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Carrier-envelope phase effects for a dipolar molecule interacting with two-color pump-probe
laser pulses
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The interaction of a two-level dipolar molecule with two laser pulses, where one laser’s frequency is tuned
to the energy level separatigpump laserwhile the second laser’s frequency is extremely srfatbbe lasey,
is investigated. A dipolar molecule is one with a nonzero difference between the permanent dipole moments of
the molecular states. As shown previouply Brown, Phys. Rev. A66, 053404(2002], the final population
transfer between the two levels exhibits a dependence on the carrier-envelope phase of the probe laser. Based
on the rotating-wave approximatiofRWA), an effective Hamiltonian is derived to account for the basic
characteristics of the carrier-envelope phase dependence effect. By analysis of the effective Hamiltonian,
scaling properties of the system are found with regard to field strengths, pulse durations, and frequencies.
According to these scaling properties, the final-state population transfer can be controlled by varying the
carrier-envelope phase of the probe laser field using lasers with weak field strélogthisitensities and
relatively long pulse durations. In order to examine the possible roles of background states, the investigation is
extended to a three-level model. It is demonstrated that the carrier-envelope phase effect still persists in a
well-defined manner even when neighboring energy levels are present. These results illustrate the potential of
utilizing excitation in dipolar molecules as a means of measuring the carrier-envelope phase of a laser pulse or
if one can manipulate the carrier envelope phase, as a method of controlling population transfer in dipolar
molecules. The results also suggest that the carrier-envelope phases must be taken into account properly when
performing calculations involving pump-probe excitation schemes with laser frequencies which differ widely

in magnitude.
DOI: 10.1103/PhysRevA.70.063411 PACS nuniber32.80.Qk, 33.80.Wz
I. INTRODUCTION ization [26], in the vibrational trapping of HD and HCf

: lecular iong[27], in the modification of the dissociation
In recent years, due to advances in laser technology, fewyiolecuiar ' .

cycle (optical) laser pulse$l] have been widely used either Frgonbs?t?glr?%srofg;glict)igsigd d?p%lger]rhglr;%dInq;%(]a ?:tirﬂu?f
e otne, o el preiced. most of the investgtons uhere ceper:
P 9 X ence of observables on the CEP is exhibited have the re-

short pulses, the timing of the field oscillation cycles within _ . .
a Iasel? oulse will play gn important role. For exémple for aquwement of ultrashort pulse duration such that only a few

few-cycle laser pulse, the time-dependent electric fisd optical cycles are contained within the pulse envelope—e.g.,

—f(t t+5 will ch anificantly i th . =5 fs for A=800 nm. However, Sansoret al. [15] have
=f(tjcowt+d) will change signi icantly | € carrier recently demonstrated the CEP dependence of high-harmonic
envelope phaseCEP) 6 of the pulse—i.e., the relative phase

. . eneration in Ar using 20-fs pulses with a wavelength of
of the carrier frequency with respect to the pulse envelop 00 nm. Additionally, in order for the CEP effects to mani-

f(t)—is changed. Note that the CEP is sometimes also reggt themselves, many of the proposed schemes, especially

ferred to as the "absolute” phase. those involving atomic targets, require lasers of high inten-

The dependence of physical observables on the CEP Sity (>10W/cm?). In general, the CEP dependence of
quite general for laser pulses of a few optical cycles interacty ) 1oomission from metals involves lasers of lower

ing with matter. Both experimental and theoretical studie ntensity—i.e., | ~ 102 W/cm?. While these requirements

have revealed a variety of Ia_ser-induc_ed processes that dgge e of most mechanisms involving a single pulsed laser,
pend on the CEP of the laser field causing the excitation. Th%rown and Meath have discussg2d] frequency and inten-
majority of these studies fall into three categories: angulagity scaling as it pertains to CEP effects. These scaling prop-
distributions of photoelectrons emitted from atomic targets,ries are apparent in experimental measurements of CEP
[2-14), high-harmonic generatiofil5-22, and photoemis-  gects involving excitation of atomic Rydberg states using
sion yields from metal surface23-29. There have been \,ch \eaker radio-frequency fielf 30). Also, it should be

fewer investigations of the use of few-cycle laser pulses withy ) agizeq that the importance of the CEP does not simply
a well-defined CEP for inducing and controlling dynamics '”depend on how many laser cycles are contained within the

molecular system{sZQ—zq. These studies have in_vestigated pulse but rather depends on the rise and fall times of the
the role of the CEP in the control of HCNHNC isomer- pulse[27,29,30.

