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Phase averaging for calculations involving two-color intense-field excitation
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A general and computationally efficient method for averaging both the time-dependent and the steady-state
atomic or molecular state populations over the pha&gand ,, of two continuous-wave laser fields involved
in an excitation process is developed based on the Floquet formalism. Explicit calculations are presented for
the coherent one- and three-photon electronic excitation of a two-level model molecule in order to illustrate the
importance of phase averaging in situations where the relative phase difference between the two fields is fixed.
While the explicit results involve electronic excitation, they are presented in reduced form so that they can be
scaled to other regions of the electromagnetic spectrum and to other field strengths. The results have important
implications in situations where the relative phase difference between two intense continuous-wave laser fields
is used to control the excitation process.

PACS numbes): 32.80.Qk

[. INTRODUCTION and initial phase are used interchangeably. For cw lasers, it is

There is a great deal of interest in using laser fields conreadily apparent that initial phase and initial time are for-
sisting of two phase-related components to control or tamally equivalent[16]. However, for pulsed laser fields, a
modify excitation processes in both atoms and moleculegjear distinction must be drawn between phase and time; see
[1-15. When the use of phase-related fields to control exciRef.[17] for a complete discussion.
tation was first proposed for moleculgs], the laser fields The effects of absolute laser phase for the interaction of
considered were weak enough that the process could be exn atom or molecule with a one-colsingle-frequencycw
amined theoretically using perturbation theory. However, eXjaser are well documentdd6,18—23. In one-color cw prob-

tensions of phase control to intense laser fields have beqg s the phase dependence is related to the atom or mol-

presented in both atom'c a_md molecul_ar SyStéﬁ%‘l_?ﬂ- In ._ecule electromagnetic fielEMF) coupling strength param-
these nonperturbative regimes, the field-matter interaction

must be considered using more exact techniques. eter’b_:(“%lels(l))/Eﬂ' Here u,, andEx=E,—E, are the
In general, phase control arises by setting a constant reldransition dipole moment and the energy-level separation, re-
tive phase difference&j) between the two Components of SpeCtiVEly, for the two-level transition of interest, a-ﬂgj is
the total field. Often the two components of the field arethe electric-field amplitude. For weak system-EMF couplings
defined by their carrier frequencies. The frequencies nor(b<1), the phase dependence of the populations of the
mally considered are the fundamental and one of its higheratomic or molecular states is negligible. On the other hand, if
order harmonics, usually second or third. In many calculathe field strength is increased so that 1 (e.g.,b~0.2), the
tions [6—12,14,1% the phase differencesf) between the populations of the atomic or molecular states become
two fields is chosen by varying the phase of one laser fielgtrongly phase dependent. For these situations, it is of utmost
(82) while arbitrarily setting the phase of the other field to importance to take the phase effects into account when per-
zero. Under these restrictions on frequency and phase, therming calculations of the physical observables associated
total field for a combination of two linearly polarized with the interactions of cw lasers with atoms or molecules. In
continuous-wavécw) lasers can be expressed as fact, for the interaction of an atom or molecule with a cw
. . laser, generally, the physical observables correspond to the
Eota(t) = €189 CO w1t) + €25 cOgNw t+389) (1)  phase-averaged resultss,18—22. The physical observables
) that are of interest are the time-dependent and long-time av-
wheren=2 or 3, is the electric-field amplitudeg is the  eraged(steady-statepopulations of the system states. The
polarization vector, ana is the fundamental circular fre- time-dependent populations represent the dynamics of the
guency. In its most general form, the total electric field forsystem while the steady-state excited-state populations, as a

two cw lasers should be written as function of the excitation frequency, represent the absorption
. . spectrum(resonance profilefor the system.
erotal ) =els(1) coq wt+ 51)+8282 coq wyt+ &), (2 While the one-color problem has been examined in detalil,

the role of absolute laser phaseitial phase and, hence,
where each component of the field has its own intrinsic abphase averaging for the interaction of an atom or a molecule
solute phaseg,; or 8,. In this paper, the terms absolute phasewith two cw lasers has received very little attentifi8].

