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On the effects of absolute laser phase on the interaction of a pulsed laser
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The absolute laser phase dependence of the time-dependent populations of the molecular states,
including the steady-statgong time populations of the states, associated with the interaction of a
molecule with a pulsed laser is investigated using illustrative two-level examples. One-photon
transitions, including the effects of permanent dipoles, are discussed as a function of the pulse
duration, intensity, andabsolut¢ laser phase, for selected laser frequencies. The effects of laser
phase can be large, depending on the values of the pulse duration for a given frequency and
intensity. The effects of permanent dipoles, relative to no permanent dipoles, are significant for large
laser field strengthe’. When the laser-molecule coupling paraméteru ,% E,;=0.2, wherew,

and E,; are the transition dipole and energy difference between the ground and excited states,
respectively, the dynamics of the pulse-molecule interaction (st@ngly phase dependent,
independent of pulse duration, whereas the corresponding steady-state populations of the molecular
states may or may not be phase-dependent depending on the pulse duration. Analytical rotating
wave approximations for pulsed laser-molecule interactions are useful for interpreting the dynamics
and the steady-state results as a function of field strength and pulse duration, including the effects
of permanent dipole moments. The results reported in this paper are based on molecular parameters
associated with aBy,— S, electronic transition in a dipolar molecule. However, they are presented

in reduced form and therefore can be scaled to other regions of the electromagnetic spectrum. Short,
intense pulses at or beyond the limits of current laser technology will often be required for the types
of absolute laser phase effects of this paper to be appreciable for electronic excitations. The
discussion, in the UV-VIS, also suffers from the use of a two-level model and from the requirement
of field intensities that can be beyond the Keldysh limit. For other spectral regions, these absolute
laser phase effects will be much more readily applicable.1998 American Institute of Physics.
[S0021-960608)00945-3

I. INTRODUCTION performing calculations of the observables associated with
the interactions of cw lasers with atoms or molecdlés.

The purpose of this paper is to discuss, with illustrative o o srinalyapparently little explicit attention has been

two-level examples, th@bsolute laser phase dependence of Cgiven to the role of(absolute laser phase in interactions

the dynamics, and the steady-state populations of the mo- . . .
) . : . involving a pulsed laser with a molecule. Notable exceptions
lecular states, associated with the interaction of a molecule

with a single pulsed laser. This dependence is discussed f(')r}'CIUde a(pertqrbatlvely baseobt_udy of the effgcts of Igser
one-photon transitions, including the explicit role of the ef- phase on the tlme—d_ependent dipole moment mducegd In two-
fects of permanent dipole moments on the observables. !evel gystgm py an.mtense laser pulse, by Ivaaoal,” an

The effects of absolute laser phase for the interaction of?vestigation including a study of the role of the phase of a
a molecule with a continuous wavew) laser are well dissociating laser pulse on laser-controlled dissociation from
documented:® In such cases, the phase dependence of thé Selectively prepared vibrational state, by Korollel\al.,“f
populations of the atomic or molecule states is negligible fordnd a paper by Griffitiet al, ™! that became available during
weak applied electromagnetic field&MFs), such that the the review of the present paper, involving a combined theo-
molecule-EMF coupling strength parameter u,,c%/E,,  retical and experimental study of absolute laser phase effects
<1, whereu, and E»;=E,—E, are the transition dipole in the response of a two-level system to radio-frequency

moment and the energy level separation, respectively, for thpulses. It appears that most single pulsed laser atom or mol-
two-level 1—2 transition of interest and® is the electric  ecule calculations in the literature correspond to setting the

field amplitude. On the other hand, if the field strength isphase of the carrier wave equal to zero; see, however, Refs.

increased sd<1 (e.g.,b~0.2,>° the populations of the 9-12.

atomic or molecular states can be strongly phase dependent The relatively little amount of work on absolute phase

and it is important to take these effects into account whereffects is in contrast to the attention given to relative phase
effects for interactions involving atoms or molecules and

dAssociated with the Centre for Interdisciplinary Studies in Chemical Phys-more than one pulsetbr cw) Ias_er. Here mPCh work has
ics, University of Western Ontario, London, Ontario, N6A 3K7, Canada. been done on the effects of varying the relative phases of the
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lasers, including studies of th@elative phase control of sjty corresponding to a cw electric field is~3.509
molecular excitations through the use of both simultaneously 10'9 %(au)]*> W/cn?.

applied, and delayed, phase-related pulseg, for example,

Refs. 13—33 In these studies, as in the case of single laser-

molecule interactions®3*there is a strong analogy between
optical and NMR spectroscopiés!®18

In this paper, we consider a model two-level molecule  The time-dependent wave function for a two-level mol-
characterized by a transition dipole, and a differemte gcyle, interacting with a time-dependent field electric field
= woo— p11 between the permanent dipoles of the excitede(t), can be written as¥(r,t)=ay(t) b, (r)+as(t) éo(r)
and ground states 1 and 2, respectively, interacting with th lay(t)|2+]ay(t)[2=1 and whereg;(r) is the time-
pulsed(Gaussianlaser of durationr,, (circulan carrier fre-  jndependent wave function for thjéh stationary state of the
quencyw, (abSO|UtQ phaseﬁ, and f|e|d amplitud&o. The unperturbed molecule with energ/j, j:1,2, E2> El' In
effects of laser phasé, as a function ofr, and €, for  the dipole approximation, the time-dependent coefficients

selected laser frequencies on the time-dependent popula- g(t) satisfy the system of coupled first order differential
tions of the molecular states are examined in Secs. Ill A angquations

Il B for d=0 andd+0, respectively; the comparison of the

II. THEORY AND COMPUTATIONAL METHODS

i i i _da(t)
results augmgnts previous discussims the |mpor_tance o_f | =H(t)a(t)=[E— u- e(t)]a(t). (1)
permanent dipoles on pulsed laser-molecule interactions. ot
For example, for a given field streng#?, the effects of Here a(t) is the column vector defined bfa(t)];

changing é on the time evolution of the molecular states, =a(t), the square energy and dipole moment matrices are
and on the(steady-state populations of these states after yefined by E);k=E;;c and () =1 ¢;| | 1), wherep is

the pulse-molecule interaction is completed, can be largghe dipole moment operator for the molecule. The electric
depending on the values of, for a givenw. The numeri-  fje|d is taken to be linearly polarized(t)=2&e%f (t)cost

cal results reported in Sec. Il are based on molecular paramg 5 \wheref(t) is a time-dependent pulse envelope which
eters characteristic of th80—>81 electronic t_ransition in" modulates the sinusoidéontinuous wave, cifield having
1—[p—(N,N-dimethylamino) phenyt-4—(p-nitrophenyl)  an amplitudec®, polarization vectog, circular frequency,
—1,3-butadiene since this model was involved in an earlierang phases. The Gaussian pulse envelope, which is of par-
study®® of the effects of permanent dipoles on pulsed laserticylar interest later, correspondsft(i)=exp(—t2/7,23), where
molecule interactions fo6=0. However, all the results are 7, is @ measure of the pulse duration; the spectral and tem-
presented in terms of the dimensionless paranteserd time  poral full widths at half-maximum for the Gaussian pulse are
and pulse durations in units é27/w), and so can be scaled Ay=4(In 2)1/27.p andAt=27,(In 2)Y2,

