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Two-color pulsed-laser phase control in dipolar molecules:
Rotating-wave approximation versus exact results
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A rotating-wave approximatiofRWA) is developed to describe the interaction of a two-level system, which
has permanent dipole moments, with two pulsed lasers. The RWA expressions for the time-dependent popula-
tions of the molecular states are applied to model laser-molecule interactions and tested by comparison with
exact results. The results are used to discuss the pulsed-laser phase control of molecular excitation through the
interplay of competing one- and two-photon resonances involving the effects of a nonzero difttbataeen
the permanent dipoles of the two states involved in the transition; the competition vaniske® .if
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[. INTRODUCTION molecule. While RWAs developed for cw laser-molecule in-
teractions can be used to qualitatively interpret or predict the
The use of two lasers, or a laser with two frequency com+esults for pulsed laser-molecule interactions, see for ex-
ponents, to excite an atom or molecule provides additionakmple[21,24,28, they cannot provide quantitatively reliable
flexibility in extracting information about the system or in results. For example, they cannot provide the pulse charac-
modifying the excitation process as compared to single lasdgristics, e.g., durations and intensities of the lesseneeded

excitation. For example, there is a great deal of interest if© control population transfer between molecular states. This
using two laser fields to control or to modify excitation pro- has recently been demonstrated for the interaction of a single

cesses in atoms or molecules by changing the relative phaS¥/!S€d laser with a dipolar molecyl23]. In the present pa-

; ; ; the RWA for the interaction of two pulsed lasers with a
difference between thenj1-6]. Of particular interest per, ; .
here are eaﬁrclii)er studids, 6] of the effects of permanent di- dipolar (d#0) molecule will be developed and then utilized

pole moments in the one- versus two-photon and one- versqg lllustrate the pregilct|or) of Op“'.””a' pulse parameters for
o aser phase control involving the simultaneous one- and two-
three-photon phase control of molecular excitation. They

h tilized both t two-level model calculati OIthéla_hoton excitation of a model two-level dipolar molecule.
ave utiized both exact two-level model caicuiations an hese results can be compared and contrasted to the param-

harmonic many-resonance rotating-wave approximation desierq ohtained qualitatively from calculations involving cw
veloped specifically for studying the interaction of two har-|4qerg6]. Through this study, further insight into the effects
monically linked continuous-waveew) lasers with a dipolar o permanent dipole moments on laser phase control can be
molecule. A dipolar molecule refers to a system where thergptained as well as a determination of the limitations of us-
is a nonzero difference between the diagonal dipole matrix ing two-color cw results to predict those for two pulsed
elementgpermanent dipole momentsf the initial and final  |gsers.
states involved in the transitiord & w2~ 11,7 0). As had In Sec. II, the RWA for the two-color pulsed excitation of
been seen previously in one-color ¢&-14], two-color cw  a dipolar @+0) molecule is developed. For the limit of
[9,15-20, and one-color pulsef?1,22 (and see, more re- “infinite” pulse duration, the previously derived two-color
cently published, Ref[23]) laser-molecule interactions, cw laser-molecule expression$,6,15,16 are obtained.
these effects on the time-dependent and steady-staWhen field two is “turned off,” the recently developed RWA
molecular-state populations can be substantial since, whe23] for the interaction of a one-color pulsed laser witll a
d+0, the selection rules and the molecule-lé®ecoupling  #0 system is obtained. In the limit that=0, the pulsed
can be greatly modified. laser-atom results of Rosen and Zef#|, where only one-
The purpose of this paper is to develop a rotating-wavephoton transitions are allowed, are recovered.
approximation RWA) for the interaction of two pulsed lasers A quantitative assessment of the validity of the RWA, by
with a dipolar molecule and then to use the results to discussomparison with exact calculations, is presented in Sec. lIl.
the two-color laser phase control of the excitation of theThe example chosen involves simultaneous one- and two-
photon excitation by Gaussian pulses of a model two-level
dipolar molecule. The modification of the selection rules
*Present address: Department of Physics and Astronomy, Univewwhen d#+0 allows simultaneous twot@a process forbidden
sity of Alabama, Box 870324, Tuscaloosa, AL 35487. Electronicfor a two-level system ifl=0) and one-photon excitation to

address: abrown@bama.ua.edu occur. By changing the relative phase difference between the
"Present address: Philip Morris, RD&E, T5, P.O. Box 26583,two excitation fields, the time-dependent and, hence, final
Richmond, VA 23261. steady-state molecular-state populations can be controlled. In
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this paper, phase control refers to the process by which the Following the development of previous rotating-wave ap-
excited state is fully populated for a relative phase differenceproximations (RWAs) including the effects of d#0
of zero while it remains unpopulated for a relative phas€6,7,15,23, we transform from the representation into an
difference of 7. While, in principle, phase control can be interaction representation defined by
achieved at any one specific time during the pulse-molecule
interaction, in general, one is most interested in controlling ] t
the molecular state populations at the end of the pulse- ai(t):bi(t)eXF{_'{Ej(t_to)_ﬁjj'ft i(t')dt’H’
molecule interaction. Therefore, the RWA expressions devel- 0
oped are used to determine the combination of field strengths (2.3
and pulse durations needed to maximize the phase control of
the steady-state molecular-state populations. However, botlthere we assumé (t)=0 for t<ty, i.e., t; is the time that
the temporal (time-dependent and final (steady-state the pulse-system interaction begins. The coefficidn(g)
molecular-state populations are considered in the examplesatisfy
in Sec. lll. The results for the interaction of pulsed lasers are
compared to the analogous cw results that have been dis- d [ by(t) by(t)
cussed previousli6]. ia( b ): ( ) (2.4

. . , 2(t)) =\ ba(t)

Finally, a brief summary of our results for phase control is
presgnted in Sec. IV. We also comment briefly on the applii/vith the diagonal matrix elements of the Hamiltoni&h
cability of the two-color pulsed RWA to other problems, and, i ) =
on the extension to many-level systems. equal to zeroH 11=H,=0, and with the off-diagonal matrix

Unless indicated otherwise, atomic units are utilized€lements given by
throughout this paper.

Hyp=H3= _ﬁlZ'E(t)eXF{ ~IEx(t—1to)

Il. THEORY
In matrix form and within the semiclassical dipole ap- . e
P . oH ; +id- | e(t))dt’|. (2.5
proximation, the time-dependent Sctimger equation for a ) P
two-level molecule interacting with a laser field is given by
d (ay(t) H H ay(t) Two useful quantities have been introduced in E45): the
i |7t :( 1 12) 1 energy separation of the stationary statég,=E,—E;>0,
dtiay(t) H21 Hao/ \ax(t) and the difference between the permanent dipole moments of

the excited and ground statebs uoo— p11-

_ ST &) B M2 | [aq(t) The key in making the rotating-wave approximation is to
0 E, — o1 Moo [lan(t))’ be able to identify the off-resonant or counterrotating terms
- = 2.1) in the Hamiltonian. By analogy with the recently developed

RWA for the interaction of a one-color pulsed laser with a

Here ;= (| 1| b), Wherey is the dipole moment opera- dipolar (d+#0) molecule[23], the crucial quantity is

tor for the system,¢; is the orthonormalized time- A -

independent wave function for théh stationary state having I=exdid-(e1e1Q:11€22Q0)], (2.6)
energyE;, ande(t) is the total time-dependent electric field.