Chenet al.[13] have examined the effects of the initial laser

phase on the kinetic energy and angular distribution of elec-
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by averaging over a random distribution ofdfiitial phases. atom or a molecule; throughout this paper, we shall refer to
However, there have been no studies focusing on the condall systems as “molecules” although “atom or molecule” is
tions where the initial phase is important in two-color prob-implied.

lems, and, more importantly, no techniques have been devel-

oped for efficiently determining the properly phase-averaged A. Defining 8, for two-color phase averaging

results. Therefore, the purpose of this paper is twofdlgto ) o o

develop a method for the computationally efficient evalua- 1he general goal in an efficient cw calculation is to ex-
tion of phase-averaged time-dependent and steady-state syioit the periodicity of the Hamiltonian. By determining the
tem state populations for two-color problems a@ylto de- evo_lutlon operator over only the first period of the Hgm|l-
termine the conditions for which the steady-state and timetonian, the time-dependent, or steady-state, populations of
dependent atomic or molecular state populations depeni® molecular states for any laser phasge)(for one-color
upon the choice of the absolute phasésand ,, used to calcu_latlons, or any laser phases; (5,) for tvyo—color cal-
obtain the particular relative phase differendiy)( between culations, and the phase-averaged behavior can be deter-

the two laser fields. mined. For problems involving the interaction of a molecule
The paper is organized as follows. In Sec. Il A, a transWith a single cw electric field, it has been shoyr6,18—
formation from the time variablet” to the variable “6,,” 21,23,24 that efficient calculations of both phase-dependent

which is useful for phase averaging, is developed for the tw@nd Phase-averaged results can be carried out by defining a
laser(two-colon problem where the lasers have a fixed rela-"eW variabled; = t+ 4;. In this section, the definition of
tive phase difference between them. The Floquet formalisr@" analogous variablé, for the efficient calculation of re-
[16,18—26 for determining phase-dependent and phaseSL_“tS for problem; m_volvmg thel interaction of a molecule
averaged results for the time-dependent and long-time avelVith two cw electric fields is outlined.
aged (steady-statepopulations of the atomic or molecular ~ FOr the interaction of a molecule with two cw lasers,
states from the evolution operator over the first period of theVhere the total electric field is given by E), the Hamil-
Hamiltonian is briefly reviewed in Sec. Il B as applied to the tonian is periodic in the beat peridg, , which represents the
two-color problem. In Sec. Ill, phase-dependent and phase(_m'”'m“r_n) time containing an integer multiple of each of the
averaged results are determined for the simultaneous onfi€ld periods 2r/w, and 2m/w, [24,25,27-29 From this
and three-photon excitation of a two-level model moleculerelationship, the beat frequenay, can be defined as
These results are utilized to determine the conditions for
which phase averaging is required. Finally, some brief con- wp= ot =02 (4)
clusions regarding the importance of phase averaging for m;y  mp
two-color phase-control problems are drawn in Sec. IV.

Atomic units are utilized throughout this paper. The unitswherem; andm, are the lowest possible integers giving the
for energyE, the transition dipole momentg;,, the field —ratio w,/w, and the beat periodl,=2m/wy .
frequencies w;, and the field strengtth? are ~Using the definition of the beat frequency, the total elec-
Ey, ea, Enh %, andEy(ea,) !, respectivelyE, is the tric field for two cw lasers, Eq(2), can be rewritten as
Hartree of energyg is the absolute value of the charge of an
electron,a, is the Bohr radius, andl is the Planck constant. ot + ﬁ”
The following conversion factors will be useful in what fol- " m,
lows: eay~2.541D, Enfi 1~4.556x10 ¢ cm™!, and

_2.0
Erota(t) =€181 005{ m;

the field intensity corresponding to a cw electric fieldl is +e socos{m wpt+ _2) 5
~3.509x 10*%(%)? wicn?. 272 2170 m, ®)
Il. THEORY Since phase-control problems involve maintaining a rela-

tive phase difference between the two components of the
Within the semiclassical dipole approximation, the time-total electric field, a general phase difference can be defined
dependent wave equation for &hlevel system interacting as
with an electric field(laser or lasepsis given in matrix form

by 6g=My6,—My 67, (6)

oa(t) _ wherem; andm, are the integers that define the beat fre-

I ~HOA=[E= - 2ia(t)]aD). © quency. It should be noted that a phase difference defined in
this manner recovers the familiar forfts-3,14,15 for one-

Here a(t) is the column vector defined bya(t)];=a;(t), versus two-photon excitation, i.edy=¥8,—24,, and one

the square energy and dipole moment matrices are defined lmersus three-photon excitation, i.64= 6, —34,, where the

(E)jk=E;dik and (u)jx=(;j|u|d«), whereu is the dipole  subscript “1” refers to the one-photon field and the subscript

moment operator for the system; are the orthonormalized “2” refers to the multiphoton field.

time-independent wave functions for the stationary states Similar to the one-color problem, where the phase that is

having energyE;, andey,(t) is the total time-dependent averaged over is the phasé,f of the laser field, for the

electric field. The “system” referred to can be either antwo-color problem, a beat phasé,), which is related to the
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beat frequency, can be defined. From E%), a single beat that for the one-color problerfil6,18,20,21,24,25 There-
phase can be associated with one of the laser fields, here fieldre, only the basic equations needed for implementing the

