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Two-color pulsed laser excitation of dipolar molecules: Absolute laser carrier-phase effects
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The excitation of a two-level dipolard@ 0) molecule with two Gaussian pulsed lasers is examined theo-
retically for the case where one laser’s frequency is tuned close to the energy level sefartatipnlaser
while the second laser’s frequency is extremely snalbbe laser The final excited state populations are
shown to depend on the probe laser’s absolute carrier phase while remaining independent of the pump laser’s
absolute carrier phase. They do not depend on the relative phase difference between the two laser fields as in
many other pump-probe scenarios. The absolute carrier-phase effect is negligible for nondipdarngol-
ecules. The probe laser absolute carrier-phase effect arises through the coherent excitation of multiple optical
paths from the initial to the final state containing a common number of pump phokgpsE1) and a
varying number of probe photons. Excited state populations, after the interaction of the pulses with the
molecule is complete, are examined as a function of the probe laser’s absolute carrier phase for varying field
strengths, frequencies, and pulse durations in order to verify the source of the probe laser absolute carrier-phase
effect and to determine the conditions needed to most readily detect it.
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[. INTRODUCTION two requirements are true of most proposed mechanisms in-
volving a single laser fieldand all involving infrared fields
The use of the relative phase difference between two lasddrown and MeatH14] have discussed frequency and inten-
fields to modify (contro) excitation processes in atoms or sity scaling as it pertains to absolute phase effects in one-
molecules has been well established both theoretically anghoton excitations and Gallagher and co-workdrs| have
experimentally, for example, see Reff4,2]. More recently, demonstrated absolute carrier phase effects in the multipho-
the possibility of accessing the absolute carrier phase of #n excitation of potassium-atom Rydberg states using much
single pulsed laser and then using it to modify excitationweaker radio-frequency fields.

processes has been propo$8d16|. For single-puls€one- In this paper, the pump-probe excitation of a model two-
color) excitation, the time-dependent electric field, i.e., thelevel dipolar @;& 6) molecule involving a pump laser fre-
laser field, can be represented by quency tuned close to the energy level separation of the sta-
tionary states ¢y my~E21=E,—E;>0) and a probe laser
e(t)=eofo(t)cog wot+ ), (1) frequency that is small compared to the energy level separa-

_ . _ tion (wpepe<Ey1) is examined(see Fig. 1 A dipolar mol-
wheres, is the peak field strengttio(t) is the pulse enve-  gcje refers to a system where there is a nonzero differ@nce

lope, wq is the carrier frequency, andlis the absolute carrier . > -
phase. The field depends very sensitively on the absolutgetween the permanent dipole momeajs of the initial and

carrier phase if only a few optical cycles are contained withinfinal states involved in the transitiord € woo— u14). Re-

the pulse envelope; a condition now experimentally achieveently, we have shown that this two-laser pump-probe sce-
able. Brabec and Krauga7,1§ have shown that the de- Nario can be used to access the absolute carrier phase of the
scription of the laser field “in terms of carrier and envelopeProbe field[23]. These results are expanded upon in this
is self-consistent, unambiguous, and hence legitimate, fop@per. Brumer, Frishman, and Shapi@4] have also pre-
pulse durations down to the carrier oscillation cycle.” Sincedicted an absolute laser phase effect in a multiple-pulse ex-
the original proposal3], experimental efforts to stabilize an C|tat_|o.n scheme. They have predlc_teq chiral selection, vynhm
absolute carrier phagegl—6,19-21 and theoretical predic- & minimal four-level model for excitation af andb enanti- .
tions for physical observables depending on absolute carri€¥Mers, that depends on the absolute phase of one laser in a
phase[7-16,23 have been carried out in concert. As intu- thrée-laser excitation scherfig4].

itively predicted, most have the requirement of ultrashort N order to determine the conditions where the depen-
pulse duration such that only a few optical cycles are condlence on the probe laser’s absolute carrier phase is strongest

tained within the pulse envelopée.g., ~5 fs for \

. . * <«
=800 nm). Additionally, in order for absolute phase effects DOorove Eor By
to manifest themselves, many of the proposed schemes re-
quire lasers of high intensity>10'* W/cn?). While these Ooump = Ear=Eo°E,
E1

*Present address: Department of Physics and Astronomy, Univer-
sity of Alabama, Box 870324, Tuscaloosa, Alabama, 35487. Elec- FIG. 1. Schematic of the two-level system interacting with
tronic address: abrown@bama.ua.edu pPUMP (@pumg=E21) and probe @pone<Ey) lasers.

1050-2947/2002/66)/05340410)/$20.00 66 053404-1 ©2002 The American Physical Society



ALEX BROWN PHYSICAL REVIEW A 66, 053404 (2002

in our pump-probe excitation scheme, the final excited stataith an electric fieldlaser or lasepsis given in matrix form
population, i.e., the population of the upper level after bothby

pump and probe lasers have interacted with the system, is sa(t)

carefully examined as a function of the most important pump oa - -

and probe laser parameters, i.e., field strengths, durations, "ot :i(t)g(t):[i_i'8(t)]g(t)' @

and frequencies. Through exact calculations, and aided by

rotating wave approximatiofRWA) analytic expressions for Here a(t) is the column vector defined ba(t)];=a;(t),

the laser-molecule couplings and corresponding timethe square energy and dipole moment matrices are defined by

dependent state populations, the source of the absolugg)jk:Ejgjk and (ﬁ)jk:<¢j|ﬁ|¢k>, wherey is the dipole
carrier-phase effect is attributed to interference between mulnoment™ operator, ¢; are the orthonormalized time-

tiple excitation paths from the initial to the final state. We jndependent wave functions for the stationary states having
demonstrate that a nonzero differentbe x;,— 11, between  energyE;, ands(t) is the total time-dependent electric field.
the permanent dipole moments; of the two electronic mo-  In the present study, we are concerned with a two-letel (
lecular states involved in the transition is crucial for the ap-=2) system interacting with two linearly polarized pulsed
pearance of absolute phase effects. The absolute carriktsers(two-color excitation, where
phase effect is negligible for nondipolad+0) systems. R . .
Most interestingly, the effect occurs for weaker fields than e(t)=eje fi(t)cogwit+ 1) +eze,fo(t—tg)
those required to see an absolute phase effect in single-pulse