For pulsed two-color excitation, the time-dependent electri¢Vhere

field is

t
e(1)=e,8,F1(1)COS w t+ 8;) + Ee,f (1) CO wot + &), Qi:JtOfi(t Jeogit’+o)dt. @7

@2 Integrating Eq(2.7) by parts, eacl®); can be written as
wheree;, ¢;, fi(t), w;, and; are, respectively, the polar- L 1 i)
ization vector, field strength, pulse envelope, carrier circular . . tdfi(t’) , ,
frequency, and carrier phase of lagein general, the second Q‘_Zif‘(t)sm(‘”iH 5i)_;i o dt’ sin(wit’ + 4)dt’.
laser field could be delayed in time relative to the first laser (2.9
but here we consider only those situations where the time
delay is zero. A special case of E(R.2) that is often of |y general, the time derivative of the pulse envelogé/dt)
interest involves fields where there is a common pulse envgg inverse|y proportiona| to the duration of the pu]se
lope, f(t)=f,(t)=f,(t), and polarization vectoe=e,;=e,.  Therefore, for a pulse whose duration is much longer than
For this special case of E(R.2), the two frequencies, and  the inverse frequency (@), the second term in E¢2.8) can
w, are usually the fundamental frequency and one of itde neglected relative to the first term. It is important that the
higher-order harmonics, often the second or the third, i.e.durations of the pulsesr{ and,) are long enough such that
w,=Nwy, N=23, . ... both conditions {,7;) " *<1 and w,7,) <1 are satisfied.
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Assuming that the second term in EQ.8) can be ne- neglecting the off-resonant terms in E.13, the off-
glected safely for both field one and field two, ER.6) can  diagonal elements of the Hamiltonian are
be rewritten as

— 1 H
| =exg iz, f1()Sin @it + &) ]ex izof (1) sin(w,t+ 8,)1, Hi=— 3 eXFi'Ezlto]NlENZ CP(N1,Nz,t)
29 < exili (N1 31+ N,3,)]
wherez,=d-g¢;/w; is a parameter that has been used in Xexg —i(Ey— Niw;—Now))t], (2.19
previous work examining laser-dipolar molecule interactions
[6-7,15,23. The quantityl can be rewritten as where CP(N;,N,,t) is the (time-dependentpulsed laser-

molecule coupling for theN,,N,)-photon transition,

1= 2 2 I@fi(0)Izf(1)

M12 él
CP(N1,N2,t) =23y, (21 f1(1))In, (z2F2(1)]| N1y P
xexgik(wit+ 8y Jexdi/ (wot+38,)]  (2.10 d-&
by using the identityf27] n Nzwzﬁﬂ' € _ (2.16
- e,
exp(ix sin ‘9):k;m Jx)expik6), (21D The sum in Eq(2.19 is over all sets of integers\g ,N,)

such that Eq(2.14) is obeyed. In general, the solution of Eq.
whereJy(x) is a Bessel function of integer orderand ar- (2.4 with the Hamiltonian given by E¢(2.15 is not attain-

gumentx. able analytically unless the two pulsed lasers are exactly on
Expanding the cosine functions, occurring #fgt), in ~ résonance, i.e.E;=Njw;+Nyw,, for every significant
complex exponential form and using the idenfig7] (N1,Nz)-photon  combination (see below and Refs.

[5,6,15,16). As in the one-color pulsed RWA withl#0

X [23], it is convenient to define a new independent variable
In(¥) = 5131+ Jn2(¥)], (2.12

t
_ _ ) Q(51,52,t)=f LP(61,6,,t7)dt’, (2.17
the off-diagonal matrix elementsi,=H?%,) are given by to

oo B where
Hip=—exdiBato] 2 2 In(zifa(0)In(Zafo(1)

{P(81,8,,0)= > CP(Ng, Ny, t)exi(N181+N,3,)].
K12 €1 K12 €2 NNz
X mwl_ = +n(1)2_ = (218)
g.el g.ez

{P(684,6,,t) is the overall time-dependent phase-dependent
Xexfd —i(Ex—me;—nwy)tlexdi(ms; +ndy)]. pulsed-laser—molecule coupling. While the sum in @418
(2.13 is nominally over all N;,N,) combinations that fulfill the
resonance condition, usually the sum can be truncated at a
As written, Eq.(2.13 is still exact[within the assumption small number of K;,N;) combinations due to the decreas-
that the second term of E¢R.8) can be neglected for field ing magnitude of the Bessel functions, which occur in the
one and field twpand a closed form expression cannot beCP(Ny,N,,t), with increasing ordef15,27. However, care
derived for the time-dependent state amplitudgs). How- ~ must be exercised in determining the truncation since the
ever, counterrotatingoff-resonant terms, which haveE,;  Bessel functions are oscillatory and their arguments are ex-
—mw;—Nw,#0, can be eliminated by utilizing the rotating- plicitly time dependent. Hence, a coupling may contribute
wave approximation. Unlike the one-color pulstdd 0 RWA  significantly only during certain times of the pulse-molecule
[23], where there is a singld-photon resonance term, two- interaction. After transforming to the variable(é;,,,t),
color resonance terms, which hakig,— mw,—nw,~0, are  Eq.(2.4) is readily solved as a function €1(5y,3,,t). As-
numerous for a given set of applied frequencies; this issuming that the system is initially in ground state 1, the
analogous to the discussion for one- versus two-color cwprobabilitiesP;(t) of finding the system in states 1 and 2 at
excitation published earligiL5]. The resonance condition  timet are given by{26]

EZl%lel_‘_ N20)2 (214) |Q(511§21t)|

P1(t)=1]ay(t)[*=|by(t)|?=cos 2 ,

can be satisfied by a number oN{,N,) combinations, (2.19
where eithelN; or N, can be positive or negative integers, or

zero. By making the usual rotating-wave approximation ancand
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Po(t)=ay(t)|*=|by(t)|*=sir?

