of photodisso- ~ Shapiro also extended his study to Raman scattering by strong

(1.1)

ciation and photodesorption dynamiég? laser pulses! Lu et al?® and Keller et af® approached
continuum Raman scattering with (monochromatic) pulses by
T Part of the special issue “William H. Miller Festschrift”. time-dependent wave packet methodology. They also took
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stimulated Raman scattering into account. So far, only Duppen electronic state manifolwfﬁand |y, (E)Uare intermediate

et al. have investigated chirped coherent Raman scattering inbound and continuum scattering states, respectively. The
connection with chirped four-wave mixirfg.Melinger et al. constantyex andT'ex are phenomenological spontaneous emis-
studied time-dependent resonance Raman scattering and resasion rates for the intermediate bound and continuum scattering
nance hot luminescence induced by pulse-mode laser by use obtates, respectively. It is a reasonable approximation toytgke

a perturbative density matrix formalisth.They later also or I'ex to be equal for all levels since all the excited eigenstates
considered the effect of the phase incoherence of the incidenthave about the same energy and one does not expgand
light on the resonance secondary radiafidff,which bears a T, to vary much from level to level. The ket vectmg [
certain resemblance to chirped laser pulses (see eq 3 of ref 33)denotes the state of the multimode field of the incident light
However, none of these studies has investigated the effect ofwith respective modekd, k2, ...,kj, 0, 0, ... and with quantum
coherent chirping of the incident laser pulse on the spontaneousnumbemy, N, ..., Ny;... The ket vectot{ n} Cis the product of

and stimulated emission spectra. the respective mode state
In this paper, it is shown theoretically how a small chirp rate,
together with the excitation center frequency, influences the {nd B= Ing Nl ng L. = [ng,nys,...0,0,0,..0 (2.2)

spontaneous and stimulated Raman spectrum and the molecular

vibrational distribution. The present paper is organized as Itis assumed that the quantum states of mode largerkhan
follows. In section 1, using the stationary eigenstates approach, are vacant. The stafénx + 1.} Crepresents the stafen} Cplus

a time-dependent theory is derived of the spontaneous andthe photon with mode L emitted spontaneously by the molecule
stimulated Raman scatterings for chirped laser pulses that are

treated perturbatively with regard to the chirp rate. After that, Hn + 1} 0= NaNey---Ng:0,-..,3,0,.. 1 (2.3)

our focus is directed to the Lorentzian pulise profile, which In the following, the continuum state of the excited electronic
allows the transient and static behaviors to be analyzed in detail. _ 9, ; .
state |y, (E)Jcan be neglected for convenience and instead

From the derived formulas, the time-dependent spontaneous

H X

emission amplitudés/ () and the stimulated emission ampli- formulqte on_ly. In terms of the l:_>ound Stat%& LJ 1t does not
tude ¢¥(t) are found to have three characteristic transient matter |f.the initial wave packet is nearly complgte[y excited to
behav]iors, common to both chirp-free and chirp-dependent the continuum state, as in the laser puls_e excitation of the O
terms, which are dependent on the pulse duration and spontaneMelecule from the X, state to the BE, state. Here, the
ous emission lifetime. In the stimulated emission amplitude, the summation over the internal stallmﬂgnd the integration over
mixed transient term was found to decay at the rate of pulse the tran_slatlonal energi, 3o/ dE, is only replaced by the
profile plus phenomenological spontaneous emission rate. In Summationy; in eq 2.1. . . .
both the spontaneous and stimulated Raman scatterings, the.The time-dependent Scldmger equation to be solved is

transient behavior is similar, irrespective of the existence of the given by

chirp. In section Ill, the numerical results are demonstrated by AWM

applying the derived formulas to the laser pulse excitation of ih ={Hy,+ V{)} ()T (2.4)
the O molecule from the X state to the BE, state. In ot

section 1V, the conclusions of this paper are presented. where

Il. Theory V(t) = V(1) + V(b (2.5)

Our theoretical treatment of the spontaneous and stimulated
Raman scatterings is primarily based on that of Shadir,
which is mainly the sum-over-states approach. The main
difference is that we include the influence of the stimulated
emission and the chirping of the laser pulse. A =0 +Q (2.6)

Consider the single molecule flaced in a weak radiation 0 BO F
field. The temporal state of the total system is described by  The |ight-matter interaction ternv(t) is the sum of the

both molecular and radiation states. In the case of 8, B radiative interaction of the molecule in the dipole approximation
state that accommodates some bound vibrational states and many,(t) and the spontaneous emission tevitt)

continuum states in the same frequency range as the excitation

The zeroth-order Hamiltonian paFto consists of two terms:
field-free Born-Oppenheimer molecular Hamiltonitko and
the field He Hamiltonian