- ; . . . . X —tq) + 5,].
excitation and it survives into the multicycle regime where Cog wa(t=ta)+ 2] )
the probe pulse duration, e is much greater than the op-
tical p_e“Od (Tprob?TprobeZZW/‘f’probg-

While most studies emphasize the use of few cycle puls

The variablese;, &, fi(t), w;, and &, correspond to the
olarization vector, peak field strength, pulse envelope, car-

) . L zﬁer circular frequency, and absolute carrier phase of lgser

to obtain absolute carrier-phase effects, it is not the tot espectively. The time delay between the pulses is given by

number of optical cycles that is crucial, but rather it is the : :
. X ’ . “ty. In Sec. IV, we consider Gaussian pulse envelopes where
rise and fall times of the pulse that are most important. This® P P

has been convincingly demonstrated by Gallagher and co- f.(t) = exp( —t%/72), (4)
workers[15]. However, for the commonly considered pulse '

envelopes, e.g., Gaussian, Lorentzian, and hyperbolic secan, is the pulse duration, arid=pump or probe. The spectral
the total number of optical cycles and the rise and fall timesand temporal full widths at half maximum for a Gaussian
are intrinsically connected due to symmetry and thus a sholulse areAw;=4(In2)"% 7, and At,=27,(In2)*2 We are
rise/fall time implies a short total pulse duration. But, as wejnterested in the case where one laser frequency is tuned
shall demonstrate in this paper, one can access the absol@®se to the energy level separation of the stationary states
carrier phases for long symmetric(Gaussiah pulses pro-  and the second laser frequency is small compared to the en-
vided the excitation scheme is judiciously chosen. ergy level separatiofsee Fig. 1 The two laser fields will be
Section Il A provides a review of RWA analytic expres- referred to as the PUMPWum~Ez7) and probe @probe
sions for molecular state populations and molecule-laser cou<E,,) fields, respectively. The terms “pump” and “probe”
plings for the interaction of two pulsed or two continuous refer to the relative magnitudes of the frequencies rather than
wave (cw) lasers with a two-level dipolar system. While the to their time order since the time de|ay is set to zetp (
RWA results will help in qualitatively describing the effects =) for all calculations considered in this paper. The effects

of absolute carrier phase, the RWAs are no longer quantitapf time delay will be examined in a forthcoming publication.
tively reliable for most of the field strengths and pulse dura-

tions under consideration in Secs. lll and IV. The exact com-
putational technique used to determine the time-dependent ) o
state amplitudes and the molecular model chosen for the ap- A rotating wave approximation, for a two-level system
plication are outlined in Secs. Il B and Il C, respectively. Theinteracting with two pulsed lasers including the effects of
use of permanent dipoles and absolute carrier phase féermanent dipoles, has recently been derj2s]. Only the
modify final excited state populations in a two-level systemeXpressions relevant to the present study are given here. As-
is described qualitatively using the RWA results in Sec. II1.Suming that the system is initially in ground state 1, the
In Sec. IV, the results of exact calculations of the final ex-Probability that the system is in excited state 2 at tire

cited state populations are presented as a function of many 8fven by

the variables controlling the excitation process: field

strengths, carrier frequencies, and pulse durations. Finally, in P,(t)= |a2(t)|2=sin2[
Sec. V, we draw some brief conclusions. Atomic units are

utilized throughout this paper.

A. Analytical solutions

|Q(51!52!t)|} (5)

2

In this paper, the population of the excited state at the end of
the pulse-molecule interaction, i.e., at®, is of most inter-
est.P,(t=x)=|a,(t=2=)|? will be referred to as the steady-

Within the semiclassical dipole approximation, the time-state (or final) excited state population. In Eq(5),
dependent wave equation for &hlevel system interacting Q(61,9,,t) is the variable

Il. THEORY
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t L system in the dominant-resonance rotating wave approxima-
O(61,0,,)= JI {P(61,8,,t")dt, (6)  tion (DR-RWA). In Eq. (9), the individual cw laser molecule
0 coupling is given by[26-2§

where C(N1,N2)=2Jy,(21)In,(Z2)
P(5,,8,0= S CP(Ny Nyt exi(Ny8,+Nydy)] | Ny 2228 L N0, 22222 (1)
N1.Np @ = €2 ,

) ] ) ) . which is simply the pulsed laser-molecule coupling with
arr]1d tg IS thg time the pu!se-molecule interaction beglns.fi(t)zl_ If more than one cw laser-molecule coupling con-
{P(61,0,,1) is the overall tlme—dpependent phase-dependent;ihytes to the excitation process, the RWA expressions for
pulsed laser-molecule couplin@(N;,Ny,t) is the (time-  ho time-dependent and associated steady-state populations
dependentpulsed laser-molecule coupling for an individual ¢an only be determined in certain instances: exactly on reso-

(N1,N3)-photon transition, nance if the fields are independent of each offér29, or,
as a function of frequency, provided the two fields are har-
CP(N1,Np, 1) =23y, (21 F1(1)In, (Zof (1)) monically connected to a generating frequef2§,27).
o . For a single N;,N,)-photon resonance, the associated
<IN Mi12 € N Mi12° € 8 full width at half maximum(FWHM) of the absorption pro-
1®1 d-e 202 d-e, | ® " file, under the assumption that the coupli@¢N;,N,) does

not vary appreciably over the width of the resonance, when

oo one frequency is held fixed while the other is varied, is
wherez;=(d- g)/w; andJy(X) is a Bessel function of inte- q 4

ger orderN and argumenk. The pulse-molecule coupling is 2|C(N1,N,|)

explicitly time dependent since the field strengths are explic- FWHM= S N T— (11)

itly time dependenf25]. The sum in Eq(7) is over all ap- :

preciable N;,N,) combinations that satisfy the resonanceyhereN; is the frequency being changed.