1 is chosen, and is given by Floquet formalism for the calculation of long time-averaged
(steady-stateresults are presented here. For a more detailed
S zﬁ @) discussion, including a discussion of calculating time-
b m, dependent results, the reader is referred to R&&19 and
. _ [23].
Upon substituting Eq(7) into Eq. (6), the phase of the sec-  |n Floquet form, the exact state amplitudes can be written

ond laser field can be written in terms of the beat phase angs
the relative phase difference between the laser fields
5 a(t)=Z(wpt+ 8p)e et ®bo( 54,8, 5,)
5= Mydy= - ®) =Z(0,)e2Wby(5,61,5,), (10
Using the definitions of the two laser phases, and &, whereZ is a periodic matrixA is the real diagonal charac-
written in terms of the beat phase and the relative phasteristic exponent matrix, anoly(dy,d;,55) is a column vec-
difference between the laser fields, the total electric field cator, which contains the initial condition information. Note
be rewritten in the desired form as that the initial conditions for the two-color problem depend
on the phases of both fields and the relative phase difference
_~ 0 ~ 0 dq between the two fields. In Sec. Il A, we have shown how this
Zrowlt) = €21 COLMy b+ &, CO{ M Gpt = HJ ©) phase dependence can be expressed in terms of two phases—
the relative phase differenc®;, and the beat phas#,. In

where we have defined a new varialslg= wpt + . order to relate to the phase-dependent work of others
Analogous to the one-color cw Hamiltonial6,18— [6-12,14,15,27,28and to discuss the role of phase averag-
21,23,26, by changing from the variablgo the variabled,,, ing, we define the phase-dependent steady-state molecular

the Hamiltonian changes from passing through one periodtate population for statp (steady-state induced transition
for 0<t<=2m/wy, to a period over & f,<27. Note that probability)

over the Hamiltonian’s period ir9,, the two fields are

driven throughm,; and m, field periods, respectively. The o wp 270y 2

phase-dependent and phase-averaged results, for a fixed rela- ~ Pj(Jy,0,,85) = > 2 |ij(wbt+ 8p)|?

tive phase differencedy), can be determined by solving for mlo k=1

the e_volu_tion operator over only th_e firgg periqd (?f the X dt|by( 84,84, 8,2 (11)
Hamiltonian. From a particular choice of one field's phase

(61), the beat phase can be determined using(Bq.From
the chosen relative phase differencé,), the other laser
phase 6,) required to maintain this phase difference can b
determined from Eq8). The phase-dependent results can be 1 (2n

calcgla_ted since the beat_ phase_determlned simply changes Pi(8y)= _f Pi(84,01,8,)d8,. (12)

the initial time (phasg of interaction. The phase-averaged 2m Jo

results can be determined by averaging the beat phase over

0= §,=<2m, which corresponds to averaging over the fist For phase control problems, where the relative phase dif-
period of the Hamiltonian. Although the focus of this paperference between the two fields is fixed, these are the only
is on phase averaging for problems where the phase differesults that need to be considered. However, for the case
ence between the two fields is fixed, the above formalisnwhere the phase difference between the fields fluctuates,
provides an efficient route for determining the fully phase-fully phase-averaged results can be defined

averaged results, which corresponds to averaging over both

the initial phase and the relative phase difference & = 1 (27_
<27 Pj:_f Pi(54)ddy. (13
' 2 0

and the phase-averaged steady-state induced transition prob-
eability as

B. The Floquet formalism Note that the limits of integration€ 8y<2 are for the

If the Hamiltonian is periodic and self adjoint, the Floquet most general two field case. In certain instangg44,13,
formalism[16,18,20,21,24,25can be utilized to determine these limits of integration can be reduced due to symmetry
the time-dependent populations of the system states to longpnsiderations. For example, in the one-versus two-photon
times from the determination of the evolution operator overcase, these limits can be reduced to &< /2, while in the
the first 6, period of the Hamiltonian. Furthermore, the long one-versus three-photon case, they can be reducee:ig 0
time-averaged and phase-averaged populations of the systeswr. While the formalism that has been introduced leads to
states can be efficiently calculated using the Floquet formaleonvenient expressions for the fully phase-averaged results,
ism [16,18,20,21,24,25 Once the variabl@, has been de- the primary motivation is to illustrate the importance of
fined, the two-color Floquet treatment is exactly analogous t@hase-averaging in problems where the relative phase differ-
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ence between the field is fixed, i.e., phase control problems. 0.2
Hence, fully phase-averaged results are not considered ex-
plicitly in this paper.