laser pulse, we have, in the interaction representation V() = [{n} {—ag ED))ENnG | (2.7)
[P C= {nd Dat)ly{ TexpiE!th) + hog
X, X : V(1) =i
S B0 1y P CexpIES YR — o t12) + {0 Z 20
] .
n, + 1} a(expiky — iod) + c.c.)dn 2.8
zf dEbE(t)hp;(E)bep(—iEt/h—Fext/2)+ |{ k S}D"s( p( 5 (Us) )'1 k}l ( )
n where v is the cavity volumeg, the permittivity of vacuum,
chg'(t)h/)f’r[bxp(—iEjg"t/h)} + andjie and/is are the components of the molecular electronic
]

dipole operators in the direction of the incoming laser field and
Z- {n,+ 1,} B (t)|y CexpiEXtA) (2.1) the scattered light. Quantization of the radiation field is essential
- to obtain the spontaneous part of the scattering process, while
the stimulated scattering can be well formulated in terms of
The stationary statgp?'Tiis the initial state anqnlzp}Dand |1/;J-9’D the classical field. Because the center frequency of our laser
are the final states produced by spontaneous and stimulatecpulse (8.7 eV) is much smaller (or the wavelength is much
Raman scatterings, respectively. The stationary states of thelonger) than the typical orbit diameter of the electroms $ x
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10711 m), the position dependence d(t) is ignored

[haog
V(t) & iz —26 Z}|{nk + 13 Ta(expind) + c.c.)ing |
S 0

(2.9)
Using the instantaneous frequency of the carrier wagt®
o(t) = vy + at (2.10)

We define the classical external electric fielg(t) by a
polarization vectog, a pulse shap&(t), and the instantaneous
frequency of the carrier wave(t)

E.(t) = 2,S0[exp( [Jo(t) dt) + exp(i [o(t) dt)]

= 2 SO)[exp(it(w, + at/2)) + exp(=it(w, + at/2))]
(2.11)

In the present work, our focus is directed to the Lorentzian

pulse shape and the pulse frequency modulation by the linear

chirp for the classical external electric fiele(t)

Y = EEO exp(—Alt)) (2.12)

The constanA determines the time length of the classical
electric field,wo the center frequency of the laser pulse, and

is the linear chirp rate. The laser pulse is called a positively

chirped pulse if. is positive and a negatively chirped pulse if

oL is negative. The instantaneous frequency of the pulse increase

over time for a positively chirped pulse, while it decreases for
a negatively chirped pulse.

In the small chirp rate limitjat|<wy, the classical electric
field E¢(t) can be expanded to first order with regard to the chirp
rateo. using eq 2.10

E(t) = Eo(t) + OE(t) ~ € SM(explwgt) + exp(—iwgt)) +
iat’/2(expfwqt) — expingt))] (2.13)

The second term of eq 2.13 is the term for perturbation by
the chirp rate. The frequency profile of the chirped laser pulse

Ec(w) = Eco(w) + OE((w) is obtained by Fourier transform of
eq 2.13

Ew) = [7_E(t) expot) dt (2.14)
Ec(@) = [ Exft) exploot) dt (2.15)
OE(@) = [ SE() exp(at) ot (2.16)

If the Lorentzian pulse shape eq 2.12 is assumed, the

following are obtained

A (2.17)
A2+ (0 + wo)z) '

_ E, 2A
Feol) = E(A2 + (v — w0)2
. 2 2 B
2 ((A+ @09 (A= i(—ag)’

2 B 2 (2.18)
A—i(w+ 0P A+iw+o))P

OE(w) =

If we assume that the molecule is initially in the ground
vibrational state of the ground electronic statg(t{(= —o) =
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1) and the transition probability to the other states from the
initial state is negligible, the following equalities are valid at
all times

a(t) ~ 1 (2.19)

bP(t) ~ ¢'(t) ~ b (t) ~ 0 (2.20)

Under these conditions, the system total wave funcfiBn
(t)[s substituted into the time-dependent Sclinger equation
eq 2.1 to obtain

i .
b7 () = 3 ) — 2?0
[ dt E(t) exp(oSit + y,t12) (2.21)

wherew( = (7 — E)/h.

It can be easily shown that this expression of the light
absorption stage of the photoemission process is equivalent to
the representation by means of wave packet. The light absorp-
tion part of the total wave functiorix(t)O= ;b (t)|y 0 x
exp(—iE"h — yed/2), can be reformulated by using eq 2.21

O£ [ A exp(iF/h — 7,/2)t — 1) x
(—iig e Edt)) expiHgt/h)yi0(2.22)

The same equation can be derived when the continuous
orthonormal basi§vy, (E)} is included. Equation 2.22 can be
%asily understood as follows. The initial wave packet of the
system, |y?'[] is propagated on the electronic ground state
during a time interval{-,t'] by the time-development operator
exp(iHgt'/h). At t = t', the perturbative interaction term,
—jeecEL(t"), forces the ground-state time-evolved wave packet
to be scattered onto the electronic excited state. The wave packet
is then propagated on the electronic excited state for a time
interval [t',t] by the evolution operator expHex(t — t')/h) and
attenuated by the spontaneous emission term-exg(t — t')/

2). Final integration over all possible values tbfduring the
time interval F-oo,t] gives the first-order amplitude of the wave
packet on the electronic excited state at titne

The spontaneous emission amplitude of the total wave
function |¥(t)Ocan also be derived using the time-dependent
Schrainger equation