condition Ez;=Njw; + Npw,. For long laser pulses, where  ajthough these analytic expression will be useful in help-
the frequency bandwidths of the lasers are narrow, the resGyg 1 interpret numerical calculations, including the origin
nance terms are readily identified, and one can use the RWfx the absolute carrier phase effect, RWAs are not reliable for
fpr quantitative predictions of the time-dependent pqpula-mtense and/or temporally shdftequency bandwidth broad
tions[25]. However, for short laser pulses, as are considereghqer fields. Therefore, exact numerical calculations must be

in this paper, where the frequency bandwidths of the Iaserﬁerformed to obtain the state amplitudes and corresponding
are large, single carrier frequencies may be insufficient tQ;ate populations.

describe the resonance terms and the RWA will no longer be
guantitatively reliable. However, the RWA will still prove
useful for the qualitative interpretation of the results.

In order to determine the origin of the absolute carrier The exact state amplitudes(t) are obtained by using the
phase effect, it will also prove useful to examine the interacCranck-Nicholson metho@30—-32 to solve Eq.(2). For a
tion of two cw laserg f;(t)=1] with the two-level system. small time stegt, over which the total electric field can be
The interaction of two cw lasers with a two-level dipolar considered constant, the state amplitudes can be determined
system has been discussed extensively elsewfage29.  from
The relevant RWA results are presented below and they are .
very similar to the analogous expressions for pulsed lasers. ) 1_'ﬂ(dt/2)

When only one K;,N,)-photon resonance term domi- a(t+dy=exd —iHdtja(t)~ 1+iH(dt2) a().
nates, i.e., its laser-molecule coupling is much greater than o = (12)
all other possible contributing couplings, the steady-state

(long-time averagedexcited state population is given by The state amplitudes for all times of interest can be obtained

B. Exact solutions

[26] by applying Eq.(12) repeatedly given the appropriate initial
conditions. Here the molecule is taken to be in the ground

PNz "m}JTPNl,NZ(t)dt state_initially, i.e.,a;(tg)=1 anda,(ty)=0. _Once the state
2 wTlo 2 amplitudes are known, the state populations can be deter-

mined viaP;(t)=|a;(t)|%. By using a time step of 0.001 fs,
|C(N;,Ny)|? state populations converged to three or four decimal places
= 5 5o+ (9 are obtained.
2[[C(N1,N2)[*+ (Ezr~ N1w1 = Npwp)“] In principle, the durations of the pulses arec<t<<,
N _ _ but for numerical purposes the effective time domain is taken
P, as a function ofw; and w,, is the NN1,N,)-photon  as —atgstsary, where 7y is the greater ofry,y,, and
absorption spectrum or resonance profile for the two-level,.ne. The constantr is chosen such thdt(t=*a7y) are
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[ X 10 # a.u. and two choices of pump field strengifa

0.5} epump=5X10 % a.u. and(b) epym=3.00<10" % a.u. The

8-@. conversion factor from field strength to intensity is 3.5095

oof X 10%? (in a.u) =1 (in W/cn?). As the pump laser fre-
o 0.1F guency is scanned with the probe laser frequency held fixed,
’g O the system passes through resonances, whEtg
g 0.5 = Npumg?pumpT Nprobe?probes  COIresponding to the absorp-
—0.4p tion of different numbers of pump and probe photons
-%8:2' (Npump:Nprod - In Fig. 2, the system passes through five
5 0.1k major resonance transitions corresponding to the (1,2)-,
§ Y (1,1)-, (1,0)-, (1-1)-, and (1;-2)-photon transitions as

D mp (B:U) ' ®pump IS scanned between 0.08 a.u. (17558 ¢jnand 0.12
a.u. (26337 cm'). For a nondipolar d=0) two-level sys-
FIG. 2. The simulated DR-RWA absorption profile®lid lineg tem, only transitions containing an odd total number of pho-
as a function of wyymp With wpepe=Ez/11 and epope=5  tons are allowed, i.e., the (1,1)- and €1,)-photon reso-
X10"* a.u. illustrating the adjacentNgump, Npropd-photon reso-  nance peaks corresponding to the absorption of even
nances. Superimposed are the frequency bandwidths of Gaussigiimbers of photons would be absent. The illustrated absorp-
pump pulses centered abpm;=Ez; (dashed ling and wpump  tion spectrum has been determined using the DR-RWA and
=0.0960 a.u.(dotted ling. (a) &pump=5x10* au. andrump - thus it consists of a series of “isolated” Lorentzian peaks,
=152 fs=100(27/ wpump  and (b) epum;=3.00<10""a.u. and o ° the laser-molecule coupling for a particular
Tpump— 15.2 15~ 10(27/ @ pumy) - (N1,N,)-photon resonance has been calculated using Eq.

) ~ (10 and its individual absorption profile has been deter-

a=4, although convergence has been checked on Sampmpump,Nprobe)'PhOton resonances are narrow and well sepa-

calculations by increasing. rated [see Fig. 2a)]. As the field strengths of the pump
and/or probe lasers are increased, the widths of the indi-
C. The model system vidual (Npump:Nprond absorption profiles generally increase

(see Ref|26] for a complete discussion of resonance width
s a function of field strengthin Fig. 2Ab), where the pump
field strength has been increased, this has resulted in regions
of frequency space where there is strong overlap between the
individual resonances. While the DR-RWA assumption of
isolated resonance is no longer valid, the picture will prove
useful in elucidating the probe laser absolute phase effect.