|Q(81,8,1)] _ .
— | 5(51152)—’\‘2’\‘ C(N1,Np)exfi(N161+N,d,)]. (2.29
1,72

(2.20

) ] The overall cw-laser—molecule coupling includes(afppre-
where [Q(31,8,,1)| is defined through Eq(2.17). In the  ¢jable individual couplings for the Ni;,N,)-photon transi-
treatment presented here, relaxation processes that result ifigns  satisfying Eq. (2.14. The individual cw-laser—
finite lifetime of the excited state are not included. If thesemglecule couplings are given 1§%,6,15

are relevant, the results for the temporal evolution of states 1

and 2 would only be valid for times less than the lifetime of Uiy €
the excited state. C(Nl,N2)=2JN1(zl)JN2(22) Niwq—=
As discussed in detail for the two-color cd#=0 RWA a-€

[15], the condition for the validity of neglecting the counter- -

rotating terms can be much more stringent in the two-color + Nzwzglz;ez _ (2.25

versus the one-color case. The criterion for the validity of the d-e,

pulsed two-color RWA will be thattZP( 8, 5,,t)| < wy, for all -

time t. Here w,, is the beat frequency defined fis5,29 For many choices of pulse enveloplgt) andf,(t), the

relevant integrals can then be evaluated as a function of
o w1 (2.21 Starting from Eq.(2.23), literature expressions for the popu-
b= . — .

lations of the molecular states can be obtained as special
cases. Choosing the cw pulse envelopes, f.1t)="f,(t)
wherem; andm, are the lowest possible integers giving the =0 for t<0 and f,(t)=f,(t)=1 for t>0, one obtains
frequency ratiow;/w,. In most instances, where the time [Q(68;,8,,t)|=]{(81,8,)|t. If the overall phase-dependent
delay is zero, both the pulse envelopigét) achieve their coupling is comprised of a single dominam,(,N,)-photon
maxima fort=0, and, therefore, the overall pulsed-laser—coupling, |Q(6;,5,,t)|=|C(N;,N,)|t. Substituting this re-
molecule coupling is also maximized & 0. While care sult into Egs.(2.19 and (2.20, the previously derived
must be taken for the oscillatory nature of the Bessel funcdominant-resonance RWA expressions for the molecular-
tions, often the criterion for the validity of the pulsed two- state populations are obtaingth] that are applicable when
color RWA can be applied dgP(6,,8,,t=0)|<w,. When the laser fields are exactly on resonance, E4,=N;w;
f;(t=0)=1, this criterion is just the two-color cw condition +N,w,. On the other hand, if more than one individual
discussed in Ref$5,6,15, i.e.,|{(51,8,)|<wp, when many  laser-molecule coupling contributes significantly to the over-
resonances contribute to the coupling 464N, ,N,)|<w,  all coupling, one obtains previously derived expressions for
when a single resonance contributes. In addition to the critethe state populations either within the many-resonance RWA
rion for the overall pulsed-laser—molecule coupling, thefor two independent laser field45,16], or within the har-
pulse durations must be long enough so that the second termonic many-resonance RWA for two harmonically linked
in Eqg. (2.8) can be neglected safely for both fields, i.e.,fields[5,6].

(wy7m) " 1<1 and ,7,) 1<1. The previously derived results for pulsed one-color exci-
In general, the evaluation d(45;,5,,t) will require a  tation both withd#0 [23] andd=0 [26] can also be ob-
numerical integration of Eq(2.17). However, as discussed tained as limiting cases of the pulsed two-color RWA. In
for the one-color pulsed RWA witd+ 0 [23], in some situ- order to obtain thed#0 one-color expressions, one must
ations one can proceed analytically by using the expansiohegin at Eq.(2.17) rather than after the approximation Eq.
[29] (2.23 has been invoked. If we assume field two is “turned

. , off,” i.e., £,=0, then the number of photons of frequency
z(1—f4(t))/2]" W r m zerdg= nd th ram
LEt)= S [z( I( NI2] L. (222 t_o absorbed _ust be e d_Nﬁ 0) and the parametet,
=0 n! =(d-eyey/w,)=0. Substituting these results into £8.16)
and then subsequently into Eq&.19 and (2.20 via Egs.
By utilizing Eq. (2.22 in the expression foK)(d;,65,t)  (2.17) and (2.18 yields thed#0 pulsed-laser-molecule re-
given by Eq.(2.17, and then truncating the infinite series sults derived previously, see Eqd6)—(18) of Ref. [23].
appropriately, various approximations (s, ,9,,t) canbe  Starting from Eq(2.23 and settingd=0, corresponding to
obtained. Keeping only the first term for eagh(z;f;(t)) in  z,=z,=0, reproduces the original RWA for the state popu-
the (N1,N3) sum,Q(6y,5,,t) can be rewritten as lations for a single pulsed laser-atom interacti@f], which
supports only a one-photon transition.

m; my’

t
n<51,52,0=4<51,52>f ) Fh2(tHdt, (2.23
to I1l. NUMERICAL EXAMPLES

where the next correction terms are of ordgr (z)? (i=1 In this section, we give numerical examples using the
or 2), and (z,2,). In Eq. (2.23, the expression for the cw RWA expressions for the molecular-state populations derived
overall phase-dependent laser-molecule couplig,16, in Sec. Il. These will be compared with exact results for the
i.e., the coupling in the limif,(t)=f,(t)=1, has been in- populations in order to obtain insights into the reliability and

troduced: applicability of the pulsed two-colat# 0 RWA. The explicit
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examples considered in this section involve harmonic tworelative phase difference. The dependence on absolute carrier
color simultaneous two- and one-photon transitions betweephase applies for two-color pulses but discussion of this phe-
two energy levels. The two-level model used in the examplesomenon will be reserved for a future publication. For the
has parameters that are representative of a substituted arfield strengths considered here, the exact resultgemsen-
matic moleculd30] and has been utilized in previous theo- tially) independent of the absolute carrier phases from which
retical calculations[5,6,15,17,18 More importantly, the the relative phase difference is determined.
two-level model chosen has been used to discuss the role of In previous studies of phase control for dipolar molecules
permanent dipole moments in the phase control of simultainteracting with cw laserg5,6], the key to maximizing con-
neous one- versus two-photon excitation involving cw lasersrol was to choose the field strengths such that the cw laser-
[6], and, hence, the results for pulsed lasers can be directiyjolecule couplings, see E(.25, for the two most impor-
compared with these previous cw calculations. The relevartant (N;,N,)-photon transitions were approximately equal,
system properties arE,;=0.10 a.u. (21947 cm'), u;,  e.g., for simultaneous two- and one-photon excitation, the
=un=p=3.0 au. (7.6D), and d=pu,—u,;;=6.5 a.u. fields were chosen such th@(2,0)~C(0,1). However, for
(16.5D). The transition and permanent dipole moments argoulsed laser-molecule interactions, the laser-molecule cou-
taken to be alignedy]|d). plings are explicitly time dependent, see Hg.16), and
The two fields are harmonically related, i.e., the secondhence a different control condition must be utilized. From
field is generated from the first field, so we are considering &gs. (2.19 and (2.20, the molecular-state populations de-
special case of the electric field given in HG.2) with w,  pend upon the value df)(6,,5,,t)| defined by Eq(2.17).
=20, f(1)=F,(t)=1,(t), ande=e,=e,. Here the funda- FOr phase control involving simultaneous two- and one-

mental laser frequency is denoted by the subscript 1 anBhoton excitation{}(5;,5,,t) is given explicitly by
corresponds to the two-photon transition while its second . .