to other regions of the electromagnetic spectrum. For elec- Transforming (1) to an interaction representation, de-
tronic transitions, many of the effects of absolute laser phasgned by b;(t)=a;(t)exp(~iE;t), and eliminating the coun-

discussed in Sec. Il will require short, intense laser pulse&errotaﬂng terms (rotating wave approximati(}n one
with intensities often at or beyond the Keldysh limit, at or gptajnd-36-4*

beyond current laser technology. The discussion, for elec- «
tronic transitions, also suffers from the use of a two-level  ; 9P1(t) _ Mo €€ —i(Epp— 0)taid
' - i =— f(t)e™"Fam i el%p,y (1),

model. For other spectral regions, these absolute laser phase dt 2
effects will be much more readily applicable. Even in the db,(t) 8e0
UV-VIS, the results of this paper should nevertheless be sug- j —2— — — #12
gestive of absolute laser phase effects in many-level mol- dt 2
ecules and these effects will manifest themselves, in one wayhereE,,=E,—E;. In obtaining(2), the effects of perma-
or another, in the electronic excitation of real molecules. Thenent dipoles,u;;, have been neglected; this is not always
techniques used to obtain the exact two-level results of Sewalid,’*>*?**3see also Sec. Ill. Although E¢R) has a simple
11, in the semi-classical dipole approximation, are reviewedform, the general solution, for arfyt), is only known when
in Sec. Il which also contains a review of the analytic rotat-the detuning is zeroA=E,;— 0 =0, i.e., the on-resonance
ing wave approximatiofRWA), for pulsed laser-molecule solution. By transforming to the variable
interactions:®~** which is used to help interpret the exact .
results of Sec. lll. Finally, Sec. IV contains a discussion of Z:f f(t')dt’ 3
the more general conclusions of this work. -

Atomic units are used in this paper. The units of energyang utilizing the initial conditions a(—%)=b;(—=)

E, the transition and permanent dipole momepig, the =6j;, the following well-known solutions are
carrier frequencyw, time t, and field strengthe® are Ey,, obtained®:37:40:41,44-46

eay, E4h %, #ELY, and Ey(eay) !, respectively, where . o
. . - @€ t
Ey is the Hartree of energy is the absolute value of the bl(t)=cos< P12 j f(t’)dt’),

@)

f(t)ei(EZlfw)tefiﬁbl(t),

charge of an electrorg, is the Bohr radius, and is the 2
reduced Planck constant. The following conversion factors ~ 0
may be useful in what follows:eay~2.5415D, #E;* b (t)zsin(”lz'ecg ft f(t’)dt’) 4
~2.4189<10 V7 s (10°fs=10"? ps=s), and the field inten- 2 2 - '
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where we have omitted phase factors of modulus unity which  du(t, t,)

are unimportant in the context of this paper. When the de- | —5;— =H(DU(t.t) (8)

tuning is nonzero) = E»;— w# 0, Egs.(2) can apparently be

solved for only one time-dependent symmetric pulse shapégubject to the initial condition&)(to,te) =1, wherel is the

the secant pulse shagét) =sech(/z,), wherer, is a mea- unit matrix. The numerical evaluation of the evolution opera-

sure of the pulse duratioli.The solution was obtained for all tor for pulsed molecule-EMF interactions can be carried out

times by Rosen and Zenbut is of particular interest in the by application of the Riemann product integréRPI)

present context for=cc. Using their result, the solution for Method’®~*?In order to solve Eq(8) with this technique, the

the excited state steady-state populat®y(=)=|by(x)|? time interval[ ty,t] is subdivided intan small intervals, the

i.e., the population after the pulse has passed through tHvolution operatotJ(t,to) is evaluated for each subinterval,

system, for the secant pulse shape is given by and the group property of the evolution operator over adjoin-
~ o ing subintervals utilized to yield  U(t,tg)

M1z €€” [ N gr (Exy—w) 77y

— fﬁmf(t )dt — %

=U(t,t)U(ty,tmo1) ... U(to, t)U(t1,tp). The time divi-
sions are assumed to be sufficiently sm@al sufficiently
large that H(t) is (essentially constant over each subinter-
(5) val. Application of the mean value theorghi®then leads to
an expression for the evolution operator for thil time
subinterval,

P,(®)=sir? sech

Mo ee’
2

Esi—w)mT
=sir? w7, |sechk %

This solution lead Rosen and Zeffeto conjecture that for

any pulse shape, a possible general form for the excited state s

steady-state populatiof,(), is given by U(ts,ts-1) =ex _'ft H(t)dt
s—1

2

. 9

The RPI method is equivalent to using the first Magnus ap-

proximation toU(ts,ts_1) with the neglect of higher order

_ Magnus terms being justified by the choice of largé®>°

Sir? A 13(8)|2 6  The number of Riemann intervals used was 180 per cw field
A? ’ period (27/w). Utilizing this number of intervals provided

whereA is the so-called pulse “area” defined by=(u,, '€Sults to at least graphical accuracy.
-e€%2)f” f(t)dt and J(A) is the Fourier transform of the
pulse shape evaluated @t=A. This was deduced from the
secant pulse shape solution which depends upon Ahe
=E,;— =0 solution, i.e., sifA, and the normalized Fou- The two-level system used in the calculations in this
rier transform of the pulse shape, i.e|J(A)|?/A> paper is modeled after theS,=S, transition in
=secH[(Ey— w)w7,/2]. For the Gaussian pulse, wiff{t) 1-[ p-(N,N-dimethylamingphenyl-4-(p-nitropheny) -1,3-
=exp(—t2/7§), which is considered here, the Rosen—Zenembutadiene. This molecule has been used to help investigate
conjecture can be written ¥s the effects of permanent dipoles in single- and
fiy B0 (B )72 multi-phot0|.‘i‘3'54 molecular spectra and, more recently, on
Pz(oo):sinz( ﬁrp)ex;{—#. the dynamics of pulsed laser-molecule interactibhsn
2 2 atomic units, the molecular parameters dtg,=0.0859,
@) Mm12=3.93, andd= u,,— u11=11.8; the transition moment
Although the conjecture has been shown to be quantitatively;, and permanent momenysg; are taken to be aligned with
unreliable forA#0, it is “exact” for A=0 and is qualita- the direction of polarization of the applied electric field. In
tively reliable for A<1E,,.*®*"*8 Here “exact” means only order to facilitate the investigation of the role of permanent
within the same approximations which lead to any RWAmoments in the dynamics, the pseudo-molecule @it is
being quantitatively reliable, i.e., that the elimination of thealso considered.
counterrotating terms is a valid approximation. Although  The starting point for this study is a previous
these analytical expressions will be useful in helping to suginvestigatioi® of the effects of permanent dipoles on the
gest or interpret numerical calculations, for intense lasedynamics of pulsed laser-molecule interactions which fo-
fields, RWAs are not reliable and exact numerical calculacused, in large part, on the effect of a molecule-EMF cou-
tions must be performed to obtain reliable results for steadypling minimum induced by the presence of permanent di-
state and time-dependent populations. poles. Exact cw phase-averaged calculations of the time-
In principle, the duration of the pulse iscoe<t<<oo, but = dependent population of the excited state 2 were carried out
for numerical computational purposes an effective pulse dufor a variety of field strengths until evidence for a one-
ration of —ar,<t<ar, can be employed, where is a photon molecule-EMF coupling minimum was discovered.
constant such thaft(t= * a7,) is very small 10 % and The results for a field strength 0f®=0.0677(1.61
the perturbation of the molecule by the field fof>a, is X 10 W cm™2) were chosen in Ref. 35 to illustrate some of
negligible. the effects old#0 vsd=0 on the temporal evolution of the
The exact(numerical solution of (1) can be written in  excited state. For this field strength, the resonance period of
terms of the evolution operator U(t,tg), a(t) the exact phase-averaged time-dependent excited state popu-
=U(t,tg)a(ty), whereU(t,ty) satisfies lation, that is, twice the time required for the excited state