The two-level model used in the examples is represent
tive of a substituted aromatic molecUl&3]. The model has
been used previously for studying the role of permanent di
pole moments in two-color excitation processgz6-—
28,34,33 including investigations of the process illustrated
in Fig. 1. However, except for the recent preliminary publi-

cation of these resultf23], in these previous studies the These overlapping regions of frequency space may be

emphasis has been on studying and enhancing tra”SitiQarbmpled by tuning the frequency of the pump laser field

rates rather than on the roles played by relative or abs°|Ut§nd/or by using a short pump pulse with a correspondingly

laser carrier phases. For the system of interest, the energy, e frequency bandwidth. In Ei and Zb). the corre-
level separation i€,;=0.10 a.u. (21 947 cm'), the transi- g g Y : oSt ab),

R R \ sponding frequency spreads for Gaussian pulsed lasers with
tion dipole moment it p=pp=pn=3.02.u(7.62D,and 7 ~100(2m/wpymy) aNd Ty~ 10(27/ wpymy  With

the difference lzetvxieen Ehe permanent dipole moments qf,pump: E,; and wpym=0.0960 a.u. are illustrated. Clearly,
states 1 and 2 id= u,»,— u1;=6.5 a.u.(16.52 D. The tran-  in Fig. 2(a), the couplings are not strong enough and the
sition and permanent dipole moments are taken to be alignggump pulse used is not short enough to cause an interference
with each other and with the pump and probe fieldsbetween the adjacentN{ym=1,Npod-photon couplings,
(| d épmbe” épum;) and, therefore, only the magnitudes i-€., the diﬁerept paths from the injtial to the final state.
of the dipolesd and w are indicated subsequently. In order to However, in Fig. 2b), where the increased pump field
investigate the role of the permanent dipole moments, thétrength has overlapped adjacent resonances, the interfering

pseudomolecule witd=0 is also considered. regions can be sampled using a temporally skfoequency
broad laser pulse as illustrated, or, in fact, using a longer
Ill. ORIGIN OF THE ABSOLUTE PHASE EEFECT (frequency narrowlaser pulse whose frequency is tuned ap-
propriately.

In order to predict the origin of a probe laser absolute Hence, by applying lasers with appropriate field strengths
carrier-phase effect in the pump-probe pulsed excitation of and pulse durations, multiple optical paths from the initial
two-level system, the results from considering the interactiorstate to the desired final state can be simultaneously
of two cw [f;(t)=1] lasers can be utilized. In Fig. 2, the excited—a condition required in well-known control sce-
simulated DR-RWA absorption profiles, as a function of thenarios. For example, whed=6.5 and wpm=E;, the
frequency of the pump laser with the frequency of the probg1,1)-, (1,0)-, and (% 1)-photon resonances can readily be
laser set atwpope=Ezi/11, are shown forepq,e=5.0  overlapped for moderately intense fields and for pump pulse
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durations on the order of 10-50 fs. On the other hand, when V. RESULTS AND DISCUSSION: PULSED LASERS
d=0, the (1,1)- and (% 1)-photon resonances are absent.

Thus, significant interference will be much more difficult to absolute probe laser phase control that can be achieved is

achieve for nondipolard=0) molecules since the adjacent e
expected to be dependent on several laser parameters: field
resonances are further away from each other. Also, the laser;

molecule couplings for adjacent resonances will be differen?trengths’ pulse durations, and frequencies. While the effects
by orders of magnitude. For example, the (1,2)- and (1of these pulse parameters are strongly interconnected, the

—2)-photon resonances will be much weaker than(ih)- major effects of each can be partially delineated by varying

photon resonance, due to the need to absorb two photons 'ﬁl}gm individually. The field strengths of the two lasers deter-

probe frequency; within time-dependent perturbation theorymIne the strengths Of theNpym=1,Npropd -photon laser-

: olecule couplings that interfere. With the application of
the strength of the (1,0)-photon absorption scales s, : ; )
while those of the (1.2)- and (+2)-photon absorptions pulsed lasers, the pulse durations that determine the band

2 widths of the laser fields must also be considered when ex-
scale A% pumi probe-

, . , amining which resonances will be successfully overlapped.
When a single Npump, Npropd -photon transition contrib-  £oj16wing from Fig. 2, for a long pulse, the pump frequency

utes to the excitation process, the overall coupling and hence, st pe carefully chosen to be within the interfering region
the dynamics are phase independent. On the other hangs frequency space due to the narrow frequency bandwidth
when there are multiple Noump, Npropd -Photon transitions ¢ the |aser. On the other hand, for a short pump pulse with
contributing to' the e>_<C|tat|on process, the overall Iasgr—a correspondingly greater frequency bandwidth, the choice
molecule coupling, which determines the temporal evolution pump frequency may not be as critical. The choice of
of the molecular states and hence the final state populationﬁump pulse frequency determines the extent to which the
depends on the phases of the pump and probe lasers and &/nerlapping resonances are sampled. For example,jf,

the relative _numbers of pump and probe photons apsorbed in E,,, one samples at the center of the (1,0)-photpz)n preso-
the competing processes, see Ef. For example, in the 500 and in the wings of the (1,1)- and+1)-resonances.

commonly discussed one-phqton versus three-photon ProcesRwever, if the pump laser frequency is tuned away from the
[see, for example|,1,27]], the interference term depends on (1 ) nhoton resonance, the relative contributions of the

the relative phase difference between the two fields, :%1,0)_, (1,1)-, and (& 1)-photon transitions will be modi-

_3_53' How_ever, in our pum_p-p_robe scenario, all processegjg ” For example, if the pump laser frequency is set to
which contribute to the excitation process involve the ab-

. ¢ ‘ale bh £ th ¢ T wpump=0.096 a.u., one samples in the wings of both the
sorption of a single photon of the pump requency, I'e"(l,O)- and (1,1)-photon resonances, and in the far wing of
Npump= 1. Therefore, the overall laser-molecule coupling ca

Mthe (1;-1)-photon resonance. Thus, the interference can be
be reduced to controlled via the pump laser frequency. Fegy,m,= E»; and
opope<Ez1, as is considered here, the probe frequency dic-

_ . tates how close the adjacent {,,,= 1,N,.op9 -photon reso-
|£°(Bprovert)| = N%be CP(LNprove: t) eXHIN propedprobel | nances are spaced and thusrfucgntrolsp how these competing
P (13) resonances interfere.