harmonic is denoted_by the subscript 2 and_corresponds t(h(é«l,(sz,t):eizfslf Cp(21011)dt,+eiazf CP(0,1¢")dt’
the one-photon transition. Due to the harmonic nature of the t to

frequencies, the fundamental frequency is also equivalent to o o

the beat frequencys{; = w,,). The pulsed laser is assumed to =e'221CP(2,01) +€'%2CP(0,1}), (3.3

have a Gaussian envelope,
and, therefore,

f(t)=exd —t?%/ %], (3.2 - -
|Q(8,,68,,t)|=[CP(2,01)%+ CP(0,11)2
wherer is the characteristic pulse durationsf 7,=75). The _ _
analogous cw[ f(t)=1] problem for competing two- and +2CP(2,01)CP(0,1f)cog 8,—258;) ]2
one-photon excitations has been discussed previgly (3.4
For the case of explicit interest, i.e., simultaneous two-

and one-photon excitation, the dominant individual pulsedin order to maximize control at timeduring the pulse, one
laser—molecule couplings a@’(2,0t) andCP(0,1f). From  would like the population of the excited stal(J,,t) to
Eq. (2.18, the magnitude of the overall pulsed-laser—yary between 100% and 0% as the relative phase difference

molecule coupling can be reduced to 54= 6,— 28, changes from 0 ter. Substituting Eq(3.4) for
o o ) o ) the relative phases 0 and into the expression for the
|£P(81,8,,0[=[|CP(2,00)[*+|CP(0,11)| excited-state population, E€2.20), and then determining the

+2|CP(2,01)||CP(0,11)|cog 6,— 26,)1Y2. conditions for whichP,(53=0t)=1 andP,(dy4=m,t)=0,
ICP(2.0[|C*0,11)|cod 5, 2l we obtain the following general conditions to maximize con-
(3.2 trol at timet during the pulse,

Clearly, thg overall Iase_r—molecule coupling, and, therefore, 5"(2,01)=(n+m+%)w,
the dynamics, are functions of the phase differen&g=(5,
—26;) between the two fields. For the calculations presented
here, the phase difference is generated by varying the phase
of the one-photon field§,, with the phase of the two-photon . .
field set to zerog;=0. Within the RWA, the dynamics only where n,m (n>m) are the integer number of full Rabi

depend upon the phase difference between the two fields, argféfdes that the excited state has completg:l for the relative
not upon the absolute carrier phases used to generate tt§ase differences 0 and, respectively. IfCP(2,0f) and

- (3.5
CP(0,11)=(n—m+3),

difference. However, it is well knowf81—-39 for one-color CP(0,1}) are interchanged in Eq3.5), the conditions for
cw fields, and has been shown recently for one-color pulsesontrol are also achieved. In general, one is interested in
[36], that for strong enough laser fields the exact dynamicsontrolling the molecular-state populations after the interac-
and, more importantly, the steady-state molecular-state poption of the pulse with the molecule is complete, i.e., for
lations, can be functions of the absolute carrier phase of the», which for the calculations performed here corresponds
laser field. For two-color cw fields, the state populationsnumerically tot=4r.

have been show[B7] to be functions of the absolute carrier ~ Assuming one is interested in controlling the excited-state
phases of the two fields in addition to depending on thepopulation within the first Rabi cycle for both the relative
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phase difference$y=§,—26,=0 and 7, one hasn=m 1—iH(dt/2)
=0 in Eg. (3.5 and the conditions for maximal control can a(t+dt)=exg —iHdt]a(t)~ — at).
be expressed as = - 1+iH(dt2) |~
- (3.9
69(2,01=00)=6p(0,11=oo)=g. (3.6 The state amplitudes for all times of interest can be obtained

by applying Eq.(3.8) repeatedly given the appropriate initial

conditions. For all examples considered in the paper, the sys-
Using these two control conditions, the field strengthpsnd ~ tém is in the ground state initially, i.ea,(t=—47)=1 and
e, along with the pulse duration(=r,=7,) needed to ax(t=—47)=0. For the exact calculations reported here, a
maximize phase control can be determined. Often, at leadtme step of 0.001 fs has been employed. This time step
one ofe;, &,, or 7 will be fixed. For example, experimen- gives results converged to three or four decimal places as
tally the one-photon field strength, may be set by the ef- Verified by comparison with results computed utilizing a
ficiency of the second-harmonic generation procgag].  time step of 0.0001 fs. As mentioned in Sec. Il, the variable
Once one of the variables is set, the other two variables caft(61.02,t) needed for determining the state populations
be iterated until Eq(3.6), as determined using the expres- Within the RWA must be evaluated through numerical inte-
sions derived in Sec. I, is satisfied. gration. CP(2,0t) and CP(0,1}) needed to determine the

Due to the phase dependence of the laser-molecule cogontrol conditions must also be calculated numerically. In the

pling, see Eq(3.4), the period of the Rabi cycle is different RWA calculations presented her€,(s8;,5,,t), Ep(2,01),

for each relative phase d_ifferencg. Therefore, although O”SndEp(o,u) are evaluated by employing a simple trapezoi-

can refer to a common *first Rabi cycle,” once the system . scheme. For the RWA calculations, an integration time
has passed through one Rab.' cycle ]‘or the maximal COUD.I'ngstep of 0.1 fs gives results converged to 11 or 12 decimal
the number of Rabi cycles will be different for each relative ,coq a5 verified by comparison with results calculated us-
phase difference. In what follows, unless indicated othery,q  time step of 0.01 fs. These choices of time step for the
wise, the pumber of R_ab| cycles ref_ers specifically tF’ thos,act versus the RWA calculations illustrate the computa-
for a relative phase differencé;=0, i.e., for the maximal qha) efficiency of the RWA, in addition to its utility for

laser-molecule coupling. Generally, controlling the excitation;nterpreting the exact results. For excited-state populations
within the first Rabi cycle for maximal coupling will be of L