. ha
iRbr(t) =i, [ ——(expiw,t) + exp( iw, 1)) x
2eqv

> byl v Texpioft — yed2) (2.23)
J

On the other hand, the last term of the total wave function
(eq 2.1)y L i[{nk + 1.} b (t) |y Cexp(iEYt/h) can be shown to
express the second-order amplitude of the ground-state wave
packet by using the integrated form laif(t): by (t)

Z (N + 13 B (O) 9 CexpiEfUh) =

_1§|{ I} _Lft at”'( i t")
n, + ""(ex o, t'") +
h Koot 2eqv” " P -

exp(—l—ith"))exp(—ng,(t —t")R)a |x(t")0(2.24)
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It is evident that there are two scattering processes: from

the ground to the excited state at titve t', which is contained

in |x(t")0 and from the excited to the ground state at time

t = t". Summing over all intermediate excited sta{gs (]
with respect to the variableand integrating over all possible
values oft' in the interval f-oo,t'"] andt” in the interval f-o,t]

gives the second-order amplitude on the ground electronic

state.
By the time integration, we obtain from eq 2.23

i hw
i L ]
bI(®) =— o[ =— > Gprlay v T aglyf (L1 iy
h? Y 260 g
(2.25)

where
JILLjY) = f; dt’(exp(iw t") +
exp(io t)expio it — yet'12) x

[ dt E)expiolt +yol12) (2.26)

If the field frequency of the mode L is nearly resonant on
the emission light frequencgof,x, the rotating wave approxi-

mation (RWA) can be applied, and the highly rotating term exp-

(ot — iw]t") in the integral of eq 2.26 can be omitted.
Thus,J(L,1,j,t) can be simplified as

LY = [ dt (explilw, — off +iyed2)t") x

ff;, dt' E(t') explw]jt + y,t'12) (2.27)

For calculating the time integral in eq 2.27, the following

inverse Fourier transform is used for the classical laser pulse

Ec(t)

E.(f) = % [7Ef0) expiot do  (2.28)

Substituting the time profileEc(t) to frequency profile
Edw) in eq 2.26, we can first perform the time integration
and the integration with regard to the frequemcyor the next
step. Finally, the spontaneous emission amplitllnbet) is
found to be composed of the zeroth-order tejgit) and the
first-order perturbation terrﬂb}(t) regarding the linear chirp
rate o

br(t) = biy(t) + b (1) (2.29)

It may be observed thaib,L(t) is proportional to the linear
chirp rate . We divide J(L,l,j,t) into the zero-order term
Jo(L,1,j,t) and the first-order perturbation terdd(L,l,j,t)

J(L,1j,t) = Jo(L,Lj,t) + 0I(L,1,j.b) (2.30)

By contour integration, we get fdr> 0

Mishima and Yamashita

JO(L!l!j !t)/EO =

A
{A2 + (0] + wy — iV 2)

A X
A+ (—aff + wo+ iye>j2)2}
expl(o, — wff +iye/2)) N
i(w, — 0 +iyed2)
1 1
E Lroex ; x
expli(w; + o + wy +iA))
i(w); + o+ v, +iA)
1 expli(w; + o, — wy +iA))
i@ — Wy T i(A—yed2) o+ o — oy +iA)

A 4 A
2 2 2 o <
A+ (o + o, T o))" A+ (0 + o, — oy

1 (2.31)
|((Uje,| — o ~iyed2)
. _ 1
PO )= [{wfﬁ Yoot A 72
1 J—
{0 — wo— I(A+ 7, 2)}°
1
+
{off+ 0= I(A+ 72
1 expl(w, — wff +iy./2)) N
{off — wo +i(A— VeJZ)}s] i(0, — 0 +iye/2)

S BN~ i7ed20,;+ 0~ +iAD -
BojT — ived2.my; + o0+ 1AD} +

1 1
{(a),_ + )+ wgt+ iA)? (o, + o — wy— iA)®

1 1
- X
(o, + o+ 0y — A (o, + w; — wo+ iA)3}

1 (2.32)
i(wjy — o, — 1yef2)

and fort < 0

AL, /E, = % .
1 expi(w; + o + wy —iA))
i(0ff + wp = I(A+ 7/2)) i@ + o, + 0, —1A)

1 expl(w; + o, — wy — iA)Y)
(@] = wy— i(A+y42) (@ + o —wg—IiA)
(2.33)

OJ(L,1Lj,D/(aEy) = '5{ B0 — iye2,0); + 0w, — IAD) —
B(wff — iyed2.m,; + 0, —wo — IAD} (2.34)

where the functiorB(a,b,ct) is defined as
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B(ab,ct) = M factors adEq(tr) OEd(tz), we get in the zeroth ordefj(t)
T e+ a¥c+ bl
[{(2c+a+b)—itc+a)(c+ b} + (c+a)’+(c J(rz b;;]) o) = — _z@ el T e wger dt, E(t) x
. ]ex
expioy_jt, = 7elo/2) [, it Exelty) x