Py()=—7 | = f(t)e'*'dt

S|ﬂ2 A Mlz'éfo fw

IIl. RESULTS AND DISCUSSION
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population to vary from its minimum to its maximum value, dipoles by comparison of Sec. Al & 0) with those of Sec. B
is on the order of 1 fs whed=0 and is on the order of 1 (d#0). However, the numerical results are presented in di-
X 107 fs whend#0; in each case, the calculations were car-mensionless form, that is, in terms of the molecule-electric
ried out for a frequency set equal to the resonance frequendield coupling paramete= w1, E,;, and time and pulse
corresponding to the phase-averaged one-photon resonargerations in units of27/w). This allows the numerical re-
profile of the two-level model molecules(=0.832%,; and  sults to be used for other transitions in the UV-VIS, and for
w=1.20%,, for d#0 vsd=0). other regions of the electromagnetic spectrum, by using scal-
In the associated Gaussian pulsed laser-molecule calcing techniques; illustrative examples are discussed later.
lations of Ref. 35, the phase of the sinusoidal part of theA d=0
EMF was fixed at6=0, and, to help interpret the pulsed "~
results, the cw calculations fok# 0 andd=0 were repeated Figure 1 illustrates the exactly calculated time-
for §=0 (no phase averagingvith the frequencies set equal dependent, phase-dependent excited state population,
to the fixed-phase &=0) continuous wave resonance fre- P,(4d,t), for the model d=0) molecule interacting with a
quencies for the field strength @®=0.0677 which arew Gaussian pulsed laser of varying pulse width. Each part of
=0.835,,=0.0717 andw=1.67E,,=0.1438, respectively. the figure contains three curves which correspond to a spe-
From these fixed-phaseS€0), time-dependent cw calcula- cific laser phase of6=0(—), é=w/4 (———), and §
tions, the exact resonance periods were determined to e /2 (---). In Fig. 1(a) the frequency is set to the weak field
0.54 fs whend=0 and 150 fs whem# 0. For a pulse, the one-photon resonance frequenays E;;=0.0859, while in
field strength is a function of time and therefore the Bloch—Fig. 1(b) it is set to the fixed-phase&0) continuous wave
Siegert shift, which is the shift of the resonance frequencyesonance frequency of=0.1438 corresponding ta°

from the weak field result oE,; (for a one-photon transi- =0.0677. Each section of the figure contains three parts,
tion), can change as a function of time and so the phrases oi)—(iii ), which illustrate the effects of an increase in pulse
and off-resonance should be utilized with due caution. duration for 7,/(2m/w)=1, 1.6 and 2, that is forr,

For large field strengths, the fixed phase and the phase=73.145 (1.7693 fg, 117.032(2.8688 f3, and 146.291
averaged time-dependent population of the excited state af8.5386 f3 when »=0.0859 in Fig. 1a) and 7,=43.694
very different for the interaction of an atom or molecule with (1.0569 f$, 69.910(1.6910 fg, and 87.3882.1138 f3 when
a continuous wave laséP 8 In order to understand the ef- w=0.1438 in Fig. 1b). Calculations have been carried out
fects of laser phase in intense field pulse-molecule interador 7,/(2m/w)=1.2, 1.4, and 1.8 but are omitted here for
tions, the dynamics of the excited state are re-examined hereasons of graphical clarity. Both parts of Figajland (b)
for pulses of various widths7() and phaseg¢é) with the  clearly demonstrate that both the dynamics of the excited
field strength set te°=0.0677(1.610* W cm 9. Inthe  state and the steady-state population, Pg(), depend on
calculations reported here, the results for the temporal anthe phase of the sinusoidal field contained within the pulse
the steady-state populations of the excited state are symmegnvelope. However, the phase dependence of the steady-state
ric, with respect to the phasg abouté= /2 for d=0, that  population diminishes as the pulse duration increases, while
is Py(8,t)=P,(m— 8,t), and abouts= 7 for d#0, that is, the dynamics within the pulse can still retain their phase
P,(8,1)=P,(2m—48,t). To help interpret the phase- dependence. Also, of courde:! the value ofP,(=) for a
dependent results, cw calculations were carried out for théxed phase clearly depends on the pulse duratign,with
fixed phasess=m/4 and w/2 for d=0, and for the fixed this dependence vanishing for large enough for
phasess= /4, w/2, 3w/4, andw for d#0, to determine the =0.1438#E,; whereP,(») approaches zero for all phases.
corresponding resonance frequencies; these calculations aug- Since the steady-state excited state population is of con-
ment thes=0 results® referred to in the last paragraph. For siderable interest, i.e., it gives the population of the excited
the field strength o&®=0.0677, the resonance frequenciesstate after the pulse has completely interacted with the sys-
for d=0 and d#0 are w=2.81E,;=0.2416 and v tem, it is shown as a function of increasing pulse duration in
=0.79€,,=0.0684, respectively, wheé=m/4 and they Fig. 2. Each part of the figure contains three curves which
are o=3.2%,,=0.2830 andw=0.83%,,=0.0717, respec- correspond t&=0 (—), §=7/4 (— — —), andd= /2 ().
tively, for 5= /2. Also, ford+ 0, the resonance frequencies In Fig. 2(a) the resonance frequency is set to the weak field
are w=0.83@E,;=0.0718 andw=0.82F,,=0.0712 for§  resonance frequency=0.0859 while in Fig. &) it is set to
=3w/4 and 6=, respectively. Fixed-phase, time- the fixed-phase §&=0) continuous wave resonance fre-
dependent cw calculations were carried out for selected frequency ofw=0.1438.
guencies as needed to help interpret the associated Gaussian When the frequency equals the weak field resonance
pulsed laser-molecule calculations of Secs. Ill A and Il B.value of w=0.0859[Figs. Xa) and 2a)], the steady-state
The case where the permanent moments are taken to be zepgpulation essentially varies between zero and one. Aside
d=0, will be considered first and then the effects of permafrom a phase dependence, which can be strong for srpall
nent momentsg# 0, will be considered. and which vanishes as, increasessee below, this popula-