) SR hat, in general, range from 0 to 1, the time steps utilized
most interest, but, in principle, one shpuld be able to controp., ide results to better than graphical accuracy.
the excitation for any number of Rabi cycles. For example,
limits on the pulse duration and the field strengths could o ] )
force phase control to have to be optimized beyond the first A. Phase control within the first Rabi cycle
Rabi cycle. After the first Rabi cycle, the control condition Following previous studies involving cw laser fields, the
Eq. (3.5 must be considered more carefully as a variety offield strength for the one-photon transition is chosen to be
n,m combinations can produce complete control. As an exz,=1x10 ¢ a.u. (3.5 10* W/cn?). Initially, the goal is
ample, if the time-dependent population for a relative phaseo optimize phase control within the first Rabi cycle, where
difference of zero will pass through one full Rabi cycle ( “first Rabi cycle” refers to the numbering of the Rabi cycle
=1) and fordy=m will go through zero cyclesri=0), the  for the relative phase difference$;=0. Since the laser-
control condition becomes molecule coupling is strongest fd;=0, see Eq(3.2), the
time-dependent population evolves most rapidly for this rela-
3 tive phase difference. Therefore, if one is within the first
CP(2,0t=%)=CP(0,1t=00)=—, (3.7  Rabicycle for63=0, one is within the first Rabi cycle for all
2 relative phase differences. Hence, this is the simplest case to
consider for pulsed phase control. Using numerical iteration,
based on Eq.3.6) and the relevant RWA expressions derived

where|Q(8;,68,,t==)| ranges between and 0. . ) >
These two possible control scenarios, control within the" Sec. I, the best choices e and 7 for achieving phase

. - - control are determined to be 1.4730 % a.u. (7.64
g;sctlel?askgecyécqlié-%e’ewli:_"q.gf)é)glncﬁi”rﬁ::(;ltirr(])l Sa;tce; o”r;eAF;anl?jl ><10§ W/cn?) and 7.15 ps, respectively: For these choices
Ill B, respectively. We shall demonstrate that while, in prin-Oof field strengths and pulse durationCP(2,01=)
ciple, the molecular-state populations can be controlled for=CP(0,1t=2)=0.500 28, thus fulfilling the two control
the system passing through any number of Rabi cycles, igonditions corresponding to a final steady-state excited-state
general in order to maximize phase control the excitatiorpopulation that will vary between 100% and 0% within the
should be limited to within the first Rabi cycle. first Rabi cycle, see E(3.6).

The exact solution to Eq2.1) for the state amplitudes, For the field strengths in question, the maximal individual
for the two-level model, is obtained by using the Cranck-pulsed-laser—molecule couplings, i.e., the couplings=4l,
Nicholson method39-41]. For a small time steplt, over are CP(2,0t=0)=4.242<10 ® and CP(0,1=0)=3.000
which the pulses can be considered constant, the state amplic10~ . The next largest individual laser-molecule couplings
tudes and hence state populations, can be determined fronare CP(—2,2t=0)=2.241x10 *® and CP(4,—1t=0)
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beat frequency, i.e.w;=w, and w,=2wy, in all further
discussions we will not refer to the two frequencies but
rather to a single frequency—the beat frequency. For ex-
ample, the weak-field on-resonance frequency is given by
wp,=0.05 a.u. Even though all three of the criteria for the
validity of the RWA are obeyed for all three relative phase
differences, the RWA and the exact results exhibit significant
discrepancies fort(7)>0. The discrepancies arise because
the RWA resonance frequencyo§=0.05 a.u.) is not the
exact resonance frequency except for extremely weak laser-
molecule couplings, i.e., in the wings of the pulse where the
field strengths are small. As has been discussed extensively
for two-color cw calculationg5,6,15, the exact resonance
frequency is shifted away from the weak-figl@WA) reso-
nance value; for one-color fields, this is referred to as the
Bloch-Siegert shift{42]. The magnitude of the frequency
shift depends upon the strength of the applied field, or fields.
As the instantaneous field strenghis (are a function of
time for pulsed lasers, the frequency shift will also be a
function of time. Since in this study we consider only time-
independent frequencies, i.e., there is no chirpifty ex-

FIG. 1. Plots of the populations of the excited state as a functiommple, see Refl43]), one needs to find an averaftame-
of t/7 with 7=7.15 ps for competing one- and two-photon reso-independent “resonance” frequency by using a shifted
nances(see text as a function of the relative phase&dys=6,  frequency. A similar procedure has been discussed for the
—206,) of the two fields:(a) 63=0, (b) 64==/2, and(c) d4=7.  one-colord+0 pulsed RWA[23]. The use of frequency
The field strengths are;=1.475<10™* a.u. (7.6410° W/en?)  ghifts to attain agreement between RWA and exact results has
and £,=1.0x10"° au. (3.5% 10" W/cn?). In each plot, there  5iso peen discussed in the context of both one-color and
are three cur\(es: tr_]e exact calculation wdiIfFQ (solid line), the two-color cw laser-molecule interactiof$s,6,15,44. In par-
exact calculation withe=1.65<10"° (dashed ling and the two-  icjar for the simultaneous two- and one-photon transition
color pulseddfo RWA resglt(dotted ling. Note the change of considered here, the cw resonance frequency shifs of
scale for a relative phase differendg= . =Aw;=0.286 cm! (Aw,=2Aw,) needs to be taken into

account[6] in order for the RWA and the exact time-

=1.056< 10 %%, and, therefore, only the two desired cou- dependent state populations to agree.
pling terms dominate. Using the domina®®(0,1t=0) and Unlike one-color cw excitatioh44], there is no analytical
CP(2,04=0) couplings in Eq.(3.2), the overall pulsed- expression available for the frequency shift in two-color cw
laser—molecule couplings &0 for the relative phase dif- laser-molecule interactions, let alone for pulsed-laser interac-
ferences 0,7/2, and 7 are |{P(0,01=0)|=7.242<10"®, tions. Therefore, an effective resonance frequency can only
|£P(0,7/2t=0)|=5.196x 10 ®, and|{P(0,7,t=0)|=1.243  be found by utilizing a brute force method. We define a pa-
x10°®. Clearly, the criteria for the validity of the RWA, rametera by the relationw,= (1+ @) E,4/2, which gives the
[ZP(81,8,,t=0)|<wy,, (wy171) '=6.76x10 °<1, and beat frequency. The frequencies of the two- and one-photon
(w,7,) 1=3.38<10 °<1, are obeyed for all three relative fields are obtained through the relationships=w, and
phase differences, and we expect the RWA expressions to he,=2w,. The exact solution for the population of the ex-
valid for predicting the dynamical behavior of the two-level cited state is calculated as a function @f and then thex
system. However, in order to determine the utility of thethat has a steady-state excited-state popul&igih= ) that
RWA for interpreting exact results and its ability to predict comes closest to the RWA result is taken to correspond to the
optimal field strengths and pulse durations for maximizingresonance shift. For phase control problems, an effective
control, we now consider the time-dependent behavior of theesonance frequency can be found for each relative phase
excited-state population as computed using both the twodifference. By computing the steady-state population as a
color pulsedd#0 RWA and exact techniques for the choice function of «, the best choices were determined to de
of pulse durationr=7.15 ps and with the field strengths =1.65x10° (Aw,=0.181 cm?), 1.56Xx10° (Aw,
£,=1x10"% a.u. ande;=1.475<x10 * a.u. =0.171 cm?), and 1.0%X10° (Aw,=0.113 cm?) for