Observe that the total spontaneous emission ampllbb(i)a
is proportional to the chirp rate.. Furthermore, it may be explw;_t; + 7e,t,/2) (2.39)
noticed that the spontaneous emission amplitude entirely follows
the profile of the pulse (expgg)) for t < 0, indicating that the
spontaneous Raman process dominates during the initial perio
of the laser pulse and that there is no contribution of the
resonance fluorescence component. In the transient région ') = — — ex gr
0, the spontaneous emission amplitude has a complicated(5 = Zﬁy} WEW'@XW‘SXWEW Hix
structure, consisting of time-dependent terms indicative of decay
and oscillation caused by the laser and excited-state lifetime j’t dt, OE(t,) expim; 1, — Yo ls/2) x
parameters. The first term of eq 2.31 represents the resonance o ¢ Jel &
fluorescence part of the spontaneous emission amplitude, to
decaying at the radiative decay rate; associated with the f o Oty Beolty) Equwiexvitl +reld2) =
excited vibronic state lifetime. The second term is the spontane-
ous Raman process component. After the pulse finishes, the _Zgy, |ﬂE|1/), J ™| gy T
contribution of the resonance fluorescence and the spontaneous o
Raman process to the spectrum depends on the relative value
of yex vVersusA. In our casefex = 0.0413 fs andA = 0.620 f_tm dt, E.o(t,) exp(—iwi J.t2 — Veulol2) x
fs™1), the resonance fluorescence part contributes more to the o
stationary Raman spectra. The third term of eq 2.31 is time- T
independent and expresses the KHD formula with damping f dty OB (t) explay, ity + velsf2) (2:40)
factors.

From eq 2.32, it is evident that the influence of the chirping ~ We put
on the spontaneous emission amplitude is also composed of
two distinct time-dependent termsesonance fluorescence  cd'(t) = ng(t) —i—écgr(t) =
and spontaneous Ramaas well as time-independent KHD !
terms.

The time-dependent stimulated emission amplitwdé)
can be obtained by inserting the total system wave fung¢tién
(t)Tinto the time-dependent Scitimger eq 2.1 and multiplying

Jn the first order, we get

Jex

Jex

- _Z@ WEWJeXDEUZtWEW)ng(JJexyt) =

Jex

both sides by¥|{ng | - —zaw el T i P AMG( fenet) + OMG )}
]ex
241
O =1 SO - AeEOUTDTO * 24y
Jex
expio;_t — yo4/2) (2.36) where
wherew;,,; + (E> — EV)/h. Mol Jext) = f dt; Ecolty) explioyjt; — yeta/2) x
Inserting eq 2.21 into eq 2.36 and integrating both sides of t
the equation gives L/:o dt; Ecolty) explo;_it; + yeti/2) (2.42)

and
') = - —ZEIO gl s gl Ox

Jex

M jext) = [ dt Elty) explio; ity = velsf2) x
S duEft)expio) it — yetd2) x

t.
2 dty Bty exploy ity + vet/2) +
S dEelty) expl-iay_t, — 7ob/2) x

S dty OE(ty) exploy, ity + yoti/2) (2.43)

J7 dt Bty explo;_t + voti/2) (2.37)

We divide ¢/'(t) into zero-order ternt(t) and first-order
term oc'(t) with regard to the chirp rate

ngf(t) = ng[)(t) + 5CJ9f(t) (2.38) In eq 2.41, we dividedM(j,jext) into the zero-order ternvig-
' (j,jext) and the first-order perturbation terdM(j,jext)

If we substituteE.o(t) + OE(t) for E(t) as indicated in eq . o o
2.37 and we neglect the second-order terms, which contain such M(j,jext) = Mo(lLjext) T OM(jeyl) (2.44)
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Now, to concentrate on the tergiy(t). By substituting the

- 1 1
inverse Fourier transform eq 2.28 for the classical laser pulse 20M(jje)/aAE,* = = T X
> . . ! - 2Ali(w; i+ @yt i(A—v.42))
E.(t), and by time integration followed by contour integration Jex
with regard to the frequency, we obtain for 0 {Clo;_; T 2A1) = Clw;_; + 2w, + 21A1)} +
1

i@y, — oo Hi(A~ 7e/2) "
- (50)2 {Clo, = 2w+ 2AD) = Clo s+ 2AD} +
Molec) ={27| > i{B(w,_; — iVed2.0); + 0o+ A wg+ A —
Bl i — Ved2:0); + 0o +iA,—wy HIAL) +

1 exp((w;; + 2w, + 2iA)) B(w;, i — 17e/2.0;; — wo + iAwg + A —
(@), T 0o+ i(A=7e/2) (0 + 20+ 2IA)

ex!