Recently, one of the authot#.B.) and co-workers have
proposed a two-laser pump-probe scenario that can be used
*Electronic address: alex.brown@ualberta.ca to access the CEP of the probe la$84,32. Two other
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i While two-level models are extremely useful, the role of
O — Opobe B2 background states is investigated in Sec. Ill B by considering
several three-level systems. The effect of the third level on
the CEP dependence of the final excited-state populations is
1 examined via exact calculations. Finally, in Sec. IV, we draw
some brief conclusions regarding the utility of these results.

FIG. 1. Schematic of the two-level system interacting with ;. i0qq stated otherwise, atomic units are used throughout
pump (wpump=E>1) and probe laser$wyope<Ez1). The spectral this paper

bandwidth spanned by the temporally short pump pulses is indi-
cated byAw,ymp

E

_ o Il. THEORY
multiple-pulse excitation schemes have also been proposed

where a physical observable depends on the CEP of one of Within the semiclassical dipole approximation, the time-
the laser fieldg33,34. These are distinct from the usual dependent wave function for [d-level molecule interacting
multipulse excitations which depend on the relative phasevith an electric fieldlaser or lasepsis given in matrix form
difference between the puls¢85,3G. Brumer, Frishman, by

and Shapiro[33] have predicted chiral selection, within a sa(t)

minimal four-level model ofL andD enantiomers, that de- Lo\t _ —E_ 7.2

pends on the CEP of one laser in a three-laser excitation ! at =HOav =(E L s(]a®. @

scheme. In a recent papg34], which is similar in spirit to . ) _
our pump-probe work in dipolar moleculd81,32, Ban- Herea(t) is the column vector defined Bw(t)];=a;(t), and

drauk et al. have proposed a technique for measuring thé"€ energy and_ di;iole moment matrices are defined by
CEP of a femtosecond infaratR) laser pulse with the help (E)ik=E;di and(ﬁ)ik‘<¢j|lf|¢k>, where is the dipole mo-
of an attosecond ultraviolet laser pulse. They demonstrategl€nt operator and¢; is the orthonormalized time-
that the asymmetry in photoelectron signals from hydrogedndependent wave function for stationary stateaving en-
atom excitation reproduced the electric field of the IR pulse€dY E;. For a two-level model, as considered in Sec. llljA,
Thus, the ionization asymmetry could be used to measur@Ndk run over the indices 1 and 2 while for the three-level
directly the carrier-envelope phase of the femtosecond IRnodel considered in Sec. Il B, the indices run from 1 to 3.
pulse. In Eqg. (1), (t) represents the total time-dependent electric
In this paper, we primarily consider the interaction of afield. For the pump-probe pulsed laser excitation process

two-level dipolar (d+0) molecule with two-color pump- considered here, the electric field can be written as
probe laser pulses. The pump laser frequency is tuned close 2

to the energy level separation of the stationary states 8(t) = ), &eifi(codwt + &), (2
(0pump=~ E21=E,~E;), and the probe laser frequency is much i=1

smaller compared to the energy level separatieone \yhered, ¢, o, &, andf(t) are the polarization vector, am-
<E,;). The pulse duration of the pump pulse is chosen Suc'blitude, frequency, CEP, and pulse envelope of fielde-

that its spectral bandwidth is significant relative to the pmbespectively. The subscript 1 refers to the pump laser while 2
frequency. The terms “pump” and “probe” refer to the rela- refers to the probe laser. The pulse envelopes considered are
tive magnitude of the carrier frequencies of the pulses ratheéaussianfi(t):ex;{—(t/ri)z], wherer is the pulse length for
than to their time order. Figure 1 presents a schematic for theq|4i The time delay between the two laser pulses is set to

model system. For this system, obvious dependence of the o for simplicity; the effect of time delay is considered

final molecular state populations on the probe laser CEP haésewhere[37]. Therefore, the terms “pump” and “probe” do
been determinefB1,33, even for situations when the pUmMp ot refer to the relative time order of the pulses but to the

and probe laser pulses are several tens of optical per_io lative magnitudes of their carrier frequencies.
long. It was showrj31,32 that the probe laser CEP effectis ~ zq ig well known, generally, closed-form expressions are

negligible for nondipolar(d=0) molecules. In Sec. Il, we 4 available for the time-dependent state amplitugés in
develop analytic expressions based on the rotating-wave a%q_ (1). Before we proceed further theoretically, we note

proxi_matior_1 {RWA) that allow the determingtion of the that, numerically, the exact time-dependent amplitualés
physical origin of the CEP effect. The expressions develope an be obtained by using the Cranck-Nicholson me{/aa

provide an interpretation of the strong CEP dependence b solve Eq(1). For a small time stet, over which the total

the_ excitation process a_s_qlue to the |_nterference of mUItIpl%Iectric field can be considered constant, the state amplitudes
optical paths from the initial to the final state or, alterna-

