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Role of permanent dipoles and orientational averaging in the phase control
of two-color, simultaneous one- and three-photon molecular excitations
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The effects of permanent dipole moments and those due to the randomness of molecular orientation in the
phase control of molecular excitation are discussed for the simultaneous one- and three-photon excitation of a
two-level model molecule. In this transition scheme both transitions can occur with or without the presence of
permanent dipoles and the results are contrasted to those corresponding to the one- and two-photon excitation
of a two-level molecule, which requires the presence of permanent dipoles. The dependence of the temporal
evolution of the excited state and the associated resonance profiles on the relative phase of the lasers is used to
monitor the control of the excitation process. Analytical perturbation theory, the rotating-wave approximation,
and exact Floquet results for those observables are used for this purpose. Both fixed molecule-laser configu-
rations and situations where the absorbing molecules assume random orientations with respect to the laser
beams are considered.

PACS numbds): 33.80.Wz

[. INTRODUCTION presence of permanent dipole moments. Indeed the three-
photon transition can depend markedly on the relative size of
The effects of a nonzero differendg between the perma- the transition dipoleu relative tod [7]. Both the temporal
nent dipole moments of the states involved in a transition, o¢volution of the population of the states of the two-level
the dynamics, and the resonance profiles, associated with tigépolar model molecule and the associated resonance profiles
interaction of either one or two continuous wa(@v) or ~ are considered.
pulsed lasers with a molecule can be significant; see for ex- The methods used to study the problem, namely, the
ample[1-11], and references therein. Many of the investiga-rece”“y developed harmonic many-resonance rotating-wave

tions of the effects of permanent dipoles have involved usingPProximation (HMR RWA) [10], semiclassical time-
analytical rotating-wave approximatiof®WAs) and exact dependent perturbation thedi§,7,11,20, and exact Floquet

Floquet techniques, as well as other methods. In general, fdpethOdS[.Z'A"Zl_ZS’ are d|§cussed brleﬂy in Sec. Il. The
two-color (i.e., two-laser excitation of a two-level model perturbative results are valid for short times, such that the

. . excited state of the system is far from saturation, and can
molecule, the analytical RWA resultg4] for the time- ! . AN
; rovide considerable insight into the phase control problem.
dependent and steady-state populations of the molecul

tat licabl | h i | he HMR RWA is generally more appropriate for longer
stales are applicable only when one two-Color resonancgi,qq ang for discussing resonance profiles, and also gives

dominates the transition of interelst]. Recently an exten- oy qjcal insight due to the analytical nature of the RWA ex-
sion of the original two-color RWA to the harmonic two- ressions for the time-dependent populations of the molecu-
color excitation problem, where the frequencies of the twQg, states and for the resonance profiles. Both perturbation
lasers are integer multiples of another frequency, has beafeory and the HMR RWA can be used to estimate the field
developed 10]. It is generally applicable to two-level, har- strengths needed for optimal control of the two-color transi-
monic two-color, excitation problems, including the impor- tion and their validity is tested using exact Floquet results.
tant case of competing resonances, and has beer{18  Interestingly, the perturbative results for the required
help investigate the control of molecular two-color excita-molecule—electromagnetic-fieldEMF) couplings for the
tion, through the interplay between competing one- and twothree-photon transition are generally considerably more reli-
photon resonances, by variation of the relative phase of thable than the RWA couplings.
two lasers; both fixed molecule-laser configurations and the The effects of the presence of permanent dipole moments
effects of orientational averaging were considered in somen the phase control of the two-color excitation process are
detail. The effects ofl#0 are crucial in this case since for discussed in Secs. lll A—IlI D for a fixed molecule-EMF
two (nondegenerajdevels the two-photon transition is for- configuration corresponding tgfd and also parallel to the
bidden unlessl#0 [1-7,9-11. two polarization vectors of the two cw lasers. Model two-
The purpose of this paper is to further investigate thdevel molecules are used for this purpose that vary from each
effects of permanent dipole moments and those due to ramther by the choice af relative tox. Comparisons between
domness of molecular orientation with respect to the lasesimultaneous three- and one-photon excitation, with and
beams, in the phase contfdl2—19 of molecular excitation, without permanent dipoles, are made as a function of relative
by examining a two-level excitation scheme, in this case silaser phase using perturbation theory dier0 and both per-
multaneous one- and three-photon excitation, where botturbation theory and the HMR RWA fat+0 to estimate the
transitions can occur both wiild#0) and without(d=0) the  field strengths needed for optimal control; the validity of the
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HMR RWA for the three-photon molecule-EMF coupling de- the ith cw electric field. The convention €1,3) is chosen
creases markedly asl{u)—0. The effects of taking ac- since the problem of interest involves the simultaneous one-
count of the randomness of molecular orientation with rephoton and three-photon absorption for a two-level mol-
spect to the polarization directions of the lasers on thesecule, i.e., E5;=E;—E;>0)~w;~3w;.
results are discussed in Sec. Il E. Section Il includes a dis- For two independent frequencies, the electric field is pe-
cussion of the model calculations in the light of the phaseiodic in 27/ w,, wherew,, the beat frequency, is given by
control of the temporal evolution of the molecular states and4,26]
the effects of phase on the related resonance profiles as a
function of g, d, and the method used to select the optimal W w3
control laser field strengths. The presence of permanent di- C"b_m_l Hs
poles must be taken into account when choosing the laser
fields for optimal control; otherwise the phase dependence aind m; and m; are the lowest possible integers giving the
the dynamics and the resonance profiles will be largely lostrequency ratiaws/w,. However, for the laser-molecule in-
The results for the one- and three-photon competition argeraction involving the fundamental and its third harmonic,
contrasted with the recent worKlO] involving the phase i.e., the case considered here, the two frequencies involved
control of the simultaneous one- and two-photon excitatiorare not mutually independent but rather are harmonics of the
of dipolar molecules. In both cases the results are very phasseat frequency andn, and m; are positive integers that
dependent, for the proper choice of the laser fields, for fixedpecify the harmonic relationship between and w3, i.e.,
molecule-EMF configurations, while upon orientational av-m,=3 andm;=1. The fundamental frequency is denoted by
eraging the phase dependence is largely (logtre so for the  the subscript 3, while its third harmonic is denoted by the
one- and two-photon competitionSome of the more rel-  subscript 1;0,= ws.
evant aspects of this work, including a discussion of some of
the more general implications of the results for the phase
control of molecular excitation, are summarized in Sec. IV.
Atomic units are often used in this paper. The units for Following the standard procedures of semiclassical per-

energy E, the transition and permanent dipole momentsturbation theory[7,20], the time-dependent wave function
Lk, the field frequencies; , timet, and the field strengths for the two-level molecule is transformed to an interaction
representation and written as

©)

A. Perturbation theory (u;;#0)

&) areEy, ea, Eyhi Y, AEL", andEy(ea) ', respec-
tively, whereE, is the Hartree of energy is the absolute 2
value of the charge of an electraay, is the Bohr radius, and = E bj(t) jexp(—iE;t/h). (4
f is the reduced Planck constant. The following conversion =1

factors will be useful in what followsea,~2.5415 D, . o
Eyh~1~4.556x10°¢ cm~! ﬁE,]1~2.4189><10‘17 s The time-dependent coefficiertts(t) can then be expanded

(10* ps=s), and the field intensity corresponding to a Perturbatively to obtai7,20)
continuous-wave electric field is~3.509< 10'6 (&¢(® au)?

Wicm?, bj(t)=n§0 bi™(t). (5

Il. CALCULATIONAL METHODS ) . ) . .
_ _ o o The bj(”)(t) satisfy the coupled differential equations given
In the semiclassical electric-dipole approximation, theby

time-dependent Schdinger wave equation for the interac-

tion of an N-level molecule with a sinusoidal electromag- i 2 i

netic field is given in matrix form by ab}”)(t)z -7 gl /ij-e(t)b(k"l)exi{g(Ej— Ek)t}.
dalt) ©
I— = [E-p-e®)]at). 1

For initial conditionsb;(0)= &;,, corresponding to the mol-
eeocule being in the ground state at tie 0, a third-order
perturbation treatment of the problem, which neglects the

by (E)jx=E;dj and (u)=(¢j| plyg, wherep is the di- off-resonance terms, yields results similar to the independent

pole moment operator for the molecule. Tig(r) are the .
. . . . ne- and three-photon one-color wdik, ex for an im-
orthonormalized time-independent wave functions for theo - @ d three-photon one-color wgiK, except for a

stationary states having ener@ and the time-dependent portant interference term. Here the one-photon perturbative
state amplitudes;(t) are contained in the column vector molecule-EMF couplind C(1)]pen i given by

The square energy and dipole moment matrices are defin

a(t) defined by{ a(t) ];=a;(t). For the interaction involving — (o O\, .2
two linearly polarized continuous wave lasers, the electric [ Jper=(e1)(p-€)- @)
field is

The three-photon perturbative molecule-EMF coupling

S(t) = é18gcos w1t+ 51) + é382C0$( (1)3t+ 53), (2) [C(S)]pert Is [7]

0 3
whered&, £°, o;, and §, are, respectively, the polarization [0(3)]')6”:%[2((1.é3)2_(ﬂ.é3)2](ﬂ.é3), (8)
unit vector, field strength, circular frequency, and phase of 20
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whered=u,,— pn1;, the difference between the permanent A=E,;—Njw;—Nzw3=E;;— Ny, (12
dipoles of the excited and ground molecular states. The per-
turbative expression for the time-dependent population of thevhere w,, is the beat frequency defined by E€B) and
excited state 2 is given by Np=N;m;+Nsm3. Unlike the one-color RWA 1], where
there is only one resonance conditiép,= Nw, there are an
2 5 5 (infinite) number of frequency combinations that satisfy the
P2(d1,03,0)= Z{[C(l)]pert+[c(3)]peﬂ resonance condition A=0) in the two-color RWA[4],
whereN; andN; are integers that can be positive, negative,
+2[C(1)]ped C(3)]per0S3},  (9)  or one of them zero.