B(wjexyi — iYed2,0;; — 0o+ 1A~y FiAD}| +
1 exp( (wj; — 2wy + 2IA))
i(a)iex‘i —woti(A—7e42)) (o) — 20, + 2iIA) 1 n
. AP+ () + oo = iyed2)
. _ + 1 o
{'(wiex" ~ o TIATYe/2) A+ (—oj + oo+ iyeJZ)z} (o —ent
1 exp((w;; + 2IA)) (At vef2)t) — Clmo;_j + 0o ti(A+y,/2)} +
i(w, + oo Ti(A— ye)jZ))} i(w,; + 2IA) 1 1 _
5 A (wjex,i —wo—i(A+ Ve>!2))3
AEy I 1 N 1 N 1 B
2 | A+ (o + g — 1727 @+ 0o — A+ 72 (@i 0o+ (A 72
1 X
1 « (@1 — 0o+ (A= 7o2))°
A+ (o — 0o~ iyef2) expl(—oy ; + wo +i(A+ v/
exp((—w;_; + o T i(A+ 7/2))) i(moy,j + 0o +i(A+ye/2)
o o AT ) + expl(—a,_; — 0o +H(A + 7/
fexd i(—w;_; — 0p T I(A+ 74/2))
expi(—w;_; —wo ti(A+ye/2N)|  AES § 1 T 1 )
i(—o;_j— 0o +i(A+ 7,/2)) 2 A {(a)j’i —2A)° () + 20y — 2iA)3}
1 N 1 N
_ 1 1 n i@+ 0o — 1A+ 76/2) i) — 0o+ i(A—y./2)
()i + oo = I(A+ 7e/2)) A + (wj; + 204 — iA)? 1 1
1 1 N {(wjvi + 200+ A (0 + 2iA)3} )
i(a)jex,i —wo— (ATt yef2)) A2+ ()i — 2wy — iA)? : 1_ +- 1_ +
’ i(w i+ oo TI(A=yef2)  i(w ;= o= I(A+ 7/2)
. L . L 1 1,
I(wjex,j — oo~ I(A+7ed2)) A* + (wj,i + 20, + iA) (wji — 2wy — 2iA)3 (wj,i _ 2iA)3
1 1 + { 1. + - 1. } +
i+ oo — I(A+7:42) A2+ (5 — 20y + in)? i(w i = oo = (AT 7ef2)) i(w j+ wo+i(A— ye/2)
' 1 1
1 { LH2AP (0, -2 +2'A3}><
[i(wjex,i - Wy — |(A + Vexlz)) " (;_UJ'I N (w” o Il)
1 1 N {i(w;ex,i “ o0 1A~ 7502) i@y, +wp— AT yeJZ))}] i
(@, + oo i(A+ VeJZ))} A+ (o — TAY 2 1 _ 1 5
L (@, + 00— A+ 7/2) (o — wp— I(A+ yef2))

1 1
2 - 2t 2 : 2
A+ (wjex’i Ty — 1702 A+ (0 j— wy— iyd2)

Jex!

[i(a)]-ex'j + wy— i(A+ v./2)) *

1 1
A+ (o) = o= iyed2) A (o j+ = iye>j2)2}]
(2.45) (2.46)

1 1
(@), — 0o~ i(A+ VeJZ))] A2+ (o, + IAY?
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If t <0, then
. Eo)?
MO(J ’]eXit) = E X z;
1 expl(w;; + 2w, — 2A)Y) a
i(wjex,i + wo— 1A+ y42)) i(a)j'i + 2w, — 2iA)
1 exp((w;; — 2wy — 2iIA)) n }
i(wjex,i B i(A+ Ver)) i(wj,i — 2wy — 2iA) 038 ‘ 1 12 ‘ 4 16 18 2 22 24
x7A
1
- - + Figure 1. Schematic depiction of PECs of the state&Xand B,
{'(wiex,i — 0o~ (At 7/2)) of the O, molecule. !
: 1' eXPG(wJJ — .Z'A)t) (2.47) TABLE 1: Potential Parameters
i(w; i T 0o = A+ yd2))]  i(w; — 2A) D, =521eV a, = 2.6547 A1 ¥ = 1.207 A
D,=1.46eV a,=2.2477 k1 ¥ =1.604 A
.. 1 1 D3 = —-5.75eV
20M(j jeo)/QAE, = =—|- . x
“ 2A '(wjex~i Ty~ i(A+ 7e/2) TABLE 2: Laser Pulse Parameterg
{Cloy_; — 2AY — Clo)_; + 2wy — 2IA1} + Eo=10x10%au | =3.54x 10° W/cn? wo=8.73 eV
1 L1
: - X A=227fs? o=—-74.4,00,74.4eV 2
(i — o — A+ 7e42)) L2
{C(wjex,i _ 2600 _ 2iA,t) _ C(wjex,i _ 2iA,t)} + A=1.16fs? (Eg: —31.6, 0.0, 31.6 eVfz
i{B(0;_; — ived20;; + 0o — iAW — IA}) — A=0.620fs* o =—0.930,0.0,0.930 eV f8

detuning= —2.43 eV

B(w; i — i7e/2.0); T wg — IA~wy — IA}) +
i . ' ) . aThe quantityl denotes the laser pulse intensity.
B(a)j i Iye)jZ,a)j'i —wy— IAw, — iAL) —
* lll. Results and Discussion