For the evaluation of the steady-state populations, the
Riemann product integral meth¢#0,26,30—32was used to
calculate the evolution operator over the fifgtperiod of the
Hamiltonian. The number of Riemann intervals used is
180my, wherem, is the larger ofm; andm,. For the simul-
taneous one- and three-photon excitation considered in Sec.
[, the total number of Riemann intervals was 540. Using
this method of subdivision ensures that the shorter period of
the two fields is divided into 180 subintervals. The long time
and phase averages of the populations are determined by
evaluating the relevant integrals over<@,<2w using
Simpson’s rule, with the number of integration points being
one sixth the number of Riemann points.

0.1

|C(i)l,eq (hartree)

0 0.5 1 15 2
lll. RESULTS AND DISCUSSION b=(1,,")/E,,

The explicit examples considered in this section involve F|G. 1. The one-photofsolid line) and the three-photofmotted
the harmonic two-color simultaneous one- and three-photofine) perturbative molecule-EMF coupling strength parameters as a
transitions between two energy levels with the molecular pafunction of the(dimensionlessvariableb= (u:9)/E5; .
rameters given b¥,;=0.1 andu,,=3.0. These parameters
are representative of a two-level conflguratlpn in sgbstltuted [£(84.681,8,)] =[[C(1)]sert+[c(3)]§ert
aromatic moleculeg33] and have been used in previous the-
oretical calculation§14,15,27,34—3J The previous calcula- +2[C(1)]perd C(3)Tpert cOK 8) T2
tions were concerned with the effects of permanent dipole (14)
moments on the excitation process, and, therefore, the sys-
tem considered has a nonzero difference in permanent dipolghere §,= 8;—35,. The one-photon molecule-EMF cou-
moments,d= uz— 1,=6.5. In order to clearly separate pling [C(1)]pe is given by
phase effects from the effects of the permanent dipole mo-
ments, a “pseudomolecule” witd=0 is considered, as was (p21: élsg)
done previously15]. In addition, all results presented in this [CD)Ipern=—"5—, (15
paper are given in reduced form in terms of the molecule-

EMF coupling strength parameters; =(u,-€s’)/E,;.  and the three-photon molecule-EMF coupling is
The results as presented are independent of the choice of

model (assuming the effects of the permanent dipole mo- (par 9283)3

ments are negligibleand can be scaled to different regions [C(3)Jpert= 1602 (16)

of the electromagnetic spectrum and to different field 2

strengths. The one- and three-photon perturbative molecule-EMF cou-

In order to optimize control, the field strengths should bepling strength parameters are illustrated as a function of the
chosen such that the molecule-EMF couplings for the onescaled molecule-EMF coupling parameter b in Fig. 1. For the
and three-photon transition are equivalgi]. However, in  chosen field strength relationship, i.eJ=¢3, there are
order to illustrate the importance of phase averaging, we firsglearly three distinct regions that can be identified. Bor
consider the case where the field strengthtensities of the <0 .25, the overall excitation is dominated by the one-photon
fundamental and its third harmonic are chosen to be equajyansition. The relative contribution of the three-photon tran-
ie.,e9=z9, as has been done in previous fixed phase calcusition increases for 0.258b<1.0 and the one- and three-
lations [6-9]. The electric fields are taken to be parallel to photon contributions are equal for=0.94. Finally, beyond
each other and to the transition dipole momerjte,||x,;.  b=1.0, the three-photon transition rapidly begins to domi-
Throughout this paper, the subscript “1” will refer to the nate the overall excitation process. The perturbative cou-
third harmonic ;= E,;) corresponding to the one-photon plings should not be considered accurate for the intense field
transition while the subscript “2” will refer to the funda- processes that are examined in this paper. For example, the
mental laser frequencyal,=E,;/3) corresponding to the perturbative expression for the overall molecule-EMF cou-
three-photon transitionvo,= w,. pling, Eq.(14), depends only on the relative phase difference

In order to determine the relative contributions of the one<{d,4) between the two laser fields while the results discussed
and three-photon transitions to the overall transition strengtfhelow exhibit a dependence on both the relative phase dif-
it is useful to consider the perturbative molecule-EMF cou-ference and the choice of absolute phasesnd 5,. How-
plings. The perturbative overall molecule-EMF coupling isever, the perturbative molecule-EMF couplings do provide a
given by[14] qualitative comparison for the relative one- and three-photon
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quencies higher than the weak-field resonance frequency,
while for d# 0, the shifts can be to higher or lower frequen-
cies[36,37,39. Analogous shifts in the resonance frequen-
cies for two-color excitations and their importance in phase
control calculations have been noted previoUdl,15,217.