For the harmonic N;,N3)-photon transitions defined by
where the relative phasé= 5,—34d;. This expression ne- Egs.(3) and(12), wherew, and w3 are such tham; and
glects small molecule-EMF coupling terms, varying asm; have fixed values, the overall phase-dependent molecule-
(£9)® ande,(3)?, and has the form usually associated with EMF coupling£( 8y, 85) is given by[4]
competitive one- versus three-photon transitiph3,14,16—

19]. However, perturbation theory is only valid for weak i

perturbationgweak molecule-EMF couplingsnd for short & 51'53):,\'2,\' C(N1,Ng)expi(N1;+Nsds)],

times so the excited state is far from saturation. On the other v (13)

hand, RWAss can give closed-form analytical expressions for

both temporal and long-time averagé®sonance profilgs where the molecule-EMF coupling for the individual

results for the populations of the molecular states that ar¢N,,N3)-photon transition is

often valid under much less restrictive conditiojsgee Sec.

I1B). e
C(N1,N3)=2Jy,(21)In,(Z3)| N1og Y

el

B. Harmonic many-resonance rotating-wave approximation
(i #0)

Previously Kondo, Blokker, and Meafld] have derived
analytical expressions, in the RWA, for the resonance pro-
files and the underlying temporal behavior of the moleculand Ji(z)) is a Bessel function of integer ordkrand argu-
states, associated with the two-color excitation of the twomentzj:(d.é]g?/wj); the sum in Eq(13) includes all(in
level dipolar molecule. This approximate solution is not ap-practice appreciableindividual molecule-EMF couplings.
plicable when there are significant competing resonajles  Although Eq.(13) contains an infinite sum, the damped na-
except when a transition is exactly on resonafde27].  ture of the Bessel functions in E§14), as a function of
More recently Brown and Meatfi0] showed, for the more increasing order, generally ensures that lower-order multi-
SpECiaIized case when the frequenCieS of the two cw ﬁeldéhoton molecule-EMF Coup”ngs dominate the sum and the
involved in the two-color excitation process are both har-opthers can be neglectéd,10]. Since the Bessel functions are
monics of another frequency, that the two-color problem campscillatory in nature, increasing field strengths may actually
be reduced to an effective one-color problem. In this HMRdecrease the molecule-EMF coupling.

RWA, analytical results for the time-dependent populations  From Eq.(10), the resonance=0) period of the time-
of the molecular states and for the associated resonance pi@ependent excited-state population is

files are available that are applicable in the case of competing

resonances and for both on- and off-resonance frequencies. A 2

detailed derivation of the harmonic many-resonance RWA TZW, (15
for the interaction of two continuous wave lasers with a two- 13 res

level molecule, including the effects gf;;, is given else-  \here|{(8;,85)|es is evaluated using Eq13) at the reso-

where; the relevant equatipns are given below. __nance value ofo,,. P,(8,,55), as a function ofwy,, repre-
The HMR-RWA expression for the phase-dependent timex

; : . .. ~sents the phase-dependent absorption spectrum or resonance
dependent population of excited state 2, subject to the 'n't'airofile for the two-level system in the HMR RWA. When
conditionsa;(0)=1 anda,(0)=0, is '

|£(81,83)| is approximately constant over a resonance pro-
file, the resonance profile has a full width at half maximum
7 of

M€

(14)

+N3w3

P2(81,85,t)=2P,( 8y, 85)SI{ 3[| (81, 83) |2+ AZ] 4},
(10
-~ : . 2|4(81,33)|res
whereP,(81,8;) is the phase-dependent long-time averaged SETNL (16)
(steady-stafeexcited-state population b

N

In general, the HMR RWA is applicable if the overall phase-

PL(8,,5,)= 1£(81.69)| (11) dependent molecule-EMF coupling(8;,83)| is much less
20T 00 2( 684, 65) 2+ A7 than the beat frequenay, [4].
For the case of explicit interest for the applications con-
andA is the detuning of the two fields from the weak-field sidered in Sec. Ill, i.e., simultaneous one- and three-photon

resonance position excitation, the dominant individual couplings a¢1,0) and
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C(0,3). Therefore, from Eq(13), the magnitude of the For molecular problems, it is often important to average
HMR-RWA overall molecule-EMF coupling can be reduced transition probabilities and related observables, with respect
to to molecular orientations relative to the field directions
[2,7,10,11,33-4p Here free orientational averaging, where
|£(81,85)|=[|C(1,0|?+]C(0,3)|? all orientations are equally probable, will be carried out; this
corresponds to the situation where the absorbing molecules
+2C(1,0/C(0,3)cos5] 2 17) are rar?domly oriented with respect to the laser begams and/or
to the classical limit of rotational averaging, which is more
appropriate for heavy molecules or higher temperatures. The
importance of orientational or rotational averaging has been
emonstrated for both the one-color and two-color excitation
of moleculeg[2,7,11,33-38 including the phase control of
excitation processd40,39,4Q. Expressions for the free ori-
entationally averaged time-dependent populations of molecu-
lar states, and the associated orientationally averaged reso-
nance profiles, and discussions of their evaluation are
available in the literaturg¢10,33,34. Using 72-point Gauss-
ian quadrature to perform the angular integrations numeri-
cally, the steady-state and temporal populations generally
converged to three or four figures.

When the HMR-RWA molecule-EMF couplings in E(L7)
are replaced by their perturbative counterparts Efsand
(8), one obtains the perturbative expression for the overal
molecule-EMF coupling that appears in E§), which can
be written asP,(8y,d85,t)=(t%4)|£(81,85)|%>. Note that
even thoughly(z) in Eqg. (14) represents a zero-photon tran-
sition, for sufficiently large field strengths it can greatly
modify the molecule-EMF coupling as the field strength
changeg4,5].

By expanding the HMR-RWA resonance result for the.
time-dependent population of state 2, Ef0) with A=0, in
powers oft and retaining only terms through ordé)?; then
expanding £(8;,85)|?, by expansion of the Bessel functions
Jo(2), J3(2), andJ,(2) in powers ofz; and keeping terms
through sixth overall order in the fields, the third-order per-
turbative result for the time-dependent population of state 2, The explicit examples considered in this section involve
Eqg. (9), can be obtained, except for pure transition dipolethe harmonic two-color simultaneous three- and one-photon
terms above first orddi.e., the termu® in Eq. (8)]. In gen-  excitations between two energy levels. The molecular param-
eral, as with the prewously derived two-level moleculareters are given b¥,,=0.1, ©=3.0, andd=6.5. These pa-
(d#0) one- and two-color RWA's, the HMR RWA fails in the rameters, which are representative of a two-level configura-
limit that d=0 when it only supports one-photon transitions, tion in substituted aromatic moleculp41], have been used
i.e., the atomic RWA result corresponding to the absence oh harmonic two-color simultaneous two- and one-photon
permanent dipole momen{d,4,5. It is well known, even transition calculationl0] as well as other previous theoreti-
with d=0, that a two-level model can support all odd- cal laser-molecule calculatiod,34,42,43 In order to as-
photon,N=1,3,5,7,. . ., transitions. It is necessary to utilize certain the role of permanent dipole moments in two-color
perturbative correctiong3] to the RWA, via the appropriate phase-control problems, two cases must be considéagd:
Floquet secular equation, in order to obtain reliable represeroptimization of phase control fat=0 and (b) optimization
tations of the N>2 transition probabilities wherd is  of phase control fod+0. Optimization of phase control in-
“small.” Therefore, the HMR RWA will be most applicable volves, in part, choosing the field parameters so that the
when the permanent dipole mechanism is the dominanihree-photon and the one-photon laser-molecule couplings
mechanism for a giverN>2 multiphoton transition. For are equal. Here the perturbation theory, Eg$.and (8), or
N=1 and 2, small-time and low-field expansions of thethe HMR RWA, Eq.(14), expressions for the couplings are
RWA results agree precisely with perturbation theory withused for this purpose; a discussion of the usefulness of each
d=0or d#0[10,28. for the problem of interest is contained in the following sec-

tions.