B(wjex'i B 'VEJZ'(UJJ_CUO_ A =wo — 1A} (2.48) In this section, the analytical formulas derived in the

preceding section are applied to the @olecule that has
The functionC(ayt) is defined as follows: previously been studied experimentally and theoretically, but
with CW laser and by the time-dependent wave packet
engat)(_aztz — Jiat + 2) (2.49) method>38|n Figure 1, the potential energy curves (PECs) of
a the & molecule relevant to the present paper are shown: the
X3%; and B’X states. Both of the PEC¥j(x) for the X°%;
As can be easily recognized from the formulas derived above, state andv(x) for the BS, state, are expressed as Morse
att > 0, the stimulated emission amplitudﬁf(t) is found to functions
have three characteristic transient behaviors common to both

Cat) =

the chirp-freeMo(j jext) and the chirp-dependent terdis!(j,jext), V(X)) = Dy[1 — exp{—a,(x — x])}]2 +D; (3.1

as in the time-dependent spontaneous emission amplitude )

bH(t): exp2 At), exp(—(A + yed2)t), and the time-indepen- V,(X) = D,[1 — exp{ —ay(X — X,)}] (3.2)
dent term. Inc’(t), the mixed transient term exp(A + yed ) _ ) o

2)t) is a characteristic that is not found Hir(t). This term Their parameters are listed in Table 1, which is reproduced

decays at the rate of the pulse profile plus the phenomenologicalfrom ref 37. The vi'brational eigenfunctions and eigenerjergie;s
spontaneous emission rate.tAt 0, we find that both the chirp- of the two electronic states were calculated by the Fourier grid

freeMo(j jext) and the chirp-dependent terdsl(j,jext) entirely Hamiltonian method® It was found that the ground electronic
follow the profile of the pulse (exp@)). state supports 53 vibrational eigenstates and the excited

In this paper, our interest is focused on the calculations of electronic state 34, although the continuum states are dominant
physical quantities such as (1) the Raman spectrum, in other@t the resonant frequency. The laser pulse parameters appearing

words, the probability to observe a spontaneously emitted photoni” €d 211 are shown in Table 2. Three kinds of the laser pulses
in the L mode at the time

are derived according to duration: the shortest L1, the medium
L2, and the longest L3. At= 0, the laser pulses are resonant
P.(t) = Z|b|L(t)|2 (2.50) in the resonant Raman scattering (see Figure 2). The detuning
(—2.43 eV) is for the nonresonance Raman scatteririg=a0
(see Figure 5). Throughout the present paper, the simple
and (2) the molecular vibrational distribution of the vibrational hypothesis is adopted that the bond length is independent of
statev = | of the ground electronic state due to spontaneous the transition dipole momentie = ji. = 1D.

emissionQ™(t) and stimulated emissio®;(t) In Figure 2 the transient resonant Raman spectra calculated
by eq 2.50 are shown. For pulses of the shortest duration (L1)
spy U PIRIPANY, (Figure 2a-c), only simple bell-shaped spectra are detected,
t) = d br(t 251 ;
QMo ﬂZC&[ oo, @ br () ( ) whereas some structure appears in the longer pulse case (L2)

. 5 (Figure 2d-f). The latter case indicates that resonance fluores-
P = 1) (2.52) i i i i
I | . cence sets in at the terminal period of the pulse. Some chirp
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Figure 2. Transient resonant Raman spectra for the laser pulses
L1 (a—c), L2 (d—f), and L3 (g-i) in the resonance condition.
Panels a, d, and g are for positively chirped, b, e, and h for
transform-limited, and c, f, and i for negatively chirped laser
pulses. In panels-&c, the dotted, dashed, and solid lines are for

t =0, 1.51, and 3.02 fs, respectively. In paneisfdthe dotted,
dashed, dashedlotted, and solid lines are for= 0, 2.42, 4.84,

and 7.26 fs, respectively. In panels-ig the dotted, dashed, and
solid lines are fott = 0, 42.3, and 84.7 fs, respectively.
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dependence of the transient Raman spectra is noticed, althougliluorescence processes contribute to eq 3.7. Under resonance

differences due to chirp rate are quite small. conditions, when the temporal duration of the pulse is lokg (
The situation changes when the longest pulse L3 is usedis small), the excited-state wave packet gradually builds up and

(Figure 2g-i). Initially, the Raman spectra are completely decays with the pulse, and the Raman process is dominant in

structureless and are well described by the KHD formula. At eq 3.7. When the temporal duration of the pulse is sh¥iit (

the end of the pulse, however, the Raman spectra show manylarge), the excited-state wave packet lingers in the Franck

well-resolved peaks. Condon region and survives the laser pulse. In this case, the
In each of the cases (L1, L2, or L3), the real wave packet resonance fluorescence is dominant. Here it should be noted

created on the excited-state PEC persists in the Fra@okdon that this is the case only when the laser pulse is low-power and

region as long as the resonance fluorescence has an overalihe chirp rate is small.

dominant effect. This can be understood later in Figure 3 by  This intensity increase is intimately connected with the in-

the exponential decay of the excited-state population long after crease of the population to be excited and de-excited in succes-

the irradiation of the molecule. sion (virtual state). Our task is to find the time dependence of
We show why the stationary resonant Raman spectra afterthe excited-state amplitudg(t) = bfx(t)exp(—iEth/h—yextIZ).