It is assumed that the two-color shifts fd+=0 andd # 0 will
behave similarly to their one-color counterparts, but, while
analytic expressions exist for predicting the one-color Bloch-
Siegert shifts[22,36—39, analogous two-color expressions
have yet to be derived.

The phase-averaged steady-state transition probability at
the resonance frequency, as a functiorbofs given by ex-
actly 0.5. In fact, the phase-averaged steady-state transition
probability does not exceed 0.5 for any combinations of fre-
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. : quency and field strength. On the other hand, for large
‘f\, 0.8 $§§§§§§ molecule-EMF coupling parameters, the fixed phase results,
S 06 N §§§§*\* see Fig. Pb), exceed 0.5 for a variety of frequency and field
gj §§§§§§§§§§$ strength c_ombmanc_)ns. For example, when the frequencies
L, 04 ] w%\\%&@ are at their Weak_-fleld resonance vglue&l% =P% apq >
;%. iii ! \\\M\\\w& =E,,/3), the maximum steady-state induced transition prob-
0.2 :’;’;’ I Q\\ N 2 ability is given by P,(84=0,6,=0,5,=0)=0.765 atbh
“:_5 =0.525 (9=¢3=0.0175 a.u=1.1x10"* W/cm?).  In
1 b fact, for the fixed phases illustrated (= 0,6,=0,6,=0),

the induced transition probability loses the shape of a tradi-
tional absorption profild ~Lorentzian, see Fig.(®) as a
function of w, for b~ 0] for increasing field strength, and,
FIG. 2. The steady-state induced transition probability, for atherefore, it is difficult to identify a “resonance” frequency
phase differencéy=0, as a function of both thedimensionless o5 .o readily be done for the phase-averaged results. For
molecule-EMF coupling strength parameter: (uz:63)/Ea, With ¢ on oo and field strength combinations where the phase-
£9=¢9, and of the fundamental frequenay, wherew;=3w,. (a) quency 9 ) phase
The phase-averaged resuly(5,—0) and(b) the fixed phase re- averaged re_s_ults equal 05 the fixed phase steady-state in-
— duced transition probability equals 0.5 as well. Hence, there
sults Py(54=0,6,=0,5,=0). is a seam of intersection along the phase-averaged resonance
contributions to the overall transition strength that will provefrequency path. The intersection between the phase-aver_aged
useful in discussing the following results. and the phase-dependent results can be readily seen if we

Figure 2 illustrates the steady-state induced transitiorfonsider “cuts” at fixed frequenciesee the following
probability as a function of both the molecule-EMF coupling In order to more clearly understand the roles of absolute
strength parametdthe field strengthand the frequency of Phase versus relative phase difference, several absolute phase
the three-photon exciting field; the frequency of the one-combinations are considered for the relative phase differ-
photon field is given byw;=3w, ande)=¢5. The phase- encesd;=0, §y=m/2, and 6y=m. According to the ex-
averaged results, see H@2), for a relative phase difference pression for the overall perturbative molecule-EMF cou-
of zero (5,=0) are presented in Fig.(® while Fig. 2b)  pling, see Eq.(14), changing the relative phase difference
illustrates the phase-dependent results, see(Hy, for the  will modify the contribution of the interference term to the
fixed phases §;=0,6,=0,5,=0). The phase-averaged and overall coupling, i.e., positive, zero, and negative &y
fixed phase results are clearly different with the discrepancy=0,7/2, andw, respectively. First, we consider the steady-
increasing(in general as the field strength increases. We state transition probabilities as a function of the molecule-
will begin with a discussion of the phase-averaged result&EMF coupling parametefthe field strengthswith g?:gg,
and then discuss and contrast the fixed phase results.  where the frequencies are kept at their weak-field values of

For low molecule-EMF coupling strength parametes ( »,=E,; andw,=E,,/3, see Figs. @—3(c) for the relative
fl), the resonance frequency, i.e., the frequency wherghase differencess;=0, S4=/2, and S4=1, respec-
P,(84=0) is a maximum, is given by the expected weak-tively. For the relative phase differendg=0, the steady-
field frequenciesw,=E,; and w,=E,;/3=0.033. However, state induced transition probability is illustrated for the fixed
as the field strengths are increased, the resonance profile gxhases §;,=0,6,=0), (6,=n/2,6,=m/6), and 6
hibits a shift to higher frequency. In one-color problems, the= m, 8,= m/3); for 54=ul2, (6,=m/2,6,=0), (6;=m,5,
shift of the exact resonance frequency away from the weak=7/6), and (©,=3w/2,6,=m/3); and for S4=m, (I,
field resonance frequency as the field strength increases is#,5,=0), (6;=3m/2,6,=n/6), and ©1=2m,6,
referred to as the Bloch-Siegert shif22,36—-39. Whend =/3). The chosen fixed phase$, and §,, for a relative
=0, the one-color Bloch-Siegert shifts only occur to fre- phase differencéy, fulfill Eq. (8). Clearly, while there are
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0.8 T T T 0.6