In the following sections, the effects of the choices of
field strengths, frequencies, and corresponding pulse dura-
tions, on the expression of the probe laser absolute carrier-
phase dependence of the final excited state populations are
considered. In doing so, we confirm that the absolute carrier-
|£P( Sprobert)| =[|CP(1,01)|?+[CP(1,11)|*+|CP(1,~ 1,1)|? phase effect results from the interference of multiple optical

paths from the initial state to the desired final state.

+CP(1,00)CA(1,11)c0s Sprone In all calculations presented here, the pump laser’s abso-

From the discussion of the cw absorption profiles, the

or, expanding Eg.(13) for the (1,1)-, (1,0)-, and
1,—1)-photon transitions,

+CP(1,01)CP(1,— 1.t) oS Sprobe lute carrier phase has been fixed&tm,=0. For the pulse
5 parameters considered in Secs. IV A and IV B, the final ex-
+CP(1,11)CP(1,— 1t)cod 29009 ]~ cited state populations do not change as a function of pump

(14) laser absolute carrier phase as verified by comparison with
calculations withdp,me= /6, 7/3, m/2, and (not explic-

itly presentedl The fact that the results are independent of
the pump laser’s absolute carrier phase implies that they do

b‘? excited S|multane_ously, the_ overall Iaser-molecu_le COUn ot depend on the relative phase difference between the two
pling, and the dynamics that arise, depend on three 'nCOheféser fields

ent terms and three coherent, interference terms which de-
pend on the absolute phase of the probe laser and are
independent of the pump laser’s phase. As will be shown in
Sec. 1V, excitation of multiple (Npd-photon combina- As discussed in Sec. lll, the overlap of the adjacent reso-
tions can be achieved through the application of fields withhances depends strongly on the pump and probe field
short enough pulse durations and/or high enough fieldtrengthgsee Fig. 2 Initially, the final state populations are
strengthg(intensities. determined as a function of the pump field strength in order

Provided more than one (4,,,n9-photon combination can

A. Effects of field strength
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=E,;/11. The probe laser has a peak field strength of 5
X 10 * a.u. (8.7 10° W/cn?) while its duration is set to
Torobe= 290 fs~ 15(27/ w09 - The frequency bandwidth of
the probe laser Awprpe=3.21X10" % a.u=71cm?) is
much smaller than that of the pump laser, and, therefore, all
further discussion of the effects of laser bandwidth focuses
on the pump laser field. Since the pump laser is tuned to the
(1,0)-photon resonance, the interference will occur when the
pump field strength is sufficiently strong such that the (1,1)-
and (1;-1)-photon resonances can be sampled. Wten
=6.5 and the pump field strength exceeds>x10 ° a.u.,
the probe laser absolute carrier-phase dependence of the final
excited state population begins to manifest itéséfe Fig. 3.
For example, Where ymg= &prope= 5% 104 a.u., the final
excited state population of 0.5227 is independent of the
FIG. 3. The steady-state population of the excited stateProbe laser’s phase. However, when the pump laser’s field
P,(Sprope,t=22), as a function of the probe laser’s absolute carrierstrength is increased to, sayym,=3.9X 102 a.u., the final
phase and the pump laser’s field strength der6.5. The other excited state population varies from 0.0025 to 0.6664 to
pulse characteristics are pne=5.0<10"* a.u., m,m=15.2fs  0.0009 as the probe laser’s absolute carrier phase is changed
=102 @pump s Tprobe= 250 = 15(27/ wpropd s @pumg=E21, @and  from O to 7/2 to 7r. On the other hand, wheit=0, the final
Wprope™ E21/11. excited state populations are independent of the probe laser’s
absolute carrier phase for the same range of pump field

to determine the minimum pump field strength needed tctrengths (5.810* a.u<epm=1.0x10"2 a.u.) (see Fig.
express the probe laser absolute carrier-phase effect for 4. The lack of probe laser phase dependencedfel0 is
fixed probe field strength. These results are then utilized as @Pected from the interpretation based on the cw resonance
starting point for optimizing the probe field strength to pro- Profiles. Whend=0, the (1,1)- and (I 1)-photon absorp-
duce the greatest effect of absolute probe laser phase fort®ns are not allowed. Since it is the interference of these two
fixed pump field strength. pathways with each other and tli&,0)-photon absorption,
Figures 3 and 4 illustrate the final excited state populatiorfe€ Eq.(14), that is the source of the absolute probe laser
as a function of the probe laser’s absolute carrier phase arRhase effect fod=6.5, the variation of final excited state
the field strength of the pump laser for the pump-probe lasePopulation withdyqpe is absent ford=0. For all the results
interaction with dipolar §=6.5) and nondipolar d=0) discussed here and in subsequent sections, the absolute probe
two-level systems, respectively. The frequency of the pumpaser phase effect is negligible for all nondipolar systems,
laser is set to the energy level separation ;= E,p) and  1-€. t_he steady-state populations vary by less than 0.001 as a
its duration is 7,my=15.2 fs= 10(27/ wpumy - Hence, the function of_probe laser phase. Therefore, only th#0 re-
FWHM frequency bandwidth of the pump laser is very broadsults are discussed below. _ _
(A wpymy=0.0053 a.u=1163 cm’ 1), Following previous While the steady-state excited state populations for a fixed
calculations of the analogous two-color process involving cwabsolute probe phase changed markedly for large changes in

changes in the pump laser field strength. For example, for

. field strengths approximately 5% lowénighen than p;mp
=3.9x10 % au., ie., eym=3.7<10%au. and 4.1
X 10 % a.u., the steady-state populations vary as 0.0463
(0.0912 to 0.6591(0.7663 to 0.0549(0.0789 as the abso-
lute probe laser phase changes from Grf@ to .

The probe laser field strength can also be changed to
modify the overlap(interferencg between adjacent reso-
nances. In general, the probe laser’s field strength and dura-
tion should be chosen such that negligible population trans-
fer occurs between the ground and excited state without the
presence of the pump laser. For the probe frequency consid-
ered here, this is readily achieved as excitation from the
ground to excited state requires 11 probe frequency photons.