The calculations that follow are based on the one-phototion variation is qualitatively predicted by Ed7), which
electronic transition associated with the two-level modelindicates whenever the pulse aréq,is an integer multiple
molecule with field strengths, pulse durations, and frequenef , the steady-state population will be zero. Note that in
cies partly chosen to illustrate the dramatic effects arising-ig. 1(a)(iii ) the steady-state population being approximately
from changes in laser-molecule couplings due to permanerzero is fortuitous and the steady-state population will again

Downloaded 10 Aug 2003 to 129.128.203.199. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 109, No. 21, 1 December 1998 A. Brown and W. J. Meath 9355

1.0

0.8

0.6

P,(5,1)

04

0.2

0.0

1.0

0.8

0.6

P,(5,t)

0.4

0.2

0.0

1.0

0.8

0.6

P2(8,t)

04

g
Ni: :..': . B

t(2n/w) t/ (21t/(o)

0.2

0.0

FIG. 1. Time-dependent, phase-dependent excited state popuRight), versus time in units of27/w), for the modeld=0 molecule interacting with a
pulsed laser of varying pulse width,: (i) 7,/(27/w)=1; (i) 7,/(27/w)=1.6; and(iii) 7,/(27/w)=2. The molecular and field parameters &g
=0.0859,d=0, u;,=3.93,e°=0.0677, with(a) o=E,;=0.0859 andb) w=0.1438; with6=0 (—), s=m/4 (- — 9, é=m/2 (---).

increase to unity as the pulse duration is incredsee Fig. (7,/(27/w)<2), there can be a large dependence of the
2(a)]. If the expression foP,() for the interaction of a steady-state excited state population on phase, for example,
Gaussian pulse, Ed7), is utilized, it predicts a period of when 7,/(27/w)=1, P,(0,2)=0.20, P,(m/42)=0.78,
oscillation which is too short, 0.18227/w (13.3 ay, as  and P,(@/2,2)=0.02; see Fig. ®)(i) and Fig. Za). How-
compared to the exact period of oscillation, 0.330r/w ever, as the pulse duration increaseg/(2m/w)>4), the
(24.1 au. The probable causes of this failure of E@) are  phase differences become essentially zero; see Fa). 2
the neglect of counterrotating terms in its derivation and theNhen partial or few cw field periods are contained within the
fact that Eq.(7) assumes monochromatic radiation while pulse envelope, i.e., whem,/(27/w), or more suc-
short pulses can contain many frequency components in aginctly wr,, is small, there is a large phase dependence
dition to the carrier frequency. Thus for example, not all theof the maximum field strength, which is given by"®
intensity of the laser drives the one-photon transition when=e°exp[ [5/(w7p)]2} where 0< 6=27. If the field strength
w=E,; and the molecule-laser coupling for the exact calcu-e° is such that phase effects are important, i.e., the RWA is
lation is weaker than that implied in the pulsées0 RWA  no longer applicable, large differences By,() are ex-
result of Eq.(7) corresponding to a larger period of oscilla- pected due to variations of phase for very short pulse dura-
tion for P,() vs 7, for the exact versus the RWA calcula- tions wherewr,<2m. However, as the pulse duratlon in-
tions. creases, two important effects take plad@:e™®—¢°, so the
When w=E,; and the pulse duration is short phase dependence of the maximum field strength is lost and
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FIG. 2. Steady-state, phase-dependent excited state populBtiof, <),
versus pulse duratiom, /(27/w), for the model molecule interacting with 0.5 -
a pulsed laser. The molecular parameters are as in Fig. 1 while the field

parameters are®=0.0677, with(a) w=E,;=0.0859 and(b) w=0.1438; = AR
with 6=0 (—), 8= /4 (= — ), 6=ml2 (---). T 0.0 PR YATA:

(2) a greater number of cw field periods are contained within
the pulse envelope and, more importantly, contained within LEEE N

the wings(weak field aregsof the pulse. When the field is 1.0 | L | L
weak, there is little phase dependetidand when the num- () -10 -5 0 5 10
ber of field periods in the weak field areas is large, the loss of Y(2miw)

phase dependence fBp(x) is therefore expected, while the FIG. 3. The t | depend in units(@ifa), of & Gaussi |
. . N . FG. S e temporal dependence, In uni w), of a Gaussian pulse,
excited state dynamics within the middle of the pulse enveexp(_tzli)cos@tﬁ)’ as a function ofr,/(2xlw), for (@ /(27w)

lope (strong field arepstill retain their phase dependence. _; " Tol(2mlw)=2, and (¢) r,/(2mlw)=5; 6=0 (—), 6=l4

In order to help clarify the above discussion on pulse- - 9, s==/2 (---).
duration and its effects on the absolute laser phase depen-
dence of the temporal and steady-state molecular popula-
tions, we show the time-dependent electric field associatetb AT have phase dependencids>0.2), then the phase
with the Gaussian pulse as a function [df(27/w)] for  effects of the pulse will be maintained for any number of
[1p/(27/w)]=1, 2, and 5 and fo6=0, #/4, andn/2 in Fig.  optical cycles which can be selected by the choiceAdt
3. It is clear that the number of optical cycles supported byThe actual values of the laser intensity associated with a
the pulse increases markedly gsincreases. For a Gaussian given b, or the pulse duration associated with a given
pulse of the type considered here, where the pulse duratidir,/(27/w)], depend markedly on the region of the electro-
controls both the rise and fall times of the pulse and themagnetic spectrum of interest. This will be explicitly illus-
number of optical cycles supported by the pulse, it is relatrated by some of the discussion of Sec. 1V; see also Ref. 11.
tively easy to see why laser phase effects are more appre- When the frequency is set at the exaet 0 continuous
ciable for short relative to long pulses. However, it is rel-wave resonance value @f=0.1438[Figs. 1b) and 2b)],
evant to comment in general that it is the rised fal) time  the steady-state population decreases rapidly to zero for in-
of the pulse which is crucial and not the number of opticalcreasing pulse duration. This reduction of the steady-state
cycles supported by the pulse. This can be rationalized bgxcited state population for an “off-resonance” frequency
considering a pulse made up of a Gaussian rise, followed byw # E,;) is predicted by the Rosen—Zener conjecture for a
a constant amplitude field of duratidxil, which is followed  Gaussian pulse, Eq7). Here the term “off-resonance” will
by a Gaussian fall. As long as the Gaussian (emed fal)  be utilized for any frequency which is not the weak field
time is sufficiently short, and is such that cw results related resonance value ob=E,;=0.0859. Although the conjec-
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| molecule-cw electric field strength coupling parameler
1.0 = u1,€°/E,; with the laser frequency set at its weak field
one-photon resonance valugy=E,;=0.0859, for three
08 pulse durations(a) 7,/(2m/ w)=1; (b) 7,/(27/ w)=2; and
T 06 (¢) 7,/ (27l w)=5; the temporal behavior of the correspond-
< ’ ing Gaussian pulses is given in Fig. 3 for the relevant choices
& 04| of laser phase. As the coupling parametield strength
increases, the effects of phase become more pronounced for
0.2 fixed 7,. The phase effects are more important for a given
field strength for shorter pulse durations. For example, for
0.0 b=2, Py(4,) is phase dependent when,/(27/w)=1
(@ o while the steady-state excited state population is phade
10 pendent for 7,/(2m/w)=5. On the other hand, for
7o/ (27/ w) =5, when the molecular coupling parameter is
0.8 increased tdb=5 (small phase dependencies occur in the
= steady-state excited state population; fgf(27/w)=1 and
& 06 2, the phase dependencies are large Bar5. While the
w . .
E_& phase dependence of the steady-state excited state population
0.4 [ varies with pulse duration for a fixed field strength
(molecule-EMF coupling strength parametahe phase de-
0.2 H pendence of the dynamics, contained within the pulse enve-
lope, is determined largely by the laser-molecule coupling
0.0 strength parameter. The criteria for the phase dependence or
(b) o , Lol
phase independence of the dynamics in pulsed laser-
1.0 molecule interactions and in cw laser-molecule interactions
are essentially the same. That ishi 1, the time-dependent,
0.8 and also the associated steady-state, populations will be
T phase independent. However, foe 0.2, the dynamics asso-
< 06 ciated with the pulsed laser-molecule interaction will be
af' phase dependent while the phase dependence of the steady-
0.4 state excited state population must be examined for every
0.2 pulse duration of interest
) For weak field strengths, Eq7) correctly predicts the
0.0 oscillations of P,(«) as a function of increasing field
) 0 strength for fixedr, as well as its phase independence but, as
ugO/EZI Y increases, the predlctlons of the RWA become less reli-
able. For example, the RWA, i.e., E¢7), and the exact
FIG. 4. Steady-state, phase-dependent excited state populBtih,=),  results agree over the first one and a half periods of oscilla-