FIG. 3. Phase-averaged
steady-state induced transition
probability, P,(84) (solid line),
and the fixed phase steady-state
induced transition probabilities,
P,(84,61,6,=0) (dotted ling,
P,(8y4,61,8,= 7l6) (short-
dashed ling and P,(84,6:,6,
=x/3) (long-dashed ling as a
function of the (dimensionless
molecule-EMF coupling strength
© paarangeterbz(_,ule(l))/EZl, with
g1=g,, and with the frequencies
set to their weak-field resonance
values, i.e., w;=E,; and w,
=E,4/3. The values ob; are such
that they fulfill Eq.(8) for the cho-
sen §, and relative phase differ-
ence values (8 &643=0, (b)
S4=ml2, and(c) S4=m (see the
text for details.

P,(3,=0)

P,(8,=m)

b= (uz1910)/E21

differences for each of the relative phase differences, therpoint b—0 corresponds to a simultaneous one- and three-
are some features that are common to all three plots. photon excitation. The molecule-EMF coupling strength pa-

The plots illustrate that the steady-state transition probrameter beyondo—0 at which the fixed phase and the

ability depends intimately on the choice of the abSO|Utephase-averaged results first coinciddggt:O.S, changes as

phases used to produce a particular relative phase differencg.c - tion of the relative phase difference between the two
The fixed phase results rapidly diverge from the phase

S fields, i.e.,b=0.828 for54=0, b=0.738 for54= /2, and
averaged results as the _molecule-EMF couplmg increasep._ o'/, for8,= . Based on one-color plots analogous to
However, th_ere are certain molecule-EMF coupling params ig. 3 for the one- and three-photon transition frequencies
eters for which the fixed phase and the phase-averaged co 9. P q

verge on a value of 0.5. For one-color excitation, the pointd°t illustrated, this first intersection point corresponds to
. -, . simultaneous three- and five-photon excitation. The subse-
at which allP,’s equal 0.5, as a function of the molecule-

EMF coupling strength parametér correspond to succes- guent intersection points correspond to increases in the num-

sive n-photon resonance peaks crossing the line-E,, in ber of photons contained in both of the two transitions in-

the frequency domaifil6]. For a two-level model system volvgd gsee dlgCUSSlon belgw .
with d=0, only odd-photon transitions are allowed. How- It is interesting to note that the steady-state induced tran-

ever, for the case of two-color excitation where two simul-Sition probability for the relative phase difference of zero
taneous transitions corresponding to the absorption of differl &a=0), see Fig. &), has a very similar behavior to the
ent numbers of photons can occur, this interpretation is noPn€-photon one-color results for low values lafb<0.5),
quite so transparent. For example, for one-color excitations€e Fig. 1, Ref[16]. However, in light of the fact that for
the point atb—0 corresponds ta=1 (the one-photon tran- low values of the molecule-EMF coupling parameter the
sition) but for the two-color excitation considered here, theoverall two-color transition strength is dominated by the one-
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photon process, see Fig. 1, this behavior is not at all surprigntersection corresponds to a simultaneous one- and three-

ing. photon excitation. From Fig. 4, the choice of frequencies
For the two-level model under consideration, the resocorresponds to the Bloch-Siegert resonance frequencl for

nance frequency is Bloch-Siegert shifted to higher frequency= g.360 €9=£9=5.05x 10" W/cn?), b=0.369 E9=¢5

as the field strengths are increased, see Ka.f@r example.  _g 31x 1012 Wicn?), and b=0.378 %=&9=557

Therefore, it is useful to consider plots similar to those ofy 112 Wicm?), for the relative phase differences,

Fig. 3 for frequencies greater than the weak-field resonance 84= /2, andéy= m, respectively. The steady-state in-

frequencies ofw,=E;; and w,=E;y/3. The steady-state q,ceq transition probabilities clearly depend intimately on

transition probabilities as a function of theo mo(I)‘E'C'“'IE"EM':the choice of absolute phases used to produce a particular

coupling parametethe field strengthswith 1=, where  rejative phase difference as was seen for the frequencies set

the frequencies are given by,=0.4E;; and w1=3w; g their weak-field valuesp,=E,; and w,=E,y/3, see Fig.

=1.2E,,, have been determined; see Fig&)44(c) for the 3

relative phase difference®;=0, 4= /2, anddy=, re- There are similarities between the fixed phase and phase-

spectively. The fixed phase combinations used to obtaiRyeraged behavior for a particular relative phase difference

these relative phase differences are identical to those for Figgr the two frequencies considered, compare Fig) ® Fig.