Ill. RESULTS AND DISCUSSION

C. Numerical aspects

The validity of the HMR RWA can be investigatddee
Sec. lll and Ref[10]) by comparison of the RWA results  Although the effects ofd#0 on the dynamics and the
with exact calculations, which, of course, include all possibleresonance profiles arising from the interaction of doe
transition mechanisms. In the applications discussed heréyo) cw lase(s) with a molecule have been well demon-
the phase-dependent time-dependent populations and tl&ated1-11,27-29,33-35,42,43ew studies involving the
phase-dependent long-time averagsteady-statepopula-  control of molecular excitations have taken explicit account
tions of the molecular states are determined utilizing &of the presence of permanent dipole moments. Therefore, we
Taylor-series methof29] and the Riemann product integral begin by choosing the field parameters in order to optimize
method[2,30—-33, respectively, combined with the Floquet phase control assumirty=0. If d=0, the perturbative results
formalism [2,4,21-2%, as discussed in detail by Kondo, EQgs.(7) and(8) must be utilized in order to estimate the field
Blokker, and Meatli4] and Brown and Meatfil0]. Utilizing strengths that will optimize phase control in the exact calcu-
540 Riemann intervals and 90 integration points, the steadyations; the RWA does not support three-photon excitations
state populations generally converged to four or five signifiin this limit (see Sec II'B The field strength for the one-
cant figures. Using a step size ofr#540 and a nine-term photon transition is9=1x10"° (3.51x 10* W/cm?), while
Taylor series provides the evolution operators to 12- f|guréhe field strength for the three-photon transition is
accuracy and thus the time-dependent populations to four ar3=1.255<10"° (5.527x 10 W/cm?). These field
five significant figures for all times considered. strengths are chosen such that the laser-molecule couplings

A. Optimization of phase control for d=0
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using the HMR RWA and by using the exact Floquet tech-

i ‘// \\‘ | | | niqgue. We will begin with a discussion of th=0 results
~ s and then discuss and contrast to th&0 results.
\ZJ‘ i dN i The exact resonance profiles exhibit a two-color Bloch-
o™ o J/ % y Siegert shift of 11.6 cm?® to higher frequency for all
- RN N . (61,6;) combinationgsee Fig. ] relative to the perturbation
e A TSP ST theory or weak field resonance frequencywf="7315.667
i f M | cm 1 [A=0 in Eq.(12) with N;=1, N3=3, andN,=3].
3 S This shift is the same as that exhibited by the one-color
I [ e T three-photon resonance profile for the same field strength
lfu 1 (s§=1.255< 10 3%); the analogous shift for the one-color

- one-photon resonance profile is insignificant. The Bloch-
il Siegert shift is very important since its magnitude is greater
than the full widths at half maximuFWHM’s) of the reso-
nance profiles for all §;, 53) combinations. Therefore, if the
weak-field resonance frequencies were assumed in the exact
. calculation, the resonances would be missed entirely. The
. Bloch-Siegert shift is much greater-G0 times largerthan

= the Bloch-Siegert shift for the analogous two- and one-
photon excitation for the same molecule-EMF coupling

Pz(ﬂ/Z,O)

) strengthq 10]. This agrees with the general trend for an in-
E T crease in Bloch-Siegert shift with an increase in photonicity
o 1 of a transition as was exhibited previously in the one-color
(o- i case[3,33].
0.5 = The d=0 results exhibit 99.99% phase control as the
04 | FWHM'’s vary from less than 0.001 cnt to 0.883 cmi * as
o the relative phasé= (5, —3485) varies from 0 torr (see Fig.
2 0.3 7 1 and Table). The percentage of phase control is defined as
| 0.1 - P T max— - min

N 7 (% contro)= (18

0.0 le= I A = 1 -—7max+'7min'
-5.00 0.00 5.00 10.00 18,00 20.00 25.00
w,~E,,/3 (em™") which is analogous to the definition based on the intensity of
ionization signal used previous[\16]. The FWHM'’s of the
exact resonance profiles are in very good agreement with the
é)redictions based on the perturbative molecule-EMF cou-
plings and Eqs(16) and(17); see Table I. The perturbative
predictions are essentially within 0.6% of the exact results.
(—) andd=6.5 (---), for the simultaneous one- and three-photon This indicaFes the pert_urbative predictions for the _molecule-
two-color excitation of the model two-level molecule, as a functionEMF couplings are reliable even though perturbation theory

of the relative phased, — 353 of the two lasers and with the field Cannot be used to obtain the long-time behavior of the popu-
strengthsed=1.255< 102 and e9=1x10"® chosen to optimize lations of the molecular states or the associated resonance

control ford=0. profiles. The reliability of perturbation theory in this regard
is also seen in that control of the combined one- and three-
are of the same magnitude as those in our recent study ¢hoton transition is obtained in the exact calculations for the
simultaneous two- and one-photon molecular excitdtid).  field strengths predicted via the perturbative molecule-EMF
The transition and permanent dipole moments are taken to bgouplings.
aligned(u//d) and the electric fields are taken to be parallel Phase control is also reflected in the exact temporal cal-
to each other and to the dipole mome®{§e;|ul|d. The culations ford=0, which are carried out at the exact reso-
field strengths are such that the magnitudes of the perturbaance frequency«5°®®) .~7327.33 cm* for each rela-
tive one-photon coupling Eq(7) and of the perturbative tive phase[see Fig. 2, whereP,(48;,5;,t) is shown for
three-photon coupling Eq. (8) are equal: 6,—3683=0,7/4,7/2,3w/4,7w]. The period of the time-
ILC(1)]ped =I[C(3)]ped~3.000< 10 °. The sign of the dependent population decreases from “infinity” since the
three-photon coupling is the reverse of the one-photon coumolecule-EMF coupling increases from approximately zero
plings:[C(1)] pert is positive and C(3)],er i Negative. as the relative phase goes from zerontowhich is a conse-
The resonance profiles are illustrated in Fig. 1 for variousgquence of the inverse relationship between the temporal pe-
phases of the one-photon laséy, with the phase of the riod and the molecule-EMF coupling; see Efj5). The pe-
three-photon lasep; set to zero. Each part of the figure riods are *“reliably” predicted using the perturbatively
contains three curves: the resonance profiledfef, the op-  calculated molecule-EMF coupling in E¢L5).
timized phase control case calculated using the exact Floquet We now consider thérea) d=6.5 molecule, bearing in
technique, and the resonance profiles |the=6.5 calculated mind that the field strengths were chosen to optimize phase

== ="

FIG. 1. Fixed molecule-EMF orientatiom|&;|| u/|d) resonance
profiles, the long-time averaged population of the excited stat
P»(64,83) vs the beat frequency detuning{— E,4/3), calculated
in the HMR RWA (- - - -) and by exact Floquet methodd=0
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TABLE I. FWHM of the resonance profiles of Fig. 1€ 6.5 or
0) as a function of the relative phasés= §;— 385 with §3=0, of
the two lasers. PT denotes perturbation theory calculations of the
FWHM obtained using the perturbative molecule-EMF couplings,
Egs.(7) and(8), and Eqs(16) and(17).
Calculation Phased) FWHM (cm™1) [wp]es(cm™1)
HMR RWA 0 4.541 7315.667
Floquet @+ 0) 4.116 7327.327
PT (d+#0) 4.124 7315.667
Floguet @d=0) <0.001 7327.321
PT (d=0) <0.001 7315.667
HMR RWA 4 4.425 7315.667 o)
Floquet @ 0) 4.001 7327.330 >
PT (d#0) 4.007 7315.667 5
Floquet @d=0) 0.338 7327.324 o
PT (d=0) 0.336 7315.667
HMR RWA 72 4.131 7315.667
Floquet d+0) 3.707 7327.338
PT (d#0) 3.711 7315.667
Floguet d=0) 0.624 7327.331
PT (d=0) 0.621 7315.667
HMR RWA 37l4 3.815 7315.667 =
Floquet @+0) 3.387 7327.345 <
PT (d+#0) 3.389 7315.667 o
Floguet @d=0) 0.816 7327.337
PT (d=0) 0.811 7315.667
HMR RWA T 3.676 7315.667
Floguet d+0) 3.246 7327.348 ) . .
PT (d#0) 3.246 7315.667 FIG. 2. Tlme-depen_dent population of the excited state 2,
_ P,(681,83,t), calculated in the HMR RWA( - - -) and by exact
Floguet @=0) 0.883 7327.340 Floquet methodsg=0 (——) andd=6.5 (----), as aunction of
PT (d=0) 0.878 7315.667 :

time and the relative phase of the two lasers, for the corresponding
wp=wp > for eachs and for the field strengths chosen to optimize
control ford=0. For §=0, P,(t) is essentially zero over the time

scale shown for the exadt=0 Floquet results.