versus scaled peak field strength,,e%/E,;, for the model molecule inter-
acting with a pulsed laser. The molecular parameters are as in Fig. 1 whil tlon in Flg 4(a) the first three perlods in Flg {8, and the

the field parameters aray=0.0859, with (@ 7,/(27/w)=1, (b) ?rst six periods in Fig. &). The pulsed RWA predicts the
7ol (27l w)=2, and(c) 7,/ (2w w)="5; with §=0 (—), d=m/4 (- — ), periods of oscillation to be 0.564, 0.282, and 0.113 for

o=ml2 (--+). 7o/(2m w)=1, 2, and 5, respectively while, for the exact
calculations, the “period” generally increases with increas-
ing field strength, more so for smat), values. For the exact

ture gives the decay of the steady-state population of theesults, the distances between the zero®gfe) in Fig. 4

excited state as a function of increasing pulse duration, thare ~0.567, 0.599,...~0.284, 0.284, 0.293, 0.307,..., and

result is only qualitatively reliable. For example, similarly to remain at<=0.114 for the first six oscillations, before increas-

the weak field resonance case of Figa)2i.e., »=0.0859, ingto 0.119, 0.128,..., a increases, for, /(27 w)=1, 2,

the period predicted by the pulsed RWA far=0.1438, and 5, respectively. Graphically the occurrence of phase de-

0.305< 27/ w (13.3 a.u), as compared to the exact “period” pendence lags behind the variable “period” dependence of

of oscillation,~0.380x 27/ w (16.6 a.u), is too short. Note the exact calculations as,,€’/E,; increases for a given, .

that the exact steady-state population does not vary in a téFhe steady-state excited state population as a function of

tally periodic manner, i.e., the distance between the zeroes imcreasing coupling parametgre’/E,, is not illustrated or

Fig. 2(b) varies from 0.32& 27/ w to 0.410<27/w. Also, discussed for the fixed-phasé=£0) resonance frequency,

of course, the Rosen—Zener result Ry(«) is independent w=0.1438, since it quickly approaches zero for pulses of

of phased whereas the exact results of Figgbjland Zb)  any appreciable duratidsee Fig. 1b), Fig. 2b), and previ-

show a phase dependence for smgll ous discussioh

Figure 4 shows the steady-state, phase-dependent, ex- Next we consider the real moleculd=0), in order to
cited state population as a function of increasingdetermine the effects of the presence of permanent dipole
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FIG. 5. Time-dependent, phase-dependent excited state popuRight), versus time in units of27/w), for the modeld# 0 molecule interacting with a
pulsed laser of varying pulse width,: (i) 7,/(27/w)=1; (i) 7,/(27/w)=1.6; and(iii) 7,/(27/w)=2. The molecular and field parameters &g
=0.0859,d=11.8, u;,=3.93,°=0.0677, with(a) ©=0.0859,(b) w=0.0717, andc) w=0.1438; with6=0 (—), d=m/4 (- — ), 6=m/2 (---).

moments on the dynamics and steady-state molecular popwill be of particular interest later. More details on the mo-
lations associated with ultra-short intense phase-dependelgicular d#0 RWA for pulse-molecule interactions will be

pulsed laser-molecule interactions. provided in a subsequent paper.
Figure 5 gives illustrative examples of the exactly calcu-
B. d#0 lated time-dependent, phase-dependent excited state popula-

A rotating wave approximation solution for the interac- 10N P2(4,1), versus time for the modeld¢=0) molecule
tion of a cw electric field with a two-level system, including INteracting with a Gaussian pulsed laser of varying pulse
the effects of permanent dipoles has been obtainefuration. Each part of the figure contains three curves
previously”#24352 For one-photon transitions, the usual Which correspond tos=0(—), é==/4(———), and §
atom(molecul8-EMF coupling (uy»-€€°) is replaced by a =m/2(--+); for d#0, the results folP,(5,t) are not sym-
frequency dependent effective molecule-EMF couplingmetric abouts= /2 (see Figs. 6 and 7, and their discusgion
C(1)=2wJl;(d-e€% w)(uq,/d), whereJ;(z) is the first- In Fig. 5a) the laser frequency is set to the weak field reso-
order Bessel function of argument Qualitatively, the ef- nance frequencyy=E,;=0.0859; in Fig. Bb) it is set to the
fects ofd#0 on the pulsed laser-molecule RWA results of fixed-phase §=0) continuous wave resonance frequency of
Sec. Il can be obtained by replacing ;- €€®) by C(1) in  »=0.0717; and in Fig. &) it is set to thed=0 fixed-phase
Egs.(4)—(7) and the effects ol # 0, relative tod=0, onthe (6=0) continuous wave resonance frequency af
dynamics of the excited statBy(t) vstincluding “t=c,” =0.1438. Each section of the figure contains three parts,
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FIG. 6. Steady-state, phase-dependent excited state popuR{ahs), versus pulse duration, /(27/ ), for the model molecule interacting with a pulsed
laser. The molecular parameters are as in Fig. 5 while the field parametes3=e0e0677, with(a) »=0.0859,(b) ®=0.0717, andc) w=0.1438; withs
=0(—), 6=mld (- — ), 6=7/2(---), 6=3ml4 (- --), 5= (——). Part(a) of this figure is presented in two portior(§} and(ii), in order to illustrate the
phase dependence of the steady-state population of the excited state with clarify(@/ w)<6.