2. The Bloch-Siegert shifted resonance frequency is deter4(a), Fig. 3b) to Fig. 4b), and Fig. 3c) to Fig. 4c). For

mined by considering the molecule-EMF coupling strengthexample, the fixed phase induced transition probability

parameter, where the fixed phase and the phase-averaged F(54=0,6,=0,5,=0) peaks at a very high value<(.8)

sults first coincide aP,(5y4) =0.5. Since the chosen frequen- for both frequency combinations considered. Also, both the

cies are greater than their weak-field counterparts, this firdixed phase and phase-averaged results show a very narrow
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FIG. 5. The steady-state induced transition probability, for the phase diffe@&mc®, /2, andw, as a function of both th&dimen-
sionles$ one-photon molecule-EMF coupling strength paramdl@:,(,que‘f)/Ezl and the(dimensionlegsthree-photon molecule-EMF
coupling strength parametehZ:(Mlsg)/Eﬂ. The frequencies are set to their weak-field resonance valueswhe&E,; and w,
=E,,/3. The phase-averaged results P,(5,=0), (b) P,(8,=/2), and(c) P,(5,= ), and the fixed phase results) P,(5,=0,5;
=0,8,=0), (&) Py(84= m/2,5,= m/2,5,=0), and(f) Py(84=m,8,=m,5,=0).

first “resonance” atb~1.0 for the relative phase difference nances” correspond to absorption of increasing humbers of
64=m. While these behaviors are interesting to note, thephotons. Although the frequencies may be seiwtc=E,;
most important result is that the fixed phase and the phasend w,=E,/3, the absorptions can no longer be considered
averaged steady-state molecular state populations are diffesis one- or three- photon. For these reasons, in the strong-
ent for b=0.1 independent of the choice of excitation fre- field regime, it is difficult to determine the “best” choice of
guency. field strengths to optimize contral priori. Therefore, while

As mentioned previously, in order to optimize control, the considering optimized field strengths would be best and ex-
one- and three-photon field strengths should be chosen su@mining equal field strengths is interesting, it is useful to
that the molecule-EMF couplings for the two individual tran- consider the importance of phase averaging, and the under-
sitions are equivalent. However, optimization based on thdying physics, in situations where the two field strengths are
one- and three-photon perturbative couplings, E§jS) and  not equivalent and are varied independently.
(16), is only valid in the weak-field regime. As the field  Figure 5 illustrates the steady-state induced transition
strength of either or both fields is increased, the “reso-probability as a function of both the one- and three-photon
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molecule-EMF coupling strength parametdsg,andb,, re-  seen clearly for the three- plus five-photon resonance, the
spectively. The frequencies are set to their weak-field resoaext higher-order resonance, i.e., five- plus seven photon, is
nance values, i.e.w;=E,; and w,=E,/3. The phase- only seen for the relative phase differenc£. For the rela-
averaged results, see E@12), for the relative phase tive phase differences of 0 and the field strengths must be
differences of zeroz/2, and, are illustrated in Figs. (8)— increased further in order for the five- plus seven-photon
5(c), respectively. Figures (8)-5(f) illustrate the corre- fésonance to occur. . _ o
sponding fixed phase results for the commonly considered As has been seen for the equivalent field strengths in Figs.

case, see Eql), where the three-photon field's phase is set2—4, the phase-averaged steady-state transifcion probability
to zero, i.e.,5,=0 with 8, chosen to achieve the desired does not exceed 0.5 for any combination of field strengths.

phase difference. The phase-averaged and the fixed ph gis behavior allows the ‘resonances” to be easily ident-
results are clearly different with the discrepancy increasin led. We can conclude quite 'conf|der'1tly from these results,
as either(or both field strengtis) increases, as has been nd from the results for equivalent _f!eld strengt_h_s, that the
seen in Figs. 2—4 for equivalent field streng;ths. The phaséghase-averaged steady-state transition probability will not

: fEi q exceed 0.5 for any combinations of field strengths and fre-
averaged and fixed phasé,(=0) plots of Fig. 3 correspond ¢ encies. On the other hand, the fixed phase results exceed
to “cuts” along theb,=b, diagonals of Fig. 5. It should be

e 0.5 in several regions ofb{ ,b,) space, see Figs(&—5(f);
noted that the minimum values bf andb, are not equal to  gjthough, the fixed phase results coincide with the phase-
zero in the graphs but rather the minimum is shownbpr  gyeraged results at all field strength combinations where