control ford=0. Thed=0 optimized field strengths are such
that for the d#0 molecule, the perturbative one-photon
coupling and the perturbative three-photon coupling, as

calculated using Egs(7) and (8), respectively, are no Wwith &. Relative to thed=0 results, ford=6.5 the three-
longer equal: [C(1)]per=3.000X 10°® and [C(3)]per  Photon excitation dominates the one-photon excitation pro-
~2.518<10°° and furthermoref C(3)]per is positive for  cess for alls, since the three-photon coupling is approxi-
d=6.5 versus negative wha=0. The ten-fold increase in mately ten times larger than the one-photon molecule-EMF
the magnitude of the three-photon coupling wit#0 com-  coupling. Phase control of the excitation process can be

pared tod=0, as well as the change in sign PE(3)],er, achieved for thed=6.5 molecule by proper selection of the
indicates that permanent dipoles have a pronounced effect laser fields(see Sec. Il B.
the three-photon transition. As discussed previously, the FWHM'’s of the resonance

The exact resonance profiles, calculated using Floqugirofiles and hence the related periods of the temporal evolu-
methods, analogous to tlie=0 results, but setting=6.5in  tion of the excited state, fal=0, calculated using the per-
the calculations, are included in Fig. 1. The choice of fieldturbative expression for the molecule-EMF coupling and
strengths, chosen to optimize the phase control ofdh®  Eqgs.(16) and(17), agree very closely with the exact Floquet
molecule, leads to little phase dependence in these resonan@sults and this is also valid fat=6.5 where the perturba-
profiles and what is present is in the opposite sense to thiive and Floquet results for the FWHM agree to within 0.2%;
d=0 case; that is, fod=6.5 the FWHM's of the profiles see Table I. On the other hand, while the one-photon HMR-
decrease with increasing= 6, —34;; see also Table I. The RWA molecule-EMF couplingC(1,0)~2.995< 10 ® com-
lack of control [11.8% control based on Eq18)] for  pares very well with the one-photon perturbative coupling
d=6.5 is also clear from the temporal plots of Fig. 2, where~3.000< 10 ¢, the three-photon HMR-RWA molecule-EMF
the period of the time-dependent population changes littleouplingC(0,3)~2.808x 10™° is approximately 10% higher
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than the perturbative three-photon molecule-EMF coupling B. Optimization of phase control for d+#0
~= _5 i i . . g
~2.518<10°" since the HMR RWA does not include the  \ynen d+0, there is a choice of whether to utilize the

3 wy. .
w” three-photon transition mechanigsee Sec. Il B There-  norrhation theory or the HMR-RWA expressions for the
fore, the FWHM's of the HMR-RWA resonance profiles sjecule-EMF coupling to estimate the field strengths nec-
(d=6.5) are larger than those determined from the exackgsary to optimize phase control. Keeping the field strength

calculations. This is illustrated in Fig. (see also Table)l  for the laser driving the one-photon transition at the value
where the HMR-RWA resonance profiles can be comparedqaq in sec. Il A 82=1><10‘6 (3.51x 10" Wicm?), the

with the exact results fod#0. As with the exacd+#0 cal-

culations, the HMR-RWA resonance profiles do not vary sig-, . o_ 4 0 2 :
. e t0 £3=6.175<10" 4 (1.338< 10'° W/cm?) in order to opti-

nificantly with phase. Also, of course, the HMR-RWA pro- cs ( ) P

X - . . . ize phase control utilizing perturbation theory. These field
files do not exh_|b|t the Bloch-Siegert shifts seen in the exacE:renglths are such that the perturbative one-photon coupling
resonance profiles.

. Eq. (7) and the perturbative three-photon coupling E8).
If the Floquet and HMR-RWA temporal calculations for are equal: [C(1)]per=[C(3)] perr3.000x 108 Unlike

d=6.5 zglro%ucefarried out at their respective resonance freque@\?hend=o, [C(1)]per:@nd[ C(3)]per both have positive val-

cies (") es=7327.34 cm ' and (@h'")res=7315.667 e, Using the HMR RWA, the laser field strength for the
cm™~! (see Table | for the exact resonance frequency for eaCBne-photon transition isgz 1x10°® (3.51x10* Wicm?),
relative phasg the two sets of results fdP,(d;,03,t) are  while the field strength for the three-photon transition must
relatively independent of phase, but can differ significantlyye changed te$=6.000< 10~* (1.263x 10'° W/cm?). The
over the time scale shown for a given relative ph@®e Fig.  field strengths are such that the HMR-RWA three-photon
2). This arises because the HMR-RWA three-photon couplingoupling C(0,3) and the HMR-RWA one-photon coupling
is larger than the correct result for all relative phasesc(1,0), as calculated using Eql4), are approximately
6=(61—363), which results in a reduced period in the RWA equal:C(0,3)~3.077x 10~ ¢ and C(1,0)~2.990x 10" °.
relative to the exact temporal behavisee Eq(15]. Thus, The resonance profiles are illustrated in Fig. 3 for various
for t~25 ps, the RWA temporal behavior becomes com-relative phase$=(5;—3483), with the phase of the three-
pletely out of phase with the exact results. For larger timeghoton lasers; set to zero. Each part of the figure contains
the two sets of results can agree rather well, for example, fofhree curves: the exact resonance profile where the field
t~50 ps, before again becoming out of phase with eachitrengths are chosen in order to optimize phase control using
other. This type of inversion of the temporal behavior ofthe perturbative molecule-EMF couplings E¢%) and (8)
Floquet versus RWA results and its consequences in the iland the exact and the HMR-RWA resonance profiles where
terpretation of ir multiphoton excitation processes has beephase control has been optimized using the HMR-RWA
discussed previousf29,44. If the exact temporal evolution molecule-EMF coupling Eq(14). The exact resonance pro-
of the excited state is computed for the weak-field resonancgles for the perturbatively chosen fields exhibit a two-color
frequency (') e 7315.667 cm %, that is neglecting the Bloch-Siegert shift of 2.8 cm? to higher frequency for all
Bloch-Siegert shift, very large discrepancies between the ex-5,,5;) combinations relative to the weak-field resonance
act and the HMR-RWA temporal results would be exhibitedfrequency of w,=7315.667 cm!, while the exact reso-
since the difference in resonance frequencies between theance profiles for the HMR-RWA selected fields exhibit a
exact and the weak-field limits is much larger than thetwo-color Bloch-Siegert shift of 2.7 cm' to higher fre-
FWHM's of the resonance profiles for all relative phases quency. These shifts are the same as those exhibited by the
Thus the period of the exact temporal evolution forone-color three-photon resonance profiles for the same field
w=(wy") esWill be very large compared to HMR-RWA pe- strengths.
riod for this frequency. Phase control is exhibited for both sets of exact resonance
As discussed above, the HMR-RWA result for the three-profiles. The FWHM's for the exact profiles for the pertur-
photon coupling neglects the® contribution to the excita- batively chosen fields vary from 0.878 crhfor =0 to less
tion mechanism and this causes disagreements between ttiean 0.001 cm* for 6= 7, while for the HMR-RWA fields,
RWA and the exact results. It is interesting to note that ifthey vary from 0.841 to 0.036 cit as & varies from 0 to
RWA molecule-EMF couplings are replaced by the corre-r (see Table ). 99.8% and 91.8% control, respectively,
sponding perturbatively determined couplings in the RWAbased on Eq(18). The phase control of the combined one-
analytical expressions for the resonance profile and the timeand three-photon transitions is more complete for the pertur-
dependent population of the excited state, Efj). and(10),  batively chosen field strengths since, as discussed previously,
respectively, excellent agreement with the corresponding exhe FWHM's of the exact resonance profiles generally agree
act results will be obtained, aside from effects directly re-very well with those calculated using the perturbative ex-
lated to the absence of the Bloch-Siegert shift in the RWApression for the molecule-EMF coupling and E¢k6) and
calculation. This comment applies for both tth&0 and the (17); see Table Il. On the other hand, the exact resonance
d=0 sets of results. Thus, for example, if the time-dependenprofiles for the HMR-RWA chosen fields do not exhibit as
population of the excited state is calculated at the weak-fieldomplete phase control since the HMR-RWA expression for
resonance frequenoyz(w‘é"F),eS, utilizing the HMR-RWA  the three-photon coupling, which neglects @ transition
expression Eq(10) but using the perturbative molecule- mechanism, underestimates the actual three-photon field
EMF couplings in place of the HMR-RWA couplings, the strength needed to optimize control. Therefore, the FWHM’s
result will be indistinguishable from the exact calculationsof the HMR-RWA resonance profiles are 5.6%, 5.5%, 5.5%,
shown in Fig. 2. and 5.4% greater than those for the exact profiles for the