(i)—(iii), which show the effects of an increase in pulse du-(2.1197 f3, 140.211(3.3915 f3, and 175.2634.2394 fs.
ration for 7,/(2m/w)=1, 1.6, and 2, that isz, is the same Calculations have been carried out fQy/(27/w)=1.2, 1.4,

for Fig. 5@a) as in Fig. 1a), the same for Fig. &) as in Fig. and 1.8 but are omitted here for reasons of graphical clarity.
1(b), while for Fig. §b) when w=0.0717, 7,=87.632 All three parts of Fig. &), (b), and(c), clearly illustrate that
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FIG. 7. Steady-state, phase-dependent excited state populBigh ), versus scaled peak field strength,,e’/E,;, for the model molecule interacting
with a pulsed laser. The molecular parameters are as in Fig. 5 while the field parametersf859, with(a) 7, /(27/w)=1, (b) 7,/(27/ ») =2, and(c)
7o/ (2m w)=5; with 6=0 (—), §=7/4 (- =), 6=7/2(---), 6=37/4 (= -=), 6=m (=--).

both the dynamics and the steady-state population of the exield a total of 17 peaks between26,<40 with maxima
cited state depend on the phase of the sinusoidal field comanging from P,(8,0)=0.77—1.00 and averaging-0.94
tained within the pulse envelope for thg considered in the [excluding a peak at,=20.4 whereP,(5,»)=0.20]. Rela-
figure. The steady-state excited state excited state populatiotive to the analogoud=0 results of Fig. £9), the attainment
P»(6,), which is of particular interest, is shown as a con-of a maximum steady-state population of unity t#0 re-
tinuous function of increasing pulse duration in Fi@6(b),  quires much longer pulse duratiofi$imes” ). Excitation on
and(c) for ¥=0.0859, 0.0717, and 0.1438, respectively, forthe very leading edge of the pulse is similar for both ttie
6=0, w4, w2, 3w/4 and . Note the change in the pulse =0 and thed#0 molecule[compare Figs. (8 and Ha)]
duration scales for the three parts of the figure. The results afince for one-photon transitions the effectsdef0 only be-
Fig. 6 illustrate the lack of symmetry of the calculations come appreciable for stronger field strengtf$***?There-
abouté=7/2, for d# 0, mentioned previously. fore, the differences between tde: 0 and thed=0 results
When the frequency equals the weak field resonancean qualitatively be explained by considering the strong field
value of w=0.0859[Figs. %a) and Ga)], the steady-state part of the pulse. For the interaction of a cw laser, relative to
population oscillates between zero and a value less thati=0, there is always a reduced one-photon molecule-EMF
unity for the values ofr, considered in the figures. As the coupling due to the presence of permanent dipotés @)
pulse duration increases, the maximum valuePgf{ 5,) which is reflected in a longer period in the cw temporal
approaches one; calculations extending Fi@) 60 7,<40  behavior?>***?In general, for pulse-molecule interactions,
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the excited state cannot become fully populated for puls¢he phase dependence vanishes; see Kaj(ii§. Although
durations shorter than the Rabi half-period of the underlyinghe phase effects occur at approximately the same pulse du-
cw temporal behavior oP,(8,t).3>°15For example, when rations for both thel#0 molecule[see Fig. €a)(i)] and the
»=0.0859 and the field streng#f?=0.0677, the exactly cal- d=0 moleculgsee Fig. 23)], these phase dependencies bear
culated d#0 resonance period istg is ~8.8 fs, little resemblance to one another.

el (27l w)=5, for all phasess, while for d=0, the reso- When the frequency equals the exagt{0) 6=0 con-
nance period is<1 fs for all phasess. Therefore,P,() tinuous wave resonance value of=0.0717[Figs. 5b) and
does not reach unity for short pulse durations wiikeh0 6(b)], the steady-state population decreases to zero relatively
[see Fig. €] but does reach unity fod=0 [Fig. 2@)].  rapidly for increasing pulse duration, this is more clearly
These observations reinforce earlier wBrémphasizing that illustrated in Fig. 6b). The reduction of the steady-state ex-
ultra-short to short pulses can be used to monitor temporatited state population for an “off-resonance” frequency is in
as well as steady-state, effectsd# 0. Note, however, that agreement with the Rosen—Zener conjecture. Interestingly,
for this strong field strength, arguments based on the cwnlike the results for the weak field resonance frequency, for
behavior are only qualitatively reliable due to four main short pulses before the damping effect becomes relevant
effects®® (i) the bandwidth of the laser may allow frequen- (1p/(2m/ w)<2), Py() oscillates between zero and unity,
cies other than the carrier frequency to induce transitions, compare Figs. @ and(b) for small 7,. Except for the very

cw resonance frequencies depend on the field strength whidharge discrepancy in the steady-state populations, the excited
is a function of time for pulsegjii) the available cw calcu- state dynamics for the weak field resonance frequency and
lations assume an initial zero population of the excited stat¢he cw resonance frequengyee Fig. 5a) and (b), respec-
while for the associated pulse calculations the excited statévely] contain similarities: ready excitation on the leading
may be populated when the cw pattern begins to appeand trailing edges of the pulse and population “trapping.”
around the center of the pulse; atid) whend+0, the one- The similarities can probably be attributed to the fact that the
photon cw molecule-EMF coupling, while always less thanfrequencies essentially overlap due to the spectral bandwidth
the correspondingl=0 molecule-EMF coupling, may de- associated with a pulse of duration ef which has a full
crease(increasg with increasing(decreasingfield strength  width at half-maximum o =4(In 2)1/2/7'p: for the pulse du-

€° due to its(damped oscillatory nature as a function of rations and frequencies considered, i.e., fer 4, /(27 o)
increasing field strengtftfor further discussion, see Refs. 7, <2 with «=0.0859 andw=0.0717, 0.016A v<0.023.

35, 42, 43, 52 When the frequency equals the exadt0) 6=0 con-
When w=E,;, the one-photon transition is readily tinuous wave resonance value ©f0.1438[Figs. 5c) and
driven at the weak field resonance frequency during the wea&(c)], P,() decreases to zero rapidly for increasing pulse

field part of the pulse and the excited stats become fully  duration, more clearly illustrated in Fig.(@. Note that
populated if the duration of the pulse is long enough. How-P,() decreases to zero more rapidly for this further off-
ever, during the strong field part of the pulse, the one-photomesonance frequency, than wher=0.0717, as predicted by
transition is not driven very efficiently since the weak field the Rosen—Zener conjecture. The excited state dynamics in
frequency is off-resonance compared to the Bloch-Siegelkig. 5c) where w=0.1438 are quite distinct from those of
shifted =0 (or 6=/4 and#/2) cw resonance frequency, Fig. 5a) and (b). Unlike when»=0.0859 andw=0.0717,
®w=0.0859 versusw=0.0717 (or 0.0684 and 0.0717re- there is a reduced overlap of frequencies due to the spectral
spectively, and the population is “trapped” {ior out of the  bandwidth of the laser; see above and for 4,/(27/ w)
excited state. See, for example, Figa)§i) where for —1 <2 when 0=0.1438, 0.03& Aw=<0.076. Also, whenw
<t/(2w/w)<1, the population varies between zero and 0.6=0.1438, the frequency is off-resonance in both the weak
for =0 (“trapping” out of the excited stafe while the and the strong field parts of the pulse and the main reason
excited state population varies between 0.8 and unitysfor there is any appreciable excitation is probably due to power
= /2 (“trapping” in the excited statg The relative weak- broadening effects because of the strength of the molecule-
ness of thed# 0 one-photon molecule-EMF coupling where EMF coupling.