Figure 5 illustrates the final excited state population as a
function of the probe laser’s absolute carrier phase and the
field strength of the probe laser. The pulse durations and
laser frequencies are the same as those of Fig. 3. The pump
field strength is set at,m,=3.9X 103 a.u.; a field strength
FIG. 4. Same as Fig. 3 but witth=0. such that absolute carrier phase effects are strongly exhibited
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FIG. 5. The steady-state population of the excited state, FIG. 6. The steady-state population of the excited state,
P2(8probest=2), as a function of the probe laser’s absolute carrierP(Spopet =), as a function of the probe laser’s absolute carrier
phase and the probe laser’s field strength det6.5. The other phase and the pump laser’s frequency fer6ds. The other pulse
pulse characteristics are the same as those in Fig. 3 except with tldaracteristics are pope=5.0X 104 a.u,, € pump= 3.9X 103 a.u.,
pump field strength fixed atp,me= 3.9 102 a.u. Toumg=15.2 1S, 7Tp00= 250 fs=15(27/ wpropd, AN wprope

=E,/11.

for &pone=5.0X10"* a.u.. As the probe field strength is in-

creased, the magnitude of the absolute phase effect beginsff@quency. In order to assess the role frequency plays in the
increase until a 100% effect is exhibited, i.AP,=PJ® interfer_e_nce process, the pump and probe field strengths must
—PM™~1, and then decreases again. Whepgpe=8.5 be sufficiently strong so that the absolute phase effect occurs.

x10 % a.u., the steady-state population changes fron!sing Fig. 3 as a guide, the pump and probe field strengths

73 74 .
0.0000 to 0.9998 to 0.0031 as the probe laser’s absolute ca® Set at 3.810 * a.u. and 5.&10 " a.u., respectively.
rier phase changes from 0 /2 to . The final excited state population as a function of the probe

While a 100% effect is exhibited for these choices 0flaser's absolute carrier phase and the frequency of the pump

pump and probe laser parameters, it is not guaranteed 1§S€r is illustrated in  Fig. 6 for 7pym;=15.2 fs
occur when maximizing the absolute phase effect as a funcs 10(27/wpump —@nd in Fig. 7 for 7y;m;=152fs

tion of probe field strength with all other pump and probe~100(2m/ wpump. In both figures, the frequency of the
laser parameters held fixed. If the pulse durations and laséODe laser isvpope=E2)/11 and its pulse duration igyope
frequencies are the same as those of Fig. 5 but the pump fiefd 250 fs. _
strength is changed froma, ;= 3.9 X102 a.u., the abso- When Tpump= 15.2 fs, the probe laser absolute_ carrier-
lute phase effect can be optimized as a function of prob®hase effect is large over much of the range of illustrated
field strength relative to its value faf, gpe=5.0x 1074 a.u. frequgnmes. It is .|ntereslt|ng to _conS|der the thret_a extreme
but it may not reach 100%. For example, if the pump ﬁe|d(maX|mum_or minimum final excited state populations for
strength is set atepum=3.0<10"%a.u., the maximum Sprobe=0, 1.€., P2(prope= 0. =2) =0.8689, 0.0023, and
steady-state population difference as a function of probe la0-3125 forwpym=0.0960 a.u., 0.1000 a.u., and 0.1050 a.u.,
ser absolute phase iSPy(prone= 7/2) — P2(Sprone=0) respectively. FOrwp,my=E;=0.1000 a.u., the final excited
=0.7449-0.2140=0.5309 for a probe field strength of State population is(essentially symmetrical aboutdpone

& probe= 9-5X 1074 a.u. (not illustrated. The absolute phase = 7/2; With P5(dprope=0t=) changing from 0.0025 to
effect is much larger than that for the original probe field0-6664 to 0.0009 as the probe laser’s absolute carrier phase
strength of &,ope=5.0X10"* a.u. where Py(8yope= 7/2)

— P2(8prone=0)=0.9999-0.6989=0.3010, but it is not a 1
100% effect, i.,e.AP,#1. So it is clear that for each choice

of pulse durations and frequencies, the absolute phase effect 0.8
must be considered as a function of both pump and probe
field strengths in order to maximize its value and only for
specific choices will a 100% effect be achieved.

B. Effects of frequency 0.2

The absolute probe laser phase effect has only been con-
sidered for excitations where the pump pulse is tuned exactly 0.095
to the energy level separatiom {,n,=E1) and the probe
pulse has a frequency af, .= E21/11. As discussed in Sec.

I, the interference of adjacent resonances should be able to
be controlled via the tuning of either the pump or probe FIG. 7. Same as Fig. 6 but with, =152 fs.
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varies from 0 ton/2 to . On the other hand, the steady- jllustrated. When Toump=15.2 fs, the steady-state popula-
state excited state populations far,,,;~0.0960 a.u. and tions for the new probe laser field strength are globally very
0.1050 a.u. do not exhibit this symmetry abdiyt,,e= 7/2;  similar to those presented in Fig. 6, i.e., they exhibit the
rather they both exhibit symmetry abogf.pe= 7. When same &p0ne dependence as a function of frequency. When
wpump= 0.0960 a.u. the final excited state population changea,pumpz E,;, the steady-state population changes from
from 0.8689 to 0.6980 to 0.2886 alpe varies from 0 to  0.0013 to 0.9996 to 0.0078 a,qpe Varies from 0 tom/2 to
m/2 to mr; the corresponding results fes,,,;=0.1050 a.u. 7. On the other hand, when the pump frequency is tuned
are 0.3065, 0.6274, and 0.8034. away from the energy level separation to highesgm,