field strength for the three-photon transition must be changed



2578 ALEX BROWN AND WILLIAM J. MEATH 53

. T TABLE Il. FWHM of the resonance profiles of Fig. 3

L | (d=6.5) as a function of the relative phas®,— 3483 with §;=0,
= L | of the two lasers. FloqugRWA) indicates that the exact calcula-
S tions were performed using the HMR-RWA selected fields, while
™ T ] Floquet(PT) indicates that the perturbative fields were used. PT and
- - PT (RWA) indicate using the perturbatively and the HMR-RWA
. ! | selected control fields, respectively, in the calculation of the
' ‘ ' FWHM's using Eqs(7), (8), (16), and(17).
g - 1 Calculation Phased) FWHM (cm™1) [wp]es(cm™)
f« i i HMR RWA 0 0.888 7315.667
" T Floquet(RWA) 0.841 7318.329
I 1 I PT (RWA) 0.842 7315.667
T - Floquet(PT) 0.878 7318.486
2» | i PT 0.878 7315.667
©
|:“ HMR RWA 4 0.820 7315.667
i i Floquet(RWA) 0.777 7318.330
‘ ’ ‘ PT (RWA) 0.778 7315.667
s 0 o | Floquet(PT) 0.810 7318.488
¥ F . PT 0.811 7315.667
| S | HMR RWA /2 0.628 7315.667
os EAVA . . ’ Floquet(RWA) 0.595 7318.334
' ' ' ' PT (RWA) 0.596 7315.667
04r T Floquet(PT) 0.621 7318.492
f‘ 0.3 7 PT 0.621 7315.667
|:“‘ 0.2} .
o1 L i HMR RWA 3wl4 0.340 7315.667
0.0 1 , [ , Floquet(RWA) 0.323 7318.337
-5.00 0.00 500 10.00 15.00 20.00 25.00 PT (RWA) 0.324 7315.667
0,=E,,/3 (em ™) Floquet(PT) 0.336 7318.495
PT 0.336 7315.667
FIG. 3. Fixed molecule-EMF orientatiom|&;|| u/|d) resonance
profiles, the long-time averaged population of the excitedHMR RWA T 0.013 7315.667
stateP,( 57, d3) vs detuning ,— E;1/3), calculated by exact Flo-  Floquet(RWA) 0.036 7318.338
quet methods, for field strengths chosen to optimize control usingsT (RWA) 0.036 7315.667
perturbative couplings3=6.175<10 4 and&9=1x10"% (—), Floquet(PT) 0.001 7318.497
and by both exact Floquet metho@ls--) and in the HMR RWA bt <0.001 7315.667
(- - - ), for field strengths chosen to optimize control using

HMR-RWA couplingse3=6.000< 10~ * and&=1x10"°, for the

simultaneous one- and three-photon two-colqr excitation of. thenodel well the exact results. The modeling can be improved,
model ([d=6.5) two-level molecule, as a function of the relative 55 yiscussed in Sec. Il A, by simply replacing the HMR-
phase ¢;—34d3) of the two lasers. RWA molecule-laser couplings by the perturbative couplings
estimated for optimal combined one- and three-photon tran-
HMR-RWA chosen fields a8 varies for 0 to 3r/4, while for  sition control. The resonance profiles obtained this way will
S=r it is 64% smaller. On the other hand, utilizing the be graphically indistinguishable from the exact results once
perturbative one- and three-photon couplings associated witie profiles are frequency normalized for the Bloch-Siegert
the HMR-RWA optimized field strengths[C(1)]ex  Shift. ' o
~3.000< 106 and[C(3)]per~2.752x 107% and Eqgs.(16) Phase control is exhibited in the exact temporal calcula-
and(17), the FWHM'’s agree to within 0.3%. tions ford+#0, which are carried out at the exact resonance
The HMR-RWA resonance profiles are included in Fig. 3frequency for each relative phase for both the perturbatively
and they exhibit “complete” phase control for the optimal chosen fields, ¢f°%" P} .~7318.49 cm*, and for the
laser fields based on the HMR-RWA laser-molecule couHMR-RWA selected fields, ¢f°%"*'"Y) . ~7318.33 cm
plings; in the calculations reported here, these fields were not!; see Fig. 4. For both sets of calculations, phase control is
completely optimized in the RWA, that is, inthe opposite sense to the=0 results of Sec. Il A, that is,
C(0,3)~3.077x10 ¢ andC(1,0)~2.990< 10" 8. Of course, the period of the time-dependent population increases, since
the Bloch-Siegert shifts, present in the exact Floquet resultghe molecule-EMF coupling decreases, as the relative phase
are absent in all RWA calculations. Aside from this and theirchanges from zero te. The phase control is in the opposite
~6% too large FWHM'’s, the HMR-RWA resonance profiles sense for the two calculations because the three-photon cou-
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In the examples just discussed, the permanent dipole

mechanism, that is, the term in E(B) of the form d?wu,
= tends to dominate the transition dipole mechanitime term
g; of the form ) in the total three-photon molecule-EMF cou-
o™ pling. Thus, for example, in the exact Floquet calculations,
phase control is more or less obtained if either perturbation
theory or the HMR RWA is used to estimate the optimal
_ fields for control of the simultaneous one- and three-photon
pas excitation process. For the model molecule studied, the dif-
N ference between the permanent dipoles of the states involved
£, in the transitiond= 6.5, is quite large compared to the tran-
. sition dipole,u=3. Oftend and x can be of more compa-
rable sizes.
S: C. Optimization of phase control for d#0 (d=2.5)
o~
E In order to more clearly understand the possible effects of
a” permanent dipoles in the phase control of molecular excita-
tion processes, we now consider a model whixew. For
this purpose we consider a “pseudomolecule” with the same
= molecular parameters as before except2.5. The laser
3 field strength for the one-photon transition is kept at the
€ d=6.5 value;e{=1x10"° (3.51x 10* W/cm?) for both the
an perturbative and HMR-RWA choices of optimal control field
strengths. In order that the perturbative one- and three-
1.00 . .
photon couplings are equal ford=2.5, again at
075} . [C(1)]per=[C(3)] perr=3.000x 1075, the field strength for
S the three-photon transition must be increased to
£ o80r l £9=1.719<10°% (1.037 10** W/cm?) from 6.175<10
* 025t (1.338<10'° W/cm?) for d=6.5. Using the HMR-RWA
000 b o2 oI couplings, the field driving the three-photon transition must
o, 50 100 be increased from 6.00010 4 (1.263< 10 W/cm?) to
time(ps) £3=1.120x 10 ° (4.402x<10'° W/cm?), so that the three-

photon coupling C(0,3)~2.962x10 ® is approximately
FIG. 4. Time-dependent population of the excited state 2@dual to the one-photon couplir@(1,0)~2.995< 10" °.

P,(6,,85,t) for the model (=6.5) two-level molecule, calculated For all relative phaseé= (6, —343), the exact resonance
by exact Floquet methods, for field strengths chosen to optimizgrofiles for the perturbatively chosen fields exhibit a two-
control using perturbative couplings—), and by both exact Flo-  color Bloch-Siegert shift of 21.9 cm* to higher frequency
guet methods(----) and in the HMR RWA ¢ - - .), for field relative to the weak-field resonance frequency of
strengths chosen to optimize control using HMR-RWA couplings,(w‘é"F res= 7315.667 cm®, while the exact resonance pro-
as a function of time and the relative phase of the two lasers, for thjles for the HMR-RWA selected fields exhibit a two-color
correspondingyy, = wy; ° for eachs. For 5=, P,(t) is essentially  Bloch-Siegert shift of 9.3 cm?; see Fig. 5 and Table III.
zero over _the time scale shovx_/n for the field strengths for optimatrhe Bloch-Siegert shifts for the two-color process are the
control estimated by perturbation theory. same as those exhibited by the one-color three-photon reso-

nance profiles for the same field strengths and therefore the
pling is positive versus negative and therefore the sign of théarge difference in Bloch-Siegert shifts between the perturba-
interference term in Eq(17) changes, ford=6.5 versus tively and HMR-RWA chosen fields profiles is due to the
d=0. Using either the perturbatively or the HMR-RWA cho- difference in the three-photon field strengths for the two cal-