the pulse have almost the same structure irrespective of the chirprrom eqgs 2.13 and 2.2b,¢"(t) can be divide into the chirp-

rate, as was observed by Duppen et'ahfter the pulse, we  independent terrb3{t) and the chirp-dependent terdi™(t)
have only to concentrate on the third terms of eqs 2.31 and

2.32. The terms containing the counter-rotating term can be ex ) zl@9x| — fige Jy¥Tx
omitted,w; + . + wo, the resonance condition usedl,; + 10 Rl He€clVi

WL — W~ 0, and flna”y fjm dt, Eco(t’) equw]‘e:ixt' + Vextllz) (38)
1

Ll — o) =

; - (3.3) and

A i(0ff — o —i7e/2) .
i A A
and OBY) = £ — figreclyfOx
t
i dt' SE(t') explwt + v, t'/2) (3.9
nmwm%ﬁiﬁexl. 3.4) S dt OB(E) explofit +yet/2) (3.9)

A i(w) — o —iyed2)

After simple integrations and applying RWA, we get for

are obtained. t=0
These render iE ex
- ppt) , 1 1
bo(t) = %OEWXI - #E'EclwigrE{T + q 5} (3.10)
Eo1 [hoy
bio(t — o) = — —, [— Gyl [y T gl Ox and
ot — ) Mz%gmmmmwm
aE, ..
35 Ob7(0) = W — ey Dx
(@i — o = 176/2) 2
: ) {exp(nt)(t— -2, 33) + 2(l3 - 13)} (3.11)
and P p” p a p
bIL(t_, ) = Fort < 0, we obtain
, IE exp@y
1 2ia\1 [ho b2t = 2@ — figeJyd T (3.12
x = s oA o 2 Vo Ty O o) = ]~ erddyTETg T (342)
€l
A’ h oV"7 and
(3.6) "
(@i — o — i76/2) obP(t) = %@fﬂ — figre Jy?Tx

The Raman spectral intensity raff(t — o) = P, (t — o)/ 2t 2
PLo(t — @), with Py(t — e) including chirp andPyo(t — o) xpEg ~ o T G
without chirp, reads
Here, we define
4(12
Palt = @) =1+-% 3.7) P=(ref2— A) +i(07 — wy) (3.14)

It can easily be recognized that the Raman spectral intensityand
does not depend on the sign of the chirp rate and that the
intensity in the presence of the chirp increases relative to that q=(yed2 + A) +i(wf — wy) (3.15)
of the transform-limited pulse, irrespective of the details of the
molecular characteristics, e.g., PES. Equation 3.7 is a formulaUnder the near resonance conditiofj ~ wq, p andq are real.
derived from the time-independent KHD terms in egs 2.31 and Therefore, it can easily be seen th#(t) is pure imaginary
2.32 when the time-dependent Raman and fluorescence termsand chjeX(t) is real, which leads to the conclusion that the
(t — ) vanish. Therefore, the time-independent Raman and excited-state populatioi(t)| with chirp is always larger than
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/ ‘ . 3=100
-500 0 500 1000 1500 2000 2500 are larger for the chirped pulse than for the transform-limited
_ _ _ ”“"_" . pulse and that the difference resulting from changing the chirp
Figure 3. Time-evolution of the excited-state populatigisi(t)| for rate sign is rather trivial. The reason for this is the same as for
ltmtfje;rfg“sg I;%i'\/;anfrlmisr_aegr;;grr palsslgxéeI?/eghggg\(/iéltransform- the Raman spectral intensity mentioned above. A more distinc-
' 9 y chirp P - resp y. tive feature that can be seen is that the final vibrational

that without chirp. Figure 3 clearly shows this situation distributions due to the chirped pulses are larger, compared with
; ) o X " the transform-limited pulse, for the long duration pulse than

Although|bi(t)|'s of the vibrational states off-resonant with the for the short duration pulse. This is determinedR(t—o)

center frequency of the incident light£ 100, 150, and 250) iven in eq 3.7. For the shortest incident pulse kl= 744’1

show complex patterns, those resonant with the center frequencygv fs2 andA _ 2.27 fsY), Pe(t—0) = 1.28, and for t.he

(i = 200) exhibit monotonic behavior. Nevertheless, it is easily longest incident pullse L?a(’= 8’930 oV fsé ar{dA — 0620

recognized that the population in the virtual state and the emittedfs_l) Pre(t—w) = 1.79. This tendency is the same for 'on_ and

photon intensity increase if a chirped laser pulse is used, which off-réscr);ance Casés '

leads to coherent enhancement of the Raman spectral intensity. As can be seen in’ Figure 5, when the incident light is off-