The RWA and the exact resultex&0 in the figure for  the relative phases @;/2, and, respectively. As expected,
the time-dependent excited-state population as a function ahe pulsed resonance shift is less than the shift
(t/7) are illustrated in Figs. (B)—1(c) for the relative phase (0.286 cm'') obtained for cw lasers. For these choices of
differences 6q= 6,—26,=0,m/2, and m, respectively. For «, the exac{RWA) steady-state excited-state populations are
both the RWA and the exact(=0) results, the frequencies 1.0000(1.0000Q for §4=0, 0.7977(0.8033 for 64= /2, and
are set equal to their weak-field on-resonance values, i.€0.0000(0.0000 for §4= .
®w,=0.05 a.u. andv,=0.10 a.u. Sincew; andw, are har- While a different resonance frequency can be determined
monically connectedd,=2w,) and both are related to the for each relative phase difference, in practice, the laser fre-

T T T T
0sl? o=165x10°—F
= [ “andRWA

0
t (in units of 1)
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guencies would be set and then the relative phase difference mE T T T T L

would be scanned without modifying the frequencies. There- 200 /

fore, as an example, we have chosefor the relative phase awal ” |
difference of zero §;=0) to determine the effective reso- _

nance frequency and have then computed the time-dependent ;&

excited-state populations for the relative phase differences 0, S 21
/2, and 7. The exact results obtained using the value of
a=1.65x10"° (Aw,=0.181 cm =aE,,/2) are included

in Figs. Xa)—1(c) for comparison with the exaet=0 and
the two-color pulsedi#0 RWA results. With the use of this
value of the parameter, the modified exact results for the 0
time-dependent excited-state populations match the RWA re- -
sults quite well. The RWAexact, a=1.65< 10" °) steady-

state excited-state populations are 1.000M000, 0.8033 FIG. 2. Plots of the individual contribution§”(2,01) (dotted
(0.7975, and 0.00000.0000 for the relative phases 6;/2, line) and CP(0,11) (solid line) to Q(8,,5,,t), see Eq.(3.9), as a
and 7 as shown in Figs. (B)-1(c), respectively. Note that fynction of t/r with 7=7.15 ps. The field strengths are,
the steady-state populations for this choiceaofire nearly  =1.475<10* a.u. (7.6410® Wicn?) and e,=1.0x10"°® a.u.
identical to those determined for the best choicerdbr the  (3.51x10* Wicn?).

relative phasesr/2 andr; in fact for §4= 7, the two results

are identical within the numerical accuracy of the exact cal- . - . .
: ; . state populations within these time ranges for a relative
culations, i.e., four decimal places.

In addition to the large discrepancies between the exathase difference ofr since the interference is not “perfect

and the RWA results that are attributable to the resonanc@r these times. So even though the desired excited-state

frequency shift, the exact results exhibit small oscillationsPOPulation of zero for a relative phase difference mfis
(amplitude less than 0.04n the molecular-state populations achieved at the end of the pulse-molecule interaction, the
that are not seen in the RWA results; the RWA results ar@Opulation does not remain exactly zero during the entire
smooth. These undulations occur with a period mfw,  INteraction time.
~15 fs and Superimposed on these undulations is an even From the three choices of phase difference considered
smaller oscillationamplitude less than 0.0p®vith a period  here (0, 7/2 and ), it is clear that a great deal of phase
of m/w,~0.75 fs(not illustrated. The oscillations may not control can be exerted over the dynamics and, therefore, the
appear periodic in the ﬁgures due to the Samp”ng used tgteady-state populations of the molecular states. While the
generate the plot@very 10 f3. These undulations have been RWA expression for the overall laser-molecule coupling sug-
observed previously in both one-color pulsgtb,46 and  gests that the relative phase differences of O andorre-
one-color cw calculationf24,32,47. Their presence is due spond to the extremes, i.e., the maximum and the minimum,
the counter-rotating terms that have been neglected in thispectively, in the associated steady-state populations, it is
RWA and their positions correspond to the zeros in the elecinteresting to consider the final excited state populations as a
tric fields, i.e., when either cos(t+5,)=0 or cosft+8,)  (continuous function of the phase difference between the
=0. Therefore, the location of the oscillations depends on théaser fields for the pulse duration of 7.15 ps and with the one-
absolute carrier phases,(and 8,) used to generate the rela- and two-photon field strengths setegt=1x10"° a.u. and
tive phase differencedy). While these small oscillations de- £1=1.475<10"* a.u., respectively. By considering the
pend of the absolute phases, the global behavior of the timé&teady-state population as a function of relative phase, we
dependent populations depends solely on the relative pha§&n determine if these choices of phase do correspond to the
difference (for the relatively weak field exact results pre- extremes even when the true laser-molecule couplings are
sented here and within the RWA functions of time, and, we can also determine if a single
Although the time-dependent behavior of the state poputesonance-frequency shift is adequate for all relative phase
lations behaves as predicted by the RWA, one may wondeflifferences regarding the control of the steady-state popula-
why there exist two “periods,” albeit with small amplitudes, tions. The RWA and the exact(=0 and «=1.65<10"°)
for a relative phase difference of, see Fig. Ic). These results for the steady-state excited-state populations as a
result from the fact that the control conditions, see Bcf), function of the relative phase difference between the fields
are chosen such that phase control is optimized at the end @fe illustrated in Fig. 3. Clearly, the relative phase differ-
the pulse-molecule interactiori=£«) and not for all times €nces 0 andr correspond to the extremes as predicted by the
within the pulse envelope. Figure 2 illustrates the timetwo-color pulsedd#0 RWA and a single frequency shift,
dependence of individual contributionﬁ_:p(Z,OI) and yvh!lg not corrgspondmg to the best choice of Sh'lft for each
6"(0,11), see Eq.3.4), to O(8,,6,.t), which determines individual 84, is more than adequate for all relative phases

X regarding the control of the steady-state molecular-state
the molecular-state populations, see_E(q’slg) and (2.20. populations. Also, one can achieve “perfect” control over

For —2=<(t/7)<0, CP(0,1f) exceedsCP(2,0f) while for  the final population of the excited state with the RV#Xact,
0<(t/7)<2, CP(2,0f) exceedsCP(0,1t). The different «=1.65<10"°) population varying between 1.0000
time dependence for these two terms results in small excited1.0000 for §4=0 and 0.000Q00.0000Q for &43= .