. . . can be determined from
tively, as due to the probe laser becoming an effective ul-

trashort pulse modulated by the pump pulse envelope. From ) 1-iHdt2

the RWA Hamiltonian derived, scaling properties for the sys- a(t+dt) = exd-iHdtja(t) ~ {m}@(t)- )

tem are determined and show that a large CEP dependence B

can also be observed for long laser pulses with relativelyRepeatedly applying the above equation will generate the
weak field strengths. In Sec. Ill A, we demonstrate the applitime evolution of the system, and the state populations can
cability of the RWA expressions by comparing final excited-be determined vid;(t)=|a;(t)|? using the appropriate initial
state populations calculated using the RWA to exact resultszonditions. Here the molecule is taken to be in the ground
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state initially—i.e.,a;(t) =1 anda,(t;)=0 (n=2) wheret; is exdix sin(6)]= > J,(x)expin6) (8)
the time that the laser-molecule interaction begins. The final- n
state populations will b&;(t;), wheret; is the time that the

laser-molecule interaction ends. While in gendgalke (t;=  and the recursion relation

—o) for Gaussian pulses, numerically we choose a final time

ti= a7 (an initial timet;=—a7) such that the perturbation of 3.(x) = X I 00 + T (X 9
the molecule by the field fott|> a7 is negligible. Since X) = 53109 + I (0], ©

Torobe™ Tpump fOT the situations considered in this papeiis .

the probe pulse duration. The numerical parameted for ~ the off-diagonal matrix elementd,,=H,,) can be written

the Gaussian pulses considered in this paper. as
We now proceed with an analytic derivation for the two-

level model, which has been studied previougdi,32 for

the excitation scheme given in Fig. 1. The approximate lez‘%lz > 2 In@fit)Izf (1) Moy +Nw,)

model developed below for two levels provides further in- e e

sight into the physical processes leading to the probe laser X exd - i1(Ey; — Mo, — nwy)tlexdi(mé; + néy)].

carrier envelope phase effect and allows optimum conditions (10)

for exhibiting the effect to be determined. All results pre-

sented for the three-level model are determined exactly using, Eqgs.(8)<(10), J,(x) is a Bessel function of integer order

Ea. (3. . L and argumentx. The unimportant overall phase factor
For later theoretical simplicity, we transform from thé) expliE,t) has been omitted from EgLO) for clarity.

representation into an interaction representation defined by £ "ihe frequencies we are considering~E,; and w,

¢ <E,;, the dominant interactions will involve the absorption
ay(t) = bj(t)ex _{Ej(t_ti) - i f E(t’)dt’] . (4)  of asingle photon of frequency,. Thus, we can sah=1.

i As long as the field strength of the pump laser is such that
m10e1/ Eo1<<1, the use of this RWA is justified; the RWA is

o [’

The coefficientdy;(t) then satisfy not invoked for the probe laser field. The Hamiltonian matrix
elementsHy,=H,, can then be written as
d (bla)) _ ( 0 H12)<b1(t>) ©
dt\by(t Ha 0 /\by(t)/’
A0S e AV Hya= - 2% gl A0,y fy(0)exei3)
with the diagonal matrix elements of the Hamiltonian equal
to zero and the off-diagonal matrix elements given by * _
t x| 2 Inzfat)exdin(wt + 5)]
- n=-o
H12= H;j_: - ,(112 . E(t)exp[— |E21(t - tl) +id - f g(t,)dt,:| . -
t Nw .
+ 2 <—2>Jn(22fz(t))exr[m(wzt+ )| (11
(6) n=— \ @1