: ) . ; -3 -3 ;

sen field strengths in the perturbative molecule-EMF coufulations (1.71&10°° versus 1.12810°°, respectively.
p|ings in Eqs(15) and (17), the respective periods of tem- Unlike for d:65 (Flg 3), there is n.O Ovel’lap between the
poral evolution are “reliably” predicted. The perturbatively resonance profiles for the perturbatively and the HMR-RWA
chosen fields give more complete control and temporally thighosen fields. The profiles overlap fd=6.5 because the
is best seen fob=, where the period is much greater than three-photon  field strengths are much more similar,
for the HMR-RWA selected fields. Over the time scale de-£9=6.175<10"* (1.338<10'® W/cm?) for perturbatively
picted, the HMR RWA yields reasonable predictions of thechosen fields and3=6.000<10™* (1.263x 10'° W/cm?)
exact temporal behavior, although the periods foralire  for the HMR-RWA chosen fields, relative to the correspond-
slightly too small(a reflection of the couplings being ap- ing fields ford=2.5.
proximately 6% too large However, over sufficiently longer The FWHM's for the exact resonance profiles for the per-
time scales, the HMR-RWA temporal behavior will becometurbatively chosen fields vary from 0.878 to 0.010 ¢thn
completely out of phase with the exact resifise Sec. Il A 97.8% control, while for the HMR-RWA fields they vary
and Refs[10,29,49). from 0.562 to 0.320 cm?, 27.4% control, as varies from
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TABLE Ill. FWHM of the resonance profiles of Fig. 5

; ' b ' ' (d=2.5) as a function of the relative phas®,— 355 with 53=0,

i "| ] of the two lasers. FloqugRWA) indicates that the exact calcula-
3+ :', . tions were performed using the HMR-RWA fields, while Floquet
8N L ,“| i (PT) indicates that the perturbative fields were used. PT and PT
le- | X | (RWA) indicate using the perturbatively and the HMR-RWA se-

o " lected control fields, respectively, in the calculation of the FWHM'’s
et T ' - using Eqs(7), (8), (16), and(17).

L i ] i
;O: | :“1 i Calculation Phased) FWHM (cm™) [wp]es(cm™?)

. ]

Er 0 ¥ HMR RWA 0 0.872 7315.667

i S i 1 Floquet(RWA) 0.562 7324.950
LSNP, ; PT (RWA) 0.560 7315.667

i ! Floquet(PT) 0.878 7337.541
=) ;: PT 0.878 7315.667
<t !

I
Ifw B :" HMR RWA w4 0.805 7315.667
- ' \\ Floguet(RWA) 0.533 7324.952
. — PT (RWA) 0.532 7315.667

L "u i Floquet(PT) 0.812 7337.545
2| g l PT 0.811 7315.667
3 !

- 1 -
lE’N ’l" HMR RWA /2 0.616 7315.667

B ' ‘\ _ Floquet(RWA) 0.456 7324.958
0.5 f /i f t i PT (RWA) 0.455 7315.667
0.4 |- :: E Floquet(PT) 0.619 7337.554

5 o3l " _ PT 0.621 7315.667
E h
~ 0.2 i B

lo o y HMR RWA 3ml4 0.334 7315.667
ol ' Floquet(RWA) 0.364 7324.965

0.0 . i . ‘
J5.00 0.00 500 10.00 15.00 20.00 25.00 PT (RWA) 0.363 7315.667
0=E,,/3 (om™) Floguet(PT) 0.334 7337.565
PT 0.336 7315.667
FIG. 5. Fixed molecule-EMF orientatio|&;| u|d) resonance HMR RWA - 0.005 315,667

profiles, the long-time averaged population of the excited stateFI RWA 0.320 2394.967
P»(d4,83) vs the beat frequency detuning{— E,,/3), calculated oquet( ) : :

by exact Floquet methods, for field strengths chosen to optimiz@T (RWA) 0.318 7315.667
control using perturbative couplingse3=1.719x103 and  Floquet(PT) 0.010 7337.568
£9=1x10"% (—), and by both exact Floquet metho@ds-) and ~ PT <0.001 7315.667

in the HMR RWA (- - - -), for field strengths chosen to optimize
control using HMR-RWA couplings eg=1.120>< 1072 and
£9=1x107, for the simultaneous one- and three-photon two-Hence the FWHM's calculated in the HMR RWA are much
color excitation of the modeld=2.5) two-level molecule, as a larger for the positive §=0,7/4) and zero §= 7/2) inter-
function of the relative phaseS(—345) of the two lasers. ference profilegthe interference term in EQ17) is positivel
and much smaller for the negativé= 3=7/4,7) interference

0 to , respectively; see Table Ill. Almost complete phaseprofiles than those for the exact calculations based on the
control is exhibited for the perturbatively chosen field RWA selected three-photon field strength; see Table III.
strengths, but these results do not exhibit as much phasgowever, the FWHM'’s of the exact resonance profiles for
control (99.8%9 as whend=6.5. the HMR-RWA selected field strengths agree, within 0.6%,

Compared to thel=6.5 molecule, the FWHM’s for the to the results calculated using the perturbative molecule-
exact resonance profiles for the HMR-RWA selected fieldEMF couplings and Egs(16) and (17) and these field
agree poorly with those for the HMR-RWA calculations strengths. Since the HMR RWA incorrectly predicts the op-
since the neglecteg® transition mechanism is now much timum control three-photon molecule-EMF coupling, the ex-
more dominant in the three-photon molecule-EMF couplingact resonance profiles for the HMR-RWA selected fields ex-
Therefore, although the HMR-RWA one-photon coupling hibit little phase contro(27.49.
C(1,0)=2.995x 10 © agrees very well with the perturbative  Since the period of the temporal evolution of the excited
one-photon coupling C(1)]per~3.000x 10" %, the HMR- state is related to the FWHM of the resonance profiles via
RWA three-photon coupling (0,3~2.962<10 ® is much  Egs.(15) and(16), the exact temporal behavi¢not shown
larger than the perturbative three-photon couplingexplicitly here of the excited state for the perturbatively
[C(3)]perr=8.298X 10 7, for the HMR-RWA chosen fields. chosen field strengths carried out at the exact resonance fre-
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quency @5 P ~7337.55 cm* will exhibit essen- 3 w . ; .
tially complete phase control. Conversely, for the HMR- - H : 1
RWA selected field strengths, the exact temporal behavior s L i i
carried out at the exact resonance frequency <L .", i
(wFoMetRW  —7324.96 cnt L will exhibit little phase con- = il |
trol. Thus, ford=2.5 (d~u) and for the field strengths con- | B L ,I,’ L .
sidered here, the perturbatively chosen field strengths pro- ; ' ' ‘ '
vide control while the HMR-RWA selected fields do not = | 1 T
provide adequate results for the three-photon molecule-EMF T i
coupling and therefore little control is exhibited in either the S .
exact resonance profiles or the associated exact temporal be- ' | /1 d
havior. In contrast, fod=6.5 (d> u), either the perturba- | .. S +
tively chosen or the HMR-RWA selected field strengths pro- l '
vide almost complete phase control. = | : i
g | 4
~N
D. Optimization of phase control for d=0 (“real” d=2.5 lfw i ]
For comparison purposes, let us considerdke) calcu- i i
lations, analogous to those of Sec. Il A fde=6.5, for the N t
pseudomolecule witd=2.5. Since the field strengths are to N : T
be chosen assuming the perturbative one- and three-photon ¥ .
couplings are the same fdr=0, they are the same as those S g
in Sec. IllA, ie., for the one-photon transition ™ | |
£9=1x10"° (3.51x10* W/cm?) and for the three-photon o8 , , N
transition £3=1.255< 103 (5.527x 10° W/cm?). Exact o ' ' ' |
resonance profiles fod=0 and analogous results for o
d=2.5 as a function of relative phase are illustrated in Fig. 6. 2 %31 T
While the d=0 results exhibit phase contr¢99.99% (see oo 02 .
the discussion in Sec. Ill A and Tablg, Ithe analogous 0.1 b i .
d=2.5 results exhibit less phase contr@8.5% as the 0.0 . .
FWHM'’s vary from 0.612 to 0.272 cm' as § varies from 0 -5.00 000 500 10.00 15.00 20.00 25.00
to 7 and the phase control that is exhibited is in the opposite w,—E, /3 (em )
sense to that fod=0; compare Tables IV and |. The exact
(d=2.5) FWHM's are greater than those fdr=0 for 6=0 FIG. 6. Fixed molecule-EMF orientatiom|&] x| d) resonance

and /4 while they are smaller fof= 7/2, 37/4, andw [See  profiles, the long-time averaged population of the excited state
Fig. 6, Tables IV i=2.5) and | @d=0)]; for d=6.5 (see  P,(4;,83) vs the beat frequency detuning{—E,,/3) calculated
Fig. 1 and Table)lthe FWHM's are greater for all relative in the HMR RWA (- - - -) and by exact Floquet methods=0
phases. The exact FWHM's for=2.5 are reliably predicted (——) and d=2.5 (---), for the simultaneous one- and three-
from the overall perturbative molecule-EMF coupling andphoton two-color excitation of the model two-level molecule, as a
Eq. (16). Whend=2.5, the perturbative three-photon cou- function of the relative phaseS(—363) of the two lasers and with
pling [C(3)]per=1.167% 10~ is of the same magnitude as the field strengthg:3=1.255< 10 % and ¢{=1x10"% chosen to
the one-photon coupling C(1)]pe=3.000 X107 ¢ and  Optimize control ford=0.