The behavior of the final excited state population as a=0.1045 a.u.) and lower afpm=0.0960 a.u.) frequency,
function of 5,4pe Can be rationalized using the RWA expres- the populations vary as 0.6452, 0.9320, 0.9834, and 0.9454,
sion for the overall laser-molecule couplifigee Eq.(14)].  0.9100, 0.5742, respectively, &speChanges from 0 ter/2
When w,umg~E»1, the interference is between ti&1,0),  to .
C(1,1), andC(1,—1) resonances and, thus, the three inter- Unlike for & probe= 5.0X 10 * a.u., when the pump pulse
ference terms will bec(1,0)C(1,1)cosprond: C(1.0)C(L,  duration is increased torpm=152 fs With &yope=8.5
—1)CcosE@prongd, and C(1,1)C(1,—1)cos(Byongd- Note that  x 1074 a.u., the final steady-state populations are indepen-
the explicit time dependence of the indiv_idual couplings,dem of the pump laser phase. Results as a function of pump
C(1Npump:1), has been dropped for convenience. An impor-pise duration(between 15.2 fs and 152)fshow that by
tant consideration is that th&(1,0)C(1,1)cosyrond and the  jncreasing the pulse length the spread of frequencies over
C(1,00C(1,—1)cos@ond interference terms contribute in \hich absolute probe phase effect occurs narrows. For
opposite senses S'nC@(l'NPfobe)“‘Jl(zpqu‘JNpmbe(ZPfon Toume= 50 s and  with &= 3.9X 10 % a.u. and E probe
and J_\(2)=(-1)"J\(2). Thus, when w,m=E»  =85x10"*a.u., the effects of probe laser phase are negli-
=0.1000 a.u. and, correspondinghC(1,1)~[C(1,~1)|,  gible. Clearly, one cannot achieve a significant absolute
these termgapproximately cancel leaving the€C(1,1)C(1,  phase effect that persists to “long” pulse durations simply by
—1)cos(Zpne term as the only interference term. The re- increasing the magnitudes of the applied fields. The source of
sulting steady-state excited state population is symmetrighis effect may lie in the two-color Bloch-Siegert shift6]
about dyope= /2 rather thandyone= . On the other hand, which is not accounted for in our interpretation based on
when wp,mpis tuned away from the energy level separation,RWA arguments, or in the “saturation” of the transition. As
one reduces the magnitude of either (O€l,1) or theC(1, the field strengths are increased, the positions of the
—1) laser-molecule coupling. Therefore, the only non-(Nm, Npobd-photon absorptions shift to highéor lowen
negligible interference term is eitherC(1,0)C(1,1) frequencies; see Ref.[26] for a discussion of
X €OS(Gprobd OF C(1,0)C(1,—1)cosEyone depending on if  (1,Np,mp-photon results. The shift in the resonance position
the probe frequency is tuned below ;= 0.0960 a.u.) or causes an additional modification of the interference. It could
above @p,my=0.1050 a.u.) the energy level separation. Thisbe the Bloch-Siegert shift in the resonance position, which
manifests itself in thes,.ne dependence of the steady-statewill change as the pulses interact with the system since the
population which is now symmetric abo@;ope= - field strengths are explicitly time dependent, that removes

When the duration of the pump laser is increased fronthe absolute phase effect whemym=152 fs for eyqpe
15.2 fs to 152 fs, the probe laser absolute carrier-phase effeet8.5x 10 a.u. relative to the analogous results BQ¥obe
persists, but the magnitude of the effect and the spread of5.0x 10" % a.u. However, there are no analytical expres-
pump frequencies over which it occurs are much reducedsions available for the two-color Bloch-Siegert shift compa-
compare Fig. 6 and Fig. 7. However, thg . dependence rable to those for the one-color Bloch-Siegert sf8i6—39;
of the final excited state population is very similar to thatthus, it is not possible to introduce empirically the effect of a
observed whenr,,~15.2 fs. For example, whew,,,, field-strength-dependent frequency shift into the RWA results
=E»;=0.1000 a.u., the final excited state populations varyused to interpret qualitatively the absolute phase effect. Al-
from 0.0017 to 0.3549 to 0.0013 as the probe laser’s phase ternatively, the absolute phase effect may disappear due to
changed from 0 tar/2 to =. If the pump frequency is tuned “saturation” of the transition(defined as follows The in-
away from the energy level separation, in this case tarease in the probe field strength causes a correspondingly
wpump=0.0993 a.u. and 0.1017 a.u. the steady-state exciteldrge increase in the magnitudes of tog€1,1) andC(1,
state population varies as 0.4141, 0.3492, and 0.2236 and1) couplings and a relatively small decrease in@{&,0)
0.2542, 0.3734, and 0.4561 &g, changes from O tar/2  coupling.  For &pgpe=8.5X 10 *au. and €pump= 3.9
to m, respectively. Although for all pump laser frequencies x 102 a.u., the couplings are 3.6970 3, 3.090<10 3,
the magnitude of the final state population variation is re-and 1.056 10 2 for C(1,1), C(1,— 1), andC(1,0), respec-
duced, it exhibits the samé,n. dependence as was seentively, as compared to 2.24210°3, 1.874x10 %, and
when 7pmp=15.2 fs. 1.124< 107 %, when &pope=5.0<10" 4 a.u. Note that since

It is interesting to consider the effects of changing pumpthe couplings are time dependent, we can only quote values
laser frequency for other field strength combinations. Wethat correspond to the peak values, i.et=a0. The increase
have calculated results analogous to those presented in Figa.the individual laser-molecule couplings causes an increase
6 and 7 for the optimized probe field strength,,c=8.5 in the overall couplingsee Eq(7)] and, thus, a decrease in
X 10 % a.u. with all other pulse parameters held fixgedt the period of the time-dependent oscillations of the state
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1r tive magnitudes of the pump and probe field strengths, e.g.,
R all examples considered in the paper iNVobifo,es & pump-

In the examples considered above, the interference depends
on the absolute phase of the probe laser since the interference
arises between pathways containing a common number of
pump photons, i.e., (1,1)-, (1,0)-, and {11)-photon tran-
sitions. The same dependence on absolute probe laser phase
would manifest itself in all situations where the number of
pump photons in the interfering processes is fixed. On the
other hand, the final state populations will depend on relative
phase, or, more precisely, on the absolute phases of the pump
and probe lasers, if two or more excitations containing dif-
ferent numbers of both pump and probe photons can inter-
FIG. 8. The steady-state population of the excited statefere. In general, the situation whetg,m—=E2; and opgpe