_ . . 0_ —4 ~ _
=0.015, i.e, a field strength ofj =5x10"" a.u. ~8.8 P,(84) =0.5. Clearly, except for fortuitous combinations of
x10° W/cn?. Hence, the values fop,—0 do not corre- - : - :

' . 2 frequencies and field strengths, by arbitrarily setting one of
spond to Mqloney _and Meath KL6] one-color results. We the field’s phases to zero rather than properly phase averag-
will begin with a discussion of the phase-averaged result g, one would erroneously predict the steady-state popula-
where, as before, “resonances” can be clearly identified, an ons, and hence, the time-dependent populatidgaamics

then discuss an_d contrast the fixed phase results. which underlie the absorption, when two intenge=0.1)
In order to discuss the number of photons absorbed as &, |asers interact with a molecule

function of increasing field strength, the limitg =b,—0,
b;=0, andb,=0 should be examined. Note that while the
b;=0 limits have not been plotted, the following discussion

ext_r_apolates to these limits. The peak in the transition prob- | this paper, a computationally efficient method for cal-
ability at b;=b,~0 corresponds to simultaneous one- andgjating the phase-averaged steady-state and time-dependent
three-photon excitation. If the steady-state transition probatomic or molecular state populations for a system interact-
ability is followed as a function of increasing one-photoning with a two-color laser field has been developed. The
field strengthb,, with the three-photon field turned ofbf  method has been applied to a model two-level system inter-
=0), the next peak corresponds to three-photon excitation afcting with a laser field comprised of the fundamental fre-
the frequencyw;=E,;. Since only odd-photon transitions quency and its third harmonic. Except for fortuitous combi-
are allowed for a two-level system witth=0, there is no  npations of field strengths and frequencies corresponding to
two-photon absorption. On the other hand, if the steady-statgigher-order multiphoton transitions, where both the phase-
transition probability is followed as a function of increasing dependent and the phase-averaged steady-state molecular
three-photon field strength,, with the one-photon field state populations equal 0.5, there can be large differences
turned off (b, =0), the next peak corresponds to five-photonpetween these results. The steady-state transition probabili-
excitation at the frequency,=E,,/3. Clearly, the second ties depend intimately on the absolute phageisial phase
resonance positions, i.e., tig and b, combinations con-  of the two laser fieldsg, and 8,, for a fixed relative phase
necting these limits wher®,(54) =0.5, correspond to an differencedy, between them when the molecule-EMF cou-
increase in the number of photons absorbed in both transpling strength parameter exceebdls-0.1, most clearly seen
tions. On the plots illustrated here, and as was discussed in Figs. 3 and 4. By examining the cases for equal field
Fig. 3, the second resonance corresponds to simultaneostrengthse=¢3, and for independently varied) and &9,
three- and five-photon excitation. The numbers of photonshe two-color results presented, combined with the known
absorbed in both transitions will continue to increase as eiene-color result§16,18—232, provide a good general crite-
ther field strength is increased. For example, for the relativgion (b=0.1) to apply to any of the fields involved in a one-
phase difference o#/2, see Fig. &), the simultaneous five- or two-color transition for estimating when the molecular
and seven-photon resonance can be seén~ab,~1.2. state populations will depend upon the initial laser phase. We
The phase-averaged results of Figéa)55(c), demon- have seen that increasing ofoe both field strengtlis) leads
strate that the steady-state transition probability, as expecteth an increase in the number of photons absorbed at both
depends upon the choice of relative phase difference. Thigequencies. Thus, the process changes from one of compet-
two most obvious differences are that the width of the threeing one- and three-photon excitation, to one of three- and
plus five-photon resonance decreases and its position movéise-photon excitation, and so on. The position of the higher-
to smaller values ob; as the relative phase changes from Oorder resonance was seen to change as a function of the
to 7 (seen more clearly along the chi{=hb,, see Fig. 3 relative phase difference. For the atomit=0) two-level
While the shift to smalleb; for increasing relative phase is system, only odd photon transitions are allowed and the

IV. CONCLUSIONS
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Bloch-Siegert shift is always to higher frequency. It will be fields and we have provided an efficient method for accom-
interesting to examine the two-color process as a function oplishing this goal.

frequency and of increasing field strengths for the molecular
(d#0) case where both even- and odd-photon transitions
can occur and the Bloch-Siegert shifts can be to lower as
well as higher frequencies. Most importantly, we have dem- A.B. thanks the Natural Sciences and Engineering Re-
onstrated that when examining the interaction of an atom osearch Council of Canada and W. J. Meath for financial sup-
molecule with two intense cw laser fields, the calculatedport during the time that this research was carried out. The
physical observables must be determined by properly averluthor also thanks W. J. Meath for useful discussions and
aging over the absolute phag@stial phase of the two laser comments.
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