therefore, if one assumels=0, when, in factd=2.5, there is

still 38.5% control, based on Eq18). Conversely, for temporal phase control wheh=2.5. Whend=6.5, the pe-
d=6.5, the three-photon couplifg(3)]perr=2.518<10°°  riod of the temporal behavior of the excited state is shorter
is approximately ten times larger than the one-photon coufor all relative phasegsee Fig. 2 Thus, as is reflected both
pling and there is only 11.8% contrtdee Sec. Il A. temporally and in the associated resonance profiles, neglect-
_ The behavior of the FWHM's for the exact resonance prong the permanent dipole moments in determining the field
files for d=2.5 relative tod=0 is also reflected in the tem- gyengths for optimal control will inevitably lead to a loss of
poral calculations, where are carried out at the exact réSQontrol, although the exact amount of control lost depends

nance frequency for each relative phasef'{%"®), . upon the relative values af and .
~7327.33 cm'! (see Fig. 7. As the relative phase varies

from zero tosr, the period of the time-dependent population
increases from 33 to 80 ps whel=2.5, while it decreases
from infinity to 25 ps ford=0 since the field strengths have ~ Only one example, where phase control has been opti-
been chosen to optimize phase control der0. The period mized for the fixed orientatios, | &;|| u/d whend=6.5 (see

for d=2.5 is shorter than that fod=0 for §=0 and#/4  Sec. lll B), will be considered since it will illustrate the main
while it is longer for §=#/2, 3w/4, andw. However, for effects of orientational averaging for the harmonic simulta-
d=2.5 neither the longest period is as long nor the shortesteous three- and one-photon excitation. Orientationally aver-
period as short as that fat=0, so obviously there is less aged temporal behavior and associated resonance profiles are

E. Orientational averaging
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TABLE IV. FWHM of the resonance profiles of Fig. @& 2.5

or 0; see Table | fod=0 result$ as a function of the relative phase,
6= 6;— 363 with 63=0, of the two lasers. PT denotes perturbation -
theory calculations of the FWHM obtained using the perturbative S
molecule-EMF couplings, Eq$7) and(8), and Eqs(16) and(17). %
Calculation Phased) FWHM (cm™) [wp]es(cm™Y)
HMR RWA 0 1.047 7315.667 e
Floquet d+0) 0.612 7327.324 §
PT (d+0) 0.610 7315.667 i~
:N
HMR RWA wl4 0.970 7315.667
Floquet d+0) 0.575 7327.326
PT (d#0) 0.573 7315.667 oy
S
HMR RWA /2 0.751 7315.667 \EN
Floquet d+0) 0.472 7327.333 &~
PT (d+0) 0.471 7315.667
HMR RWA 3wl4 0.432 7315.667 é
Floquet d+0) 0.342 7327.340 T
PT (d#0) 0.340 7315.667 EN
HMR RWA - 0.171 7315.667 100
Floquet d+0) 0.272 7327.344 075
PT (d#0) 0.268 7315.667 é 050
" 025
characteristic of molecules randomly situated in the gas or 6.00

solution phase rather than with a specific orientation relative
to the laser fields.

The free orientationally averaged0,33,34 perturba-
tively determined temporal behavior is given by

time(ps)

_ FIG. 7. Time-dependent population of the excited state 2,

ot t2 (= 5 5 P,(64,83,t) calculated by exact Floquet methods; 0 (——) and
Py (6,1)= §f {[C(l)]pertC0§B+ [0(3)]perp0§ﬁ d=2.5(---), as a function of time and the relative phase of the two

0 lasers, for the corresponding,= wp*° for eachs and for the field

+2[C(1)]per{c(3)]pertc0§1ﬂ coss}sing dg strengths chosen to optimize control fd=0. For §=0, P,(t) is

essentially zero over the time scale shown for the egac® Flo-

t? quet results.
= 7 13[C(1) et 71C(3) Jfen

tained is (8/105Y°C compared to a maximum value of

2
5 [C(1)Jperd C(3) JperCO} (92/105)°C. However, if the orientationally averaged
t2 molecule-EMF coupling is utilized to maximize control, i.e.,
= 2[523"( 81,8517 (19 to minimize |{R(#r,0)|, the new relationship between the
one- and three-photon coupling is [ACK1)],en
where here the molecule-EMF coupling€(1)],ex and ~ =[C(3)]per- Using this result, the minimum value of the

[C(3)]perxnOW depend only on the magnitudes of the permaoverall molecule-EMF coupling that can _be obtained is
nent and transition dipole moments since the angular depe4/75)*4 C(1)]per as compared to a maximum value of
dence ong (the angle between the fields and the dipphess ~ (88/75)"4C(1)]per. Based on the orientationally “opti-
been factored out; see Eq3) and (8). There is an obvious Mized” control, the new three-photon field strength is
loss of phase control if one uses the fixed orientation optimaé3=6.908<10™* (1.675<10" W/cm?) when the one-
control field strengths since the orientationally averagedphoton field strength is fixed at the value used in Sec. Il B,
overall molecule-EMF coupling in Eq19), £28(8;,85), no  &9=1.000< 10 ° (3.51x 10* W/cm?).

longer approaches zero as the relative phéispproaches _ The orientationally averaged resonance profiles
. In fact, if the one- and three-photon molecule-EMF cou-P5Y(8;,85) versus ,— E,4/3) calculated using the pertur-
plings are set equalC(1)]per=[C(3)]per=C, as done for bative overall molecule-EMF coupling in the HMR-RWA ex-
the fixed orientation problemSec. Il B), the minimum pression Eq(11) and by using the exact methods are illus-
value of the overall molecule-EMF coupling that can be ob-trated in Fig. 8 for the parallel fixed orientation optimized
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Siegert shifts can often be larger than the FWHM'’s of the
corresponding fixed configuration resonance profiles. Thus,
in contradistinction to the simultaneous two- and one-photon
excitation situation discussed previoudl§0], where the
maximum Bloch-Siegert shift was small, 0.2 ¢ the ori-
entationally averaged exact resonance profiles shown in Fig.
8 are “smeared out” over a large frequency range and there-
fore no resonance frequency can be defined that corresponds

mt(0,0)

P

; - to a “maximum” in the resonance profile83]. On the other

£ L hand, the HMR-RWA orientationally averaged profiles do

pe | not exhibit the same behavior since the HMR RWA does not
include Bloch Siegert shifts and therefore the resonance fre-
quencies, for all molecule-laser configurations contributing

~ to the orientationally averaged resonance profile, are the

g b same.

55 B Although the exact orientationally averaged resonance

e | profiles exhibit phase dependence, their corresponding exact

temporal populations are not discussed further since they are
extremely low: PYY(8;,85,t)<0.01 for all relative phases
over the time scale shown in Fig. 9. This behavior agrees
with the fact that the resonance profile, at a giwap is the
long-time average of the temporal behavior of the excited-
state population for thab, and all the exact orientationally
averaged resonance profiles have small heiffhtg., maxi-
mum P%Y(8,,0)~0.08|. Therefore, in what follows, we will
consider the HMR-RWA temporal results, which will illus-
trate some effects of orientational averaging on the dynamics

o o o P 3r/4,0)
w » w 2

T

rot(ﬂ,o)

o ozr of the system in the absence of Bloch-Siegert shift effects.
0.1 The FWHM's for the HMR-RWA resonance profiles for
0.0 ‘ the parallel configuration optimal control fields vary from

—-4.00 -2.00 0.00 2.00 4.00

0.248 to 0.100 cm?, 42.5% control, while for the orienta-
tionally optimized fields they vary from 0.270 to 0.082
cm™ 1, 53.4% control, as varies from 0 tomr, respectively.
FIG. 8. Orientational averaged resonance profiles, the orientafherefore, by optimizing the laser fields using the orienta-
ti_ontally averaged long-time averaged population of the excited statgionally averaged expression for the overall perturbative
P?(d,89) vs beat frequency detuningw(—E;y/3), for the  molecule-EMF coupling, one can achieve a 10% increase in
d=6.5 parallel configuration optimal control field strengths i
£3=6.175¢10 % and3=1x10"5, calculated in the HMR RWA control within the HMR RWA. :
N ! ' ) . The orientationally averaged temporal population of the
(---+) and by exact Floquet metho@s--- -) and for the orientation- . ? . .
excited state, for various relative phases, evaluated using the

ally “optimized” field strenghtse3=6.908<10 * and£3=1x10"° . X X .
calculated in the HMR RWA ) and by exact Floquet methods HMR RWA with the perturbative couplings, with the fre-