P2(Sprobe,t=0), as a function of the probe laser’s absolute carrier=g, /N'®%,__is of interest whereN's, _is the number of

) probe probe
phase and the probe laser’s fre‘l‘jencydefe-a The Othgr pulse  hrobe photons required to satisfy the resonance condition,
characteristics are pope=5.0<10"" a.u., £pym=3.9X10"" a.u,,

res
Toumg= 10(277/ @pymp) = 15.2 18, Tp0p= 250 fs, andwpyme=Ez1.

e.9.,Npope= 11 in most of the examples considered in this

paper. The largest couplings containing different numbers of
populationgsee Eq(5)]. Therefore, there is rapid oscillation both pump and probe photons &1,0) andC(O,N3,q-

of the populations caused by incoherent excitation, i.e., thés ;gbe is decreased, and the number of photons required
|C(1,0)|%, |C(1,1)|?, and|C(1,—1)|? terms of Eq(14), and  to satisfy the resonance condition decreases accordingly, the

a “long” pulse may not be able to sample the absolute phasemagnitude ofC(0.Nys,9 increases. If the pump and probe

dependent oscillations which Q(ise_du“e to the cc:herent eXCfield strengths are chosen such tHBEON'ES,) becomes
tation. In this sense, the transition is “saturated.

. ) . similar in magnitude taC(1,0) then the final state popula-
While the pump frequency can be used the modify which,: : ; ;
resonances, (3,1), (1,0), and/or (1,1), contribute to thehuons will depend on the relative phase differengg,mp

res H H i
excitation process, the probe frequency changes the fre- Nprobeprobe: WHICh is the common example of interference

quency separation between the adjacenfnvc’l_\/i_ng the fundamental frequency and a low-lying har-
(Npumpg= 1.Nprobd -Photon resonances. As with examining the monic; see, for examplél,Z?_,Za.
effects of the pump frequency, the pump and probe field All of the pulse_d calculations presented have been for a
strengths must be sufficiently strong so that the absolutBroP€ pulse duration of,ope=250 fs. We have seen that the
phase effect occurs. Using Fig. 3 as a guide, the pump anUmp pulse duration is critical in determining the probe la-
probe field strengths are set at 8.20 3 a.u. and 5.0 Ser's absolute carrier-phase effects, and, therefore, one may
%X 10™* a.u., respectively. The frequency of the pump laser igvonder if the probe pulse duration also plays an important
@pump= E21 and its pulse duration is,,m=15.2 fs. The du- role. Calculations have shown that for the field strengths and
ration of the probe laser is set to 250 fs. The final excitedrequencies considered above, the effects of changing the
state population as a function of the pump laser’s absolutprobe pulse duration are negligible providegl,ne> Tpump
carrier phase and the frequency of the probe laser is illusand thatP,(t) does not vary significantly from zero under
trated in Fig. 8. Unlike varying the pump laser frequency,the influence of the probe laser alone. For example, when
which changes théoe dependence of the final state popu- e,,p=3.9x107% a.u.,  epym=5.0<10" % au.,  Tprope
lations, changing the probe frequency simply modifies the=15.2 fs, andr,,,,=250 fs, the steady-state excited state
magnitude of the absolute phase effect. For example, fopopulation for the probe laser phase of2 is 0.6664(see
large probe frequencies, the phase effect is quite small otjg. 1), The final steady-state excited state population is
zero as the (1,1)-, (1,0)-, and 11)-photon resonances are jthin 1% of this value for probe pulse durations 65 fs
far apart relative to the bandwidth of the pump laser. As the< Torobe=250 fs and within 5% of this value for 30 fs
probe frequency is reduced, the absolute phase effect be Torope=65 TS (probe pulse durations longer than 250 fs
comes larger, i.e., as the resonance get closer together, jjfye not been considered
becomes easier to overlap them and thus generate interfer-
ence. However, when the probe frequency becomes too small
relative to the bandwidth of the pump laser field, the absolute
phase effect loses its simp#, . dependence and begins to  In this paper, a method for determining the absolute car-
diminish in magnitude as other additional resonances, e.grier phase of a multicycle pulsed laggrobe using a second
(1,2) and (1;-2), begin to contribute to the excitation pro- femtosecond lasefpump has been demonstrated using a
cess. two-level model. The absolute carrier phase of the probe
The arguments above for the effects of changing the problaser can then be utilized to control the final excited state
frequency hold for situations wher@,ym,=Ej; and wpqpe  POpUlation. In distinction to other two pulsvo-color laser
<wpump- The roles of absolute and relative laser phases capontrol methods, the final excited state populations do not
be changed if one modifies the probe frequency and the relalepend on the relative phase difference between the two

V. CONCLUSIONS
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fields since they are independent of the pump laser’s absolugdl paths contributing to the excitation process, i.e., (1,1)-,
carrier phase. (1,0)-, and (1;-1)-photon absorptions, involve the absorp-
Analytical rotating wave approximation expressions fortion of one photon of the pump frequencM,m=1), the
the overall laser-molecule couplings, which determine theoverall laser-molecule coupling, and corresponding state
time-dependent and steady-state populations, have been ugsshulations, do not depend on the phase of the pump laser
to qualitatively explain the dependence of the results on théut depend only on the absolute carrier phase of the probe
absolute laser carrier phase of the probe laser. It is showiaser.
that the absolute carrier phase control arises due to the si-
multaneous excitation of multiple optical paths from the ini-
tial to the final state. Multiple paths can be excited by apply-
ing pulses of appropriately high enough intensity, such that A.B. thanks the Natural Sciences and Engineering Re-
power broadening overlaps the adjacent resonances, and&garch Council of Canada and W. J. Meath for financial sup-
short enough pulse duration, such that the pump laser’s frgzort. The author also thanks W. J. Meath and A. E. Kondo for
quency bandwidth overlaps the adjacent resonances. Sinoseful discussions and comments.
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