there is population trappindrig. 5@)] can be compared with It is interesting to compar®,(4,%), for the common
the correspondingly strong=0 coupling where the excited frequencyw=0.1438, for thed#0 [Fig. 6(c)] versus thed
state is more readily populated and depopuldfeid. 1(a)] =0 [Fig. 2(b)] molecule. The smaller number of increasing

during the strong field part of the pulse. Finally, on the trail-damped oscillations if,(5,) as a function of increasing
ing edge of the pulse, the one-photon transition is agaimr,/(27/w), for d#0 relative tod=0, is consistent with the
driven efficiently and, as a result, the excited state can b& WA based Rosen—Zener conjecture, Efg)., with a re-
readily depopulatedor populated by laser-molecule inter- duced molecule-EMF coupling for theé+ 0 relative to the
actions; see, for example, Fig(aiiii) where the excited d=0 molecule, as predicted by the RWA for cw laser-
state is readily depopulated for all As with thed=0 re-  molecule interactions. As discussed in Sec. Ill A tb+0,
sults, when the pulse duration is shart/(27/w)<3, there  Eq. (7) is only qualitatively reliable and fails to predict the
can be a large dependence of the steady-state excited staiease dependence ®y,(5,0) for d#0 as well asd=0.
population on phase, for example, whep/(27/w)=1.6, Figure 7 illustrates the steady-state, phase-dependent ex-
P,(0,,2)=0.20, Py(7/4>2)=0.61, Py(7/22)=0.58, cited state population as a function of increasing
P,(37/42)=0.11, andP,(,)=0.00; see Fig. &) (i)  molecule-cw electric field coupling parametes;,e®/E,;
and Fig. a)(i). However, as the pulse duration increaseswith the laser frequency set at its weak field one-photon reso-
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nance valuew=E,;=0.0859, for three pulse durations) 6, depends om, for both choices of frequency until, in the
7o/ (2m 0)=1; (b) 7,/(27/w)=2; and (c) Tp/(27T/w) case of the “off-resonance” frequency=1.674,,, the
=5.P,(8,) is shown as a function gi,,e%/ E,; in orderto  pulse duration becomes sufficiently large t{(5,0)—0
compare Figs. 3 and 7 on the same scale. In this regard it [@s predicted by Rosen and Zener’s steady-state pulsed RWA
important to recognize thdt,(6,%) for d#0 is not a simple result of Eq.(7)]. The disappearance of the laser phase de-
sinusoidal function of increasing.,€%/E,; as it is for d pendence oP,(§,») for increasing pulse duration is appar-
=0. For example, within the RWA, fod#0, (u.,-€€%) is  ently due to the decreasing phase dependence of the maxi-
replaced, in Eq(7), by C(1)=2wJ;(de”/ w)(u1o/d), which  mum laser field strengte™=® exp{[— 6/(w,)]?}, and to

is a nonlinear function of field strengtll; is the first-order the increase in the duration of the weak field strength regions
Bessel function of argument€® w). The steady-state be- of the pulse, ag, increases. For the Gaussian pulse enve-
havior ford+#0 (Fig. 7) andd=0 (Fig. 3) is quite similar at  lopes considered here, where the pulse duration controls both
relatively weak field strengthsy,,€%/E»<0.2, since for the pulse rise(fall) time and the number of optical cycles
these field strengths the effects@#0 are small andC(1)  within the pulse, pulses with relatively few total optical
~(pr12€%). /32424352 0r larger field strength<G(1), which  cycles are required to see absolute phase effects. While this
involves the Bessel function, exhibits much different behav4is not a difficulty in some regions of the electromagnetic
ior than the linear behavior of thie=0 molecule-EMF cou-  spectrumt!*®-*%it is for frequencies associated with elec-
pling: it is, in general, much weaker and is an oscillatorytronic transitions®=°° However, as discussed in Sec. IIl A,
function of increasing field strengtisee Fig. 2 of Ref. 52 the requirement of a few optical cycles is not needed in gen-
The differences between Fig. 4 and Fig. 7:85€%/Ex; in-  eral. In fact, as long ab is such that absolute laser phase
creases are due to the effects of permanent dipoles in th&fects are seen in the corresponding cw laser-molecule in-
latter results. These generally are not well represented by theraction (i.e., b>0.2), it is the rise and fall times of the
pulsed RWA, Eq.(7) with Ex;—w=0 and with (u1,-8€°)  pulse which are crucial, and not the total number of optical
replaced byC(1), since the RWA, with or withoutd#0,  cycles; see also Ref. 11.

fails with increasing field strength. As with tlte=0 results, The phase dependence B§(5,%), for fixed values of

the effects of phase, not predicted in the RWA, increase W|th. , /(2w w)=1, 2, and 5, has also been investigated as a
mcreasmge for fixed 7,, and are more pronounced for function of the laser-molecule coupling strength parameter
fixed € for decreasingr,. As pointed out previously, the b= ,..¢%E,, for values ofb ranging from zero to 10 with
results ford# 0 are not symmetric about= /2 (see Fig. 7 ,=E,, (Fig. 4. The phase dependence of the steady-state

while those ford=0 are symmetric aboui=7/2. population of the excited state increases, for fixgd asb
increases, in agreement with previous cw wdfkand de-
IV. CONCLUDING REMARKS creases, for fixed, as 7, increases. When the cw RWA

The effects of(absolutg laser phases, and permanent “fails,” i.e., when b=0.2, and the cw temporal results for
molecular dipoles, ifGaussian pulse-molecule interactions the population of the excited state are phase dependent, the
have been investigated using a two-level molecular modellynamics in a corresponding pulsed calculation will be phase
characterized by a transition dipole moment,=3.93, an dependent, independent of the pulse duration, while the cor-
energy level separatiofi,;=0.0859, and a dipole moment responding steady-state population of the excited state may
difference d= u,,— uq1,=11.8, based on the electron, or may not be phase dependent, depending on the pulse du-
—S, transition in 1fp-(N,N-dimethylamino)phenyt4-  ration. As illustrated in Sec. lll, for both the=0 and the
(p-nitrophenyl)-1,3-butadiene. Both effects can be larged# 0 results, to interpret the phase dependenc® g4i,t)
depending on the values of the laser field strergtand the ~ and its steady-state value, it is important to recognize that the
pulse durationr,, and those fod=0, relative tod+0, are field strength for pulsed laser-molecule interactions is a func-
investigated by “artificially” settingd=0 in the real mol- tion of time and therefore the shift of the resonance fre-
ecule to model a transition involving states with no perma-quency from the weak field resonance resulwcf E,;, the
nent dipoles or the situation of interpreting tBg— S, tran-  Bloch—Siegert shift, changes with time as the pulse interacts
sition in the dipolar molecule without realizing the with the molecule.
importance of the permanent dipoles in such a transition. All the calculations just discussed above are repeated in