(-—), as a function of the relative phase of the two lasers. In thédUéncy set at the weak field resonance frequency
HMR-RWA calculations the RWA molecule-EMF couplings are re- @ = (wy " )res= 7315.667 cmi*, for the parallel orientation
placed by the appropriate perturbative molecule-EMF couplingoptimized field strengths and for the orientationally opti-
(see the main text mized field strengths are illustrated in Fig. 9. For the short-
time behavior in the HMR RWA, a slight increase in control
field strengths(Sec. I11B) £7=1.000<10 © (3.509<10* can be seen for the orientationally “optimized” field
W/cm?) and £3=6.175<10"* (1.338<10'° W/cm?) and  strengths relative to the parallel configuration case. However,
for the orientationally averaged optimized field strengthsover the time scale of the figure, for=0, 7/4, andw/2, the
The orientationally averaged resonance profiles are very didenger-time behavior becomes relatively independent of
similar to their fixed orientatio®,||&||u]d counterpart§see  phase. This behavior is very similar to the recently studied
Fig. 3. We begin with a discussion of the exact resonancerientationally averaged temporal behavior for the simulta-
profiles and then follow with a discussion within the HMR neous two- and one-photon excitation. In contrast to the two-
RWA (using the perturbative overall molecule-EMF cou- versus one-photon competition behavior, where phase con-
pling, howevey. trol is lost for all phases, the three- versus one-photon tem-
Upon orientational averaging, many fixed molecule-laseporal behavior shows more significant phase dependence for
configurations contribute to the resonance profile and the exs=3w/4 and (over the scale of the figurelf the orienta-
act resonance frequencies vary considergldg], corre- tional averagéagain withe,|&, andul|d) of the perturbative
sponding to Bloch-Siegert shifts of 2.6 ¢m (for  temporal behaviof10] for the simultaneous one- and two-
&,/ &s/|mld) to zero(for &||&;L m|d) and, further, the Bloch- photon excitation is considered,

-1
w,=E,,/3 (em )
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. . and three-photon excitation of the ground state. In contrast to
' simultaneous one- and two-photon excitatik0], where
d#0 is required for the two-photon transition to occur, com-
m s petition between the one- and three-photon excitations can
occur both wherd=0 and whend+#0. The control of exci-
tation, that is, of the population of the excited state, is inves-
. . w tigated both for a fixed laser-molecule orientation
(&]l&s|mlld) and for situations where the absorbing mol-
ecules are randomly orientated with respect to the laser field
[ s ' directions. The effects of the relative phase of the two lasers
are discussed using both the temporal evolution of the
excited-state population and the resonance profiles associ-
i I I ated with the one- and three-photon simultaneous excitation
process to monitor the effects of phase control.

For the fixed molecule-laser orientation studies, the role
of permanent dipoles is investigated by choosing the laser
fields to optimize phase control both with and without taking
explicit account of the permanent dipoles when choosing the
: I optimal field strengths. Sections Il A and Ill B investigate
phase control for a “giant dipole” molecule whem> u
(d=6.5 andu=3). Using the field strengths that lead to
100% phase control assumidg-0 yields little phase control
in the “real” d=6.5 molecule. Keeping the one-photon field
strength fixed, phase control can be achieved by markedly
reducing the laser field strength associated with the three-
photon molecule-EMF coupling so that the one- and three-
photon couplings, including the effects of permanent dipoles,
are equal in magnitude. Relative tb=0, the three-photon
coupling C(3) changes sign wherd=6.5 since C(3)
«(2d?— u?)u, that is, the permanent dipole and the pure
transition dipole three-photon transition mechanisms contrib-
ute to the three-photon coupling in opposite senses. Thus the

time(ps) phase control changes “sense” as a function of the relative
phaseé for d=6.5 relative tod=0; for example, the popu-

FIG. 9. Orientationally averaged HMR-RWA time-dependent lation of the excited state is maximize@ninimized for
populations of the excited state R (6;,85,1), for thed=6.5 par- 6= (0) versus6=0 () for d=0 and 6.5, respectively.
allel configuration field strengths £3=6.175<10"* and  Oftend and x are of more equal magnitude and the phase
£9=1x10"% (- - - -) and for the orientationally “optimized” control of simultaneous one- and three-photon excitation in
field strengthss3=6.908<10"% and ¢9=1x10"® (—), as a this situation is considered in Secs. Ill C and Il D, where
function of time and the relative phase of the two lasers, ford=2.5 andu= 3. In this example, relative td=0, the three-
op=(0p Dres: photon laser field strength must be increased significantly to

obtain phase control.
ot 1 , 1 ) In these calculations reliable estimates for the optimal
P2 (6,0)= 71 3LC(D) Jpert 5LC(2) Jpenf» (200 choices for the field strengths for phase control were pro-
vided by time-dependent perturbation theory predictions for

the interference term averages out to zero and thus the ofib€ required molecule-EMF couplings even through pertur-
entationally averaged results are independent of phase in tik@tion theory resulits for the time dependence of the popula-
perturbative approximation in contrast to the phase deperfions of the molecular states cannot be used for long times or

dence occurring in the analogous three- versus one-photdf Obtain resonance profiles. Indeed the RWA result for the
result of Eq.(19). three-photon coupling C(0,3)]*2d?« neglects an impor-

tant term %) relative to the more reliable perturbation
theory expression C(3)]perc(2d°—u?)u. Thus, in the
choice of laser field strengths for optimal phase control only
A nonzero differenceal in the permanent dipole moments the perturbation theory molecule-EMF couplings could be
between two molecular states involved in a two-color transiemployed wherd=0, whereas fold=6.5 and 2.5 the RWA
tion, involving simultaneous single- and multiphoton transi-couplings were also tested. Whei=6.5 (2d2u> u®) the
tions, can have significant effects, relativede-0, on the  optimal control field strengths predicted by the RWA lead to
control of the state populations through the variation of thealmost complete control of the excited-state population while
relative phase of the two lasers inducing the transitions. Ifor d=2.5 (2d?u~ u®) the corresponding RWA predictions
this paper a two-level molecular model is used to investigatare not at all reliable. In general, the correct analytical tools
the effects ofd#0, in this context, for the simultaneous one- must be used to help estimate the field strengths for optimal
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control of the excitation process and while perturbationtation process, for the situation where the absorbing mol-
theory performed well in the examples considered here, iecules are randomly orientated with respect to the laser field
will fail for more intense laser fielddarger molecule-EMF  directions, is discussed in Sec. lll E. Since the molecule-
couplings. EMF couplings required for control change with relative
The HMR RWA was also used to model the exact Floquetmolecule-field orientations, effective control of the excitation
calculations of the temporal behavior of the molecular stateprocess is lost relative to the fixed molecule-EMF configu-
and the related resonance profiles, det0. When the opti- ration examples discussed earlier. Upon orientational averag-
mal control laser fields are chosen using the RWA, completéng, both the temporal evolution of the excited-state popula-
phase control of the excited state is achieved within thdions and the resonance profiles show little dependence on
RWA. For common field strengths, the HMR-RWA calcula- the relative phase of the lasers. However, in agreement with
tions model well the exact calculations except for effectsthe predictions of time-dependent perturbation theory, the
related to the absence of the two-color Bloch-Siegert shift imphase dependence for the one- and three-photon competition
the resonance frequency in the RWA results. Discrepanciestudied here is more significant than that for the previously
can also arise because of disagreements between the thretudied[10] one- and two-photon simultaneous excitation
photon molecule-EMF couplings in the RWA versus the ex-process. When random orientational averaging effects be-
act calculations. These affect the FWHM'’s of the resonanceome important, the loss of phase control is inevitable in
profiles and the period of the temporal evolution of the ex-such competitive excitation processes. However, such phase
cited state, and while they are small fod=6.5 control is observable in rotationally resolved excitation
(2d2u>u®), they are more significant ford=2.5 schemeg$14-19.
(2d?u~ u®). These non-Bloch-Siegert effects, in all the The phase control of molecular excited-state populations,
d+#0 calculations, can be removed by replacing the RWAthrough two-color laser excitation and the interference be-
molecule-EMF couplings by the perturbative expressions fotween two optical excitation paths to the same final state, is a
the couplinggat the same laser field strengkiis the HMR-  problem of considerable intergst2—19. The magnitude of
RWA analytical expressions for the resonance profiles anthe interference is related to the relevant molecule-EMF cou-
the time-dependent populations of the molecular states. flings for the competing transitions and to the relative phase
should be emphasized that the effects of the Bloch-Siegenf the two lasers controlling the excitation paths. However,
shift are important. Very often these are larger than theuntil recently, little explicit attention has been given to the
FWHM of the resonance profiles and therefore if the weak-effects of permanent dipoles and to those associated with the
field resonance frequency is assumed in the laser excitatialmndom orientation of the absorbing species in phase control
process, as would occur in both the RWA and perturbatiorstudies. As illustrated here, for two-level dipolar molecular
theory analyses of the problem, the resonances can be missewdels, these effects are important in such problems since
completely. However, once these shifts are taken into acthey both influence molecule-EMF couplings.
count, the analytical HMR-RWA expressions, augmented by
t_he perturbati_ve moIecuIe-_EMF couplings_, can be very effec- ACKNOWLEDGMENTS
tive in analytically and reliably representing the phase con-
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