TN

/8l [ RR)

t (in units of t)
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FIG. 3. Plot of the steady-state population of the excited state, 0.10 r©
P,(64,t=), as a function of the relative phase differenc®; ( < 0.08F
=§,—26,) for competing one- and two-photon resonanésse L 0.06
text) and for a pulse duratiom=7.15 ps. The field strengths are %0.04'_
£,=1.47510"% au. (7.6&10° Wicn?) and &,=1.0 0.021
X107% a.u. (3.5 10* Wicnv). There are three curves: the exact 0.00L
4

calculation witha=0 (solid ling), the exact calculation withy
=1.65x 10 ° (dashed ling and the RWA resultdotted ling.

t (in units of )

Iti ful t h Ised Its with th FIG. 4. Plots of the populations of the excited state as a function
LIS usel‘tg6]c12 C?mpare ese pu Shet reSLr'] S Wi t el ?rebf t/T with 7=21.45 ps for competing one- and two-photon reso-
Vious resu or WO' Versus one-pnoton p_ ase controffor nances(see text as a function of the relative phaseS & &,
cw lasers. For cw fields, complete control, i.By(54=0,t)

. . k ; —246,) of the two fields:(a) 64=0, (b) 64==/2, and(c) 54= .
~1 andP,(64=m,t)~0 for a fixed choice of, is obtained The field strenath —1.475¢ 104 7 6410 Wien?
using the field strengths,=1.25<10" % a.u. ands,=1.00 @ flelc Srengts are, = L au. (7. errr)

and £,=1.0x10"% a.u. (3.5 10" W/cn?). In each plot, there

76 -
X107 a.u. for the simultaneous two- and one-photon tran-e three curves: the exact calculation witk 0 (solid line), the

sitions [6]. For these field strengths, if one considers thegyact calculation with the “best” choice af (dashed ling and the
time-dependent population at=12.6 ps, the excited-state two-color pulsedi= 0 RWA result(dotted ling. Note the change of
population for a relative phase difference®f=0 is 0.9999  scale for a relative phase differenég= .

while that for §4= is 0.0002; this time represents the
“best” phase control obtainable within the first Rabi cycle.
When utilizing pulsed lasers, and with the one-photon fieIdCO
strength fixed at,=1.00<10 ® a.u., the two-photon field
strength must be increaseddg=1.475< 10" * a.u. and the
first instance of “complete{100%) phase control occurs for
a pulse duratiomr=7.15 ps. So while the cw results provide
a reasonable guide to the choices of field strengths and pul
duration needed to achieve phase control, the newly deve
oped two-color pulsed# 0 RWA is an excellent predictor of
the field strengths and pulse durations necessary for pha
control using pulsed lasers.

We proceed exactly as was done when examining phase
ntrol within the first Rabi cycle. With the one-photon field
strength set at,=1.0x10"® a.u., the best choices af;
and 7 for achieving phase control are determined using nu-
merical iteration of the pulsed two-color RWA control ex-

ressions given by EQq(3.7). With the values of 1.475
%10—4 a.u. (7.64 10 Wi/cn?) and 21.45 ps, respectively,
he control condition is fulfilled a€P(2,0t=)=CP(0,1t
=) =1.50087. Note that the two-photon field strength re-
ﬁ%ired to obtain phase control after the first Rabi cycle is the
same as that needed to obtain phase control within the first
Rabi cycle; for multiple Rabi cycles and stronger applied
fields, this will not generally be the case.

The only pulse duration considered explicitly so far has For these choices of field strength and for 21.45 ps,

been one for which the excited-state steady-state populatidhe RWA and the exact resultgeE 0 in the figure for the
was first maximized for a relative phase difference of zeroexcited-state population as a function of#) are illustrated
However, as discussed previously, in principle, phase controh Figs. 4a)—4(c) for the relative phase difference= 6,
can be achieved for the system passing through any number26,=0,7/2, andr, respectively. For both the RWA and the
of Rabi cycles foréy=0. In order to facilitate comparison exact (@=0) results, the frequencies are set equal to their
with the results of Sec. Il A, we consider the situation whereweak field on-resonance values, i.e,=0.05 a.u. andv,
the the one-photon field strength is again fixedegt=1.0 =0.10 a.u. As expected from the results of Sec. Ill A, the
X 10 % a.u. Let us assume that a pulse duration of 7.15 ps isxact (x=0) and the RWA results exhibit significant differ-
unachievable and thus one considers the next possible phageces due to thétime-dependentshift of the exact reso-
control condition, i.e., the time-dependent population for anance frequency. By computing the steady-state population
relative phase difference of zero will pass through one fullas a function ofx, we determined the time-independent fre-
Rabi cycle. The new control conditions are given by Eq.quency shift that produced the best agreement between the
(3.7). RWA prediction and the exact excited-state steady-state

B. Phase control beyond the first Rabi cycle
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population. The best’s, as defined by the agreement of widest two-color cw resonance profil6,15], and, hence, if
the steady-state populations, are O3 ° (Aw; considering this effect alone, the consequences of missing
=0.055 cm?), 3.65x10°° (Aw;=0.401 cm?!), and the resonance frequency should be less pronounced when
1.05<10 ° (Aw;=0.115 cm?) for the relative phases 0, compared to those for all other phase differences. However,
w/2, andr, respectively. For these choices @f the exact the best agreement between RWA and exact temporal behav-
(RWA) steady-state excited-state populations are 0.989r occurs for 4=, i.e., the weakest laser-molecule cou-
(1.0000 for 64=0, 0.0367(0.0366 for 6q= /2, and 0.0001 pling. It is clear that the strength of the laser-molecule cou-
(0.0000 for 84= . The exact time-dependent excited-statepling is not the only factor that must be considered when
populations obtained using these valuesradre included in  assessing whether a constant frequency shift will suffice for a
Figs. 4a)—4(c) for comparison with the exaet=0 and the fixed relative phase difference. In general, the RWA's ability
two-color pulsedd#0 RWA results. From Fig. 4, it is clear to predict the exact results depends upon the interplay be-
that although the steady-state populations can be matchadeen three properties(l) the magnitude of the time-
quite well through the use of the frequency shiff the  dependent frequency shif@) the strength of laser-molecule
agreement between the exact and RWA results for the correoupling (applied fields and therefore, for phase control
sponding time-dependent behavior is not as good as for theroblems, on the relative phase difference between the fields,
shorter pulse durations, see Fig. 1. More importantly, if theand (3) the pulse durations that determine the frequency
frequency shift for the relative phase difference of 0 is uti-bandwidth of the applied fields. However, while the two-
lized for both 4= /2 and 7, as was done in Sec. Ill A, color pulsedd#0 RWA is not able to reliably predict the
significant differences occur between the exact and the RWAime-dependent behavior beyond the first Rabi cycle, it is
results for the steady-state excited-state populations in addstill very successful at predicting the field strengths and pulse
tion to the time-dependent populations. The exaet=6.0  durations required to maximize phase control of the steady-
X 10 %) steady-state excited-state populations of 0.9895state molecular-state populations provided both relative
0.2539, and 0.0044 for the relative phases (2, andw, can  phase difference and laser frequency are varied.
be compared to the RWA predictions of 1.0000, 0.0366, and These results suggest that, if one is limited by pulse du-
0.0000, respectively. Therefore, while the RWA predictsration, the field strengths should be attenuated such that con-
“perfect” control of the steady-state population, the exacttrol occurs within the first Rabi cyclesg=0). For example,
results illustrate that this is no longer attainable for a singldfor 7=21.45 ps, if the one- and two-photon field strengths
fixed resonance frequency beyond the first Rabi cySkec.  are set tos;=3.33x10 ' a.u. ande,=8.52x10"° a.u.,
lA). the control conditions within the first Rabi cycle, see Eq.
Itis clear from the results presented in Fig. 4 that if longer(3.6), CP(0,1t=)=0.4998r and CP(2,0{=)=0.50087
pulse durations are considered, or more specifically, pulsgre satisfied. Using these new field strengths and a single
durations and field strengths such that more than a singlgequency shift ¢=4.50x10°¢, i.e., the phase shift fof,
Rabi cycle is revealed in the time-dependent behavior, the- ) “perfect” control can be obtained for the pulse duration
agreement between the two-color pulsed0 RWA and the 27 45 ps as verified by computing the exact steady-state
exact results for the time-dependent behavior of the excitednolecular-state populations. As well as obtaining the desired
state population becomes poorer relative to shorter pulse ddteady-state populations, i.e., 1.0000 &=0 and 0.0000
rations. Similar behavior has been seen in the multiphotofor 5,= 7 with the single frequency shift, the RWA cor-