For thed=0 molecule, both the time-dependent and theSec. Il B for the real ¢+ 0) molecule with an additional
steady-state populations of the excited stdg(s,t) and frequencyw=0.83%,,, and a larger range of pulse dura-
P,(48,) respectively, are investigated for the laser frequentions in the analysis of the steady-state results, included in
cies w=E;; and w=1.674&,, as a function ofr,, 1  the calculations. The presence of the permanent dipoles has
<7,/(2m w)<4, varying from approximately 1 fs to 7 fs, two pronounced effects relative to tde-0 situation;(1) the
for a fixed peak laser field strength @®=0.0677, corre- laser-molecule coupling is markedly reduced a@i the
sponding to a peak field intensity of x@0' W/cn? (Figs.  phase dependence of the excited state populations is sym-
1 and 2. Both P,(4,t), and its steady-state vali®,(5,), metric abouts= 7 rather thané= w/2. Aside from the dif-
can exhibit strong phase dependence with that for the steadference iné symmetry, the phase dependence of the dynam-
state population decreasing as, increases[so that ics of the excited stateP,(d,t), and of the steady-state
7o/ (27l w)=2.5 for w=E,,] even though the phase depen- populationP,(4,«), are analogous to that discussed ¢or
dence in the dynamics of the excited state can still persist as 0 if due account is taken of the considerably weaker
7 increases. The steady-state valuePg{d,t), for a given — molecule-laser couplings for theé+#0 problem. All differ-
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ences between the two sets of results, which are significant, The phase dependence of the population of excited state
are of course due to the presence of permanent dipoles in ti# can, in principle, be examined in several ways. For ex-
real versus the “artificial” molecule. ample, this state can be probed with a second laser and the
The time evolution of the excited state, and the steadyphase dependence studied by monitoring the resulting popu-
state value of the population of the excited state, show prolation in a “third” state. The study of the phase dependence
nounced laser phase dependencies for all values, pand  of the dynamics, that isP,(4d,t), requires having a probe
for the three values of, considered in Fig. 5. Relative to laser with a duration less than the original pump laser and so
d=0, the weakness of theé+0 one-photon molecule-EMF the pump laser would probably need to be of at least pico-
coupling causes population trapping, either in or out of thesecond duration rather than of the femtosecond duration
excited state, which depends intimately on the laser phasgudied explicitly here. On the other hand, a probe laser of a
and the pulse duration; fat=0, the excited state is much duration appropriately greater than that of the pump laser,
more readily populated and depopulated during the stronget shorter than the lifetime of excited state 2, could be used
field part of the pulse. The relatively smalk0 molecule- to monitor the phase dependence of the steady-state popula-
EMF coupling, resulting in a longer period of the underlying tion of this state; indeed the phase dependence of the excited
cw temporal behavior of the excited state population relativestate will also be reflected in the observed decay from this
tod=0, is also reflected in the long timélarge 7)), relative  state. Similar comments apply to the observation of the ef-
to d=0, required to observe large values, approaching unityfects of permanent dipoles on laser-molecule interactions and
of P,(8,%) for w=E,, [Fig. 6(a) versus Fig. 23)]. For the this has been discussed previously in the literattire.
“off-resonance” frequencies, ®=0.83F,; and w For electronic transitions, such as those associated ex-
=1.674%&,,, the steady-state populatiéty(5,0) rapidly ap-  plicitly with our two-level model molecule, many of the ef-
proaches zero for increasing pulse duratibig. 6) with the  fects of absolute laser phase discussed in Sec. Ill A, and
approach to zero being more rapid for the further “off- summarized briefly in this section, will require short, intense
resonance” frequency in agreement with the pulsed RWAaser pulses which are at or beyond the limits of current laser
result[Eqg. (7)] for the steady-state population of the excitedtechnology in the UV-VIS spectral regiéf Also, since the
state. The dynamics of the excited state for the two “off-intensities used are often at or beyond the Keldysh fifnit®
resonance” frequencies are also quite differéobmpare the molecule would ionize and so a two-level model would
Fig. 5(b) and(c)] since foro=1.674,, the frequency of the not be directly applicable. For example, the laser intensity
laser is off-resonance in both the weak and the strong fieldssociated with Fig. 1, which correspondshbts 3.1, is 1.6
parts of the pulse whereas=0.83%,, is “near-resonance” X 10 W/cn? which is at the Keldysh limit for the model
and on-resonance, respectively. As with the0 results, the molecule and therefore ds increases the calculations be-
laser phase dependence B$(5,2) for d#0 is large for come more unrealistic. On the other hand, the effects of laser
relatively small values of,/(27/w), for example,<5 for ~ phase can become important for-0.2 and forb=0.2 the
w=E,; and ®=0.83F,,, and <3 for w=1.674&,,; the intensity is 6.6< 10'* W/cn?. Similar comments apply for
phase dependencies for the three sets of calculations betdwe d+0 results of Sec. 1l B with the proviso that, for most
little resemblance to each other. laser intensities, the laser-molecule coupling is much re-
The steady-state population of the excited statedfér  duced for the reati#0 molecule relative to the=0 mol-
and d=0 are essentially identical for small enoudgh ecule. Indeed the laser intensities of Figs. 1 and 5 are asso-
= 1€/ E,;, since the molecule-EMF coupling(1), in-  ciated with near nodal one-photon laser-molecule couplings
cluding the effects ofl#0, is approximately equal to the@  for the model dipolar molecule employed for the
=0 result,u1,€°, for smallb (Fig. 7 versus Fig. 4p=E,;).  calculations>®*In general, the results of this paper, insofar
Differences occur ab increases and strong phase effects inas electronic transitions are concerned, must be used with
the d#0 results occur ab increases with higheb values caution with respect to interpreting absolute laser phase ef-
being required as the pulse duration increases, for examplécts for many-level laser-molecule interactions. Neverthe-
b=0.7, b=1.5, andb=4.7 for 7,/(2m/w)=1, 2, and 5, less, they should be suggestive of such effects that will mani-
respectively. Specific comparisons betweendked and the fest themselves, in one way or another, in the pulsed laser
d#0 results are complicated by the f&t>°2 that the excitation of real molecules. For other spectral regions, these
molecule-EMF coupling fod#0 is not a linear function of absolute laser phase effects will be much more directly ap-
€%, whereas it is fod=0. The massive differences between plicable using current laser technology, see below.

the d#0 and thed=0 results forP,(8,), for all §, with The importance of two-level models for laser-molecule
increasinge? are due to permanent dipole effects in the laserand laser-atom interactions has been well documented in the
molecule interactions. literature. These models have their limitations and are di-

While the pulsed RWA results reviewed in Sec. Il arerectly useful as models, in many-level contexts, only if the
very useful in helping to explain some of the effects dis-effects of other energy levels, on the two-level transition of
cussed in this paper involving the variation®§(5,0) as a  interest, are minimal. An example of the use of two-level
function of 7, ande®, the predictions of the RWA are quali- models for dipolar molecules, in the laser excitation of a
tative, at best, for most values bf= 1, E,;. Also, since  two-level system embedded in a many-level environment, in
the RWA is independent of the laser phase, none of th¢he context of the effects of permanent dipoles, can be found
phase effects discussed in this paper can be predicted by tirethe literature®® An example of the effects of laser phase in
results reviewed in Sec. Il. many-level vibrational systems, referred to in Sec. I, has
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