In general, the population transfer to the excited state is rggonance (nonresonance Raman scattering), Rayleigh scattering
determined to be either enhanced or suppressed by the chirpis predominant, and the fundamentals or overtones are much
depending on the values of the relevant parameters. It is kKnownyeaker at the long time limit. This result can be readily
that when a high-power incident laser pulse is of long duration, ynderstood by the following argument. Because the frequency
re et apd pssag AP)contion s o 1 e et h s e c
pul piete populatior Y aposIiVElY e supposed to be a constant with respect to the indthe
chirped laser pulse and de-excitation by a negatively chirped -4 term of eq 2.31 or (2.32) can be expresseB(s)). Then

laser pulse are gletectéé‘iyvhﬂe for a.hlgh-power incident laser the spontaneous emission amplitque{t) in eq 2.50 is ren-
pulse of short time duration, the discrepancy between the two dered as

chirped laser pulses disappears. However, when the incident
laser pulse is low-power, we found the excitation probability

to be enhanced by chirping. The chirp rate sign independence L i [ho Lo R

of the intensity enhancement in the case of the low-power by (t) %—2 B(L’I)zml V‘L“/)JeX fXV‘EW?rD
o : : h?\ 2eqv ]

excitation has previously been stated from both experiméntal (3.16)

and theoreticaf points of view.

In Figure 4, the molecular vibrational distributions of the As we assume the dipole moments are constant scalar quan-
vibrational statev = | of the ground electronic state are ftities, we use the closure relation f"T) br(t) O M|y 0=
represented by the spontaneous emis€)fiit) calculated by Ol Thereforeb,L(t) is significant ifl =i (Rayleigh scattering).
eq 2.51. It should be noted that the final vibrational distributions The slight variation of the third term of eq 2.31 or 2.32 leads
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to additional small fundamentals or overtones in the Raman
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fundamental and the higher overtones. The distribution is the
widest when the incident laser pulse is negatively chirped, while
it is narrowest when a positively chirped laser pulse is used.
The deduction from eq 2.45 or 2.46 is a bit cumbersome.
However, it may physically be assumed that the differences
observed above among the positively, negatively, and transform-
limited pulses are due to the intrapulse pump-dump process.
The excited-state wave packet photoinduced from the ground-
state slides down along the curve because the wave packet
created in the excited electronic state is not an eigenstate of the
vibrational manifold. The motion along the PEC has an effect
of dynamical Stokes shift: the transition eneryj{t)) between

the excited state wave packet and the ground state PEC
decreases with time. The negatively chirped pulse whose
instantaneous frequencydgt) follows the behavior oVi«(t),

and the excited state wave packet is dumped to the ground state
effectively. The existence of the pumdump enhancement of

the ground electronic state vibrations has been observed before,
both theoreticall'™14 and experimentally>17 However,
positively chirped pulses do not follow the behavior\Gfy(t),

and the dumping effect does not work. It should be noted that
the stimulated Raman process in the presence of the chirp is
quite sensitive to the molecular characteristics, in contrast to
the spontaneous Raman process.

In conclusion, the spontaneous emission probability is
enhanced by chirping the incident laser pulse, irrespective of
the sign of the chirp rate, although the spectral profile does not
change much. The stimulated Raman emission probability shows
a propensity readily attributable to the intrapulse pardpmp
process. The detuning renders the transient and stationary Raman
spectra simple, and the chirping effect is the same as that in
the on-resonance condition.

IV. Conclusions

In this paper, some analytical formulas have been derived
for describing spontaneous and stimulated Raman scattering of
a molecular system in the presence of a weak pulse-mode
chirped laser field on the basis of a second-order perturbation
theory. In particular, attention has been focused on the effect
of chirping, duration, and detuning of the incident laser pulse
on the Raman spectroscopic profile and the molecular vibrational
distribution. Our theory was applied to laser pulse excitation
of the @ molecule from the )?Z; state to the B, state,
which is mainly repulsive and accommodates some bound
vibrational states. From the simulation, the transient Raman
spectrum was found to be slightly dependent on the sign of the
chirp rate. The stationary Raman spectra after the laser radiation
look alike, irrespective of the sign of the chirp rate: they are
bell-shaped in the case of the pulses of short duration and well-
resolved in the long duration limit. It was revealed that the chirp
has the effect of enhancing the spectral intensity, irrespective
of the sign of the chirp rate. On the other hand, the overtone
molecular vibrational distribution due to stimulated Raman
emission was found to change considerably, depending on the
sign of the chirp rate. From these results, we conclude that, for
a weak field intensity and small chirp rate, the spontaneous
emission probability is enhanced in the presence of chirping,

spectra. The same propensity was also detected in the molecyhjle stimulated Raman emission is significantly influenced by

ular vibrational distribution due to spontaneous emission

QMt — o).

the intrapulse pumpdump process characteristic of the (nega-
tively) chirped laser pulse.

The dependence on the sign of the chirp rate appears most If a strong laser pulse is used, the perturbative approach used

prominently in stimulated emission. In Figure 6, it can be seen
that the molecular vibrational distributior@f‘(t — o) are
significantly different according to the chirp rate in the

in this paper breaks down, and the adiabatic rapid passage (ARP)
mechanism works effectively. It can then be presumed that a
large part of the wave packet would be trapped in the attractive
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