(N>1) one-color cas¢23], where, for example, excellent rectly predicts the time-dependent dynamics for all three
agreement between the one-color puldetl0 RWA and ex-  relative phase differences.

act results can be obtained over the first Rabi cycle for a

two-photon absorption but the agreement becomes poorer for IV. SUMMARY

pulse durations such that two Rabi cycles occur. Since the

field strengths change during the pulse, the resonance fre- RWA formulas for the time-dependent molecular-state
guency shift is a function of time, whereas we have used g@opulations for the interaction of two pulsed lasers with a
constant(time-independentfrequency shift throughout the model two-level dipolar moleculed@* 0) have been devel-
pulse duration in order t¢partially) compensate for the time- oped. The derivation requires that both pulse durations are
dependent shift of the resonance frequency away from thkrger than the inverse of their respective carrier frequencies,
weak-field value. As the pulse duration gets longer, a coni.e., (w;7;) <1 and @,7,) '<1. Also, the overall
stant frequency shift is less able to compensate completelgulsed-laser—molecule coupling must be smaller than the
since the shift is a function of time. Also, as the pulse durabeat frequency for all timesduring the pulse duration, i.e.,
tion increases, the bandwidth of the laser decreases alongP(d;,48,,t)|<w,. Since most pulse envelopdgt) are
with the possibility that this frequency bandwidth can helpmaximal att=0, one can often simplify the second condition
compensate for the frequency shift. For phase-control probfor the applicability of the pulsed two-colat#0 RWA to
lems involving two-color excitation, the success, or failure,|P(8;,8,,t=0)|<w, although this condition is normally

of a constant frequency shift to compensate for the timemore stringent than necessary. As this only represents the
dependent frequency shift depends upon the relative phaggiteria for maximal coupling, for most other times where
difference between the fields. When there is constructive infZP(8;,8,,t)|<|P(81,8,,t=0)|, [{P(81,8,,t)|<wp can
terference §4=0), the laser-molecule coupling is maxi- readily be achieved.

mized. The maximal laser-molecule coupling results in the Numerical examples have been presented comparing re-
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sults for the molecular-state populations obtained using thpulse parameters should be chosen such that excitation does
two-color pulsedd#0 RWA and exact calculations for the not continue beyond the first Rabi cycle. However, while the
simultaneous one- and two-photon excitation of a modeRWA expressions were no longer quantitatively reliable for
two-level molecule where the relative phase difference bepredicting time-dependent populations beyond the first Rabi
tween the two fields§y= 5,— 25,) has been used to control cycle (54=0), the RWA expressions were still useful in de-
the excitation process. These results have also been corffmining field strengths and pulse durations needed to ob-
pared to the previously discussg] results for the simulta- tain cont_rol beyond the first Rabi cycle; the caveats being
neous one- and two-photon excitation of a two-level mol-that maximal(100% phase control cannot be achieved and
ecule using cw lasers. The RWA and the exact results agretgat optl_mlzatlon of control involves scanning the relative
very well for the pulsed laser-molecule interaction but ac-Phase difference and the beat frequency simultaneously.
count must be taken of tHéme-dependentshift of the reso- The two-color pulsed #0 RWA developed here has been
nance frequency away from the weak-field valug, € , applied to the phasg control of the t|me-.dependent evolution
=0.05 a.U..w,=2w,) in the exact calculations. An effec- of the state populations of a t\{vo-leyel dipolar system. How-
tive (time-independentfrequency shift was found by utiliz- €Ver, as presented, the RWA is quite general and, therefore,
ing a brute force method, where the exact steady-state popﬁ?‘n be applied to various problems involving the tWO'CO'OT
lation was determined as a function of the frequency shi ulsed laser excnatlpn of dipolar molecules. For example, it
Aw,=Aw;=aE,/2 and compared to the RWA prediction could be used to discuss pulsed+(1)_-photon excitation,
under long-time steady-state conditions. Using a timeWhere the presence of permanent dipoles greatly enhances
independent frequency shift becomes less effective as t€ €xcitation procesfl5,17-19, or excitation related to
pulse duration increases. Most importantly, the RWA exprestWo-color molecular beam electric resonance experiments
sions developed can be used to predict the field strengths arga@; these are proplems that to date have been dlscussed
pulse duration needed to maximize the phase control of th@"Y for cw laser fields. Two-level models are useful in
excitation, i.e., to vary the steady-state excited-state populdl'@ny-1evel problems especially in instances where the two-
tion between 100% and 0% as the relative phase difference gvels of interest interact relatively weakly with the manifold
varied between 0 andr. Maximal phase control for the of other state§9]. Also, the two-level model developed here

steady-state molecular-state populations was only achievab‘CHOVide.S a pasis for cofnstrﬁcti_ng a generalfized rotating-wave
within the first Rabi period §,=0), unless both the relative 2PProximatior(48—53 for the interaction of two pulsed la-

phase difference and beat frequency were simultaneousﬁfsrs with a many-level system.
varied, i.e., beyond the first Rabi cycle one had to determine
a resonance frequency for each relative phase difference.
Since, in practice, one would like to fix the frequency and A.B. and W.J.M. thank the Natural Sciences and Engi-
then just vary the relative phase difference to obtain controlneering Research Council of Canada for financial support.
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