Here we have introduced two important_ parameters to CharHereA:E21— w, is the detuning from the one-photon reso-

acterize the system: the energy separatl_on of the excited anhnce. The overall phase factor éd) could be omitted

ground stateskz,=E,~E,>0, and the difference between fom Eq. (11). Therefore, it is clear from Eqll) that the

the permanent dipole moments of the excited and grounglya| population transfer is independent of the pump laser’s

statesd= iy flq1- CEP 6;. Of course, this also implies that the final population
Up until this point, everything is general and exact for thetransfer does not depend on the relative phase difference be-

two-level system. To simplify the problem, we assume thatween the fields. Since the analytic expression indicates that

the lasers are linearly polarized amb[j|(§||§(t). Therefore, the final results are independent of the pump laser’'s CEP, alll

only the magnitudes of the dipole moments and laser field§xact calculations are carried out fér=0; previous exact

will be indicated subsequently; the effect of orientational av-calculations[31] have verified thes, independence of the

eraging is the subject of another pajpar). final excited-state populations for the laser parameters con-
Following Ref.[39], if the durations of the pulses; and ~ Sidered in this paper. _
75, are long enough—i.e(w, 1) 1< 1 and(w,7,) "t < 1—we Whenn is small,nw,/ w; <1 sincew, <Ez;= w;. There-
can approximatéi,, in Eq. (6) as fore, for smalin, the first term in the brackets of E.1) will
dominate the second term. On the other hand, whédre-
Hio=Hy = — wydeqfr(t)cod ot + 8;) + e,f (1) cog st comes large, such thaiw,/ w; is greater than or equal to 1,

J.(z,f,(1)) becomes exponentially small, at least for the pa-

+ 8p)] X ex ~iE(t - t) Jexp{i[z f1 ()sin(wyt + 6,) rameters considered in this paper whese<1 [40]. Thus,

+ 2, (t)sin(wst + 8,) T}, (7) the second term can be omitted again. So only the first term
in the brackets of Eq11) is retained. Under this assumption,
wherez; =¢,d/ w; andz,=¢,d/ w,. Using the identity the Hamiltonian matrix elements are
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. M0
Hiz=Hp =~ %Jl(zlfl(t))

©

xexp(—iAt) X, In(zf(t)exdin(w,t + 8,)].

(12

By using Eq.(8), we can recontract the summation to obtain

Mi2001

le == Jl(Zlfl(t))eX[X— |At)exd|22f2(t)s|n(w2t

+8)]. (13

From a practical viewpoint, usually a short pump pulse is

interrogating the CEP of a longer probe pulse—ig<t .
Thus in the regime where;f,(t) is significant—i.e., [t|
<4m,—f,(t)=1 (see the discussion below for a quantitative

examplg. Under these conditions, we reach an effective

Hamiltonian to approximate the exact Hamiltonian of E).
as

M12001

Hip= -
12 d

Ji(zif1 (1)) exp(—iAt)exdiz, sin(w,t + &)].

(14)
Furthermore, ifz;=de;/ w4 in Eq. (14) is small(note that for
all the calculations in this paper, < 0.7), then the expansion
for the Bessel function,

2 /2n
2@, s

- —f
JzfR) =X {Z[ln—

n=0

can be used and only the first term in the infinite summatio
can be retained. Thus$i;, in Eqg. (14) can be approximated
as

Hyo= — 3 ug08:f1(Dexp(- iAYexdiz, sin(wst + 8,)].
(16)
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FIG. 2. The final population of the excited std&g5,,%) versus
probe laser CER, for parameters described in text. The solid line
is the exact result and the dashed line is the approximate result.

laser CEP effect. The two-level model is representative of a
substituted aromatic moleculptl]. The relevant system
properties areE,;=0.1 a.u. (21947 cm?), u,,=3.0 a.u.
(7.62 D), andd=6.5 a.u.(16.52 D. The pump(i=1) and
probe (i=2) laser parameters are,=E,;=0.1a.u., o,
=wy/11, £,=3.9x 103 a.u. (1=5.3x 10 W/cn?), £,=8.5

X 10 a.u. (1=2.5x101°W/cn?), m,=15.2 fs (10 optical
cycles, and =250 fs(15 optical cycles Using these pa-
rameters, all approximation made in reaching Etp) are
reasonable—i.e.,(w,7) 1=0.016<1, (w,7,)1=0.011<1,
/.L1281/E21:0.117< 1, Z]_:d81/ w1:0.25, 22:d82/w2:0.61
<w,/w,=11, and aflt|=4r,, f5(t)=0.94=1. It is shown in
[31] that for these parameters, complete control can be
achieved by varying the probe laser carrier phasé&om 0

Qo w/2; ie., the final excited-state populatioPy(s,,)

=|ay(8,,%)[> changes from 0 to 1 over this CEP range. In
Fig. 2, we compare the final excited-state population
P,(5,,2) versus the CEP of the probe laser as determined
from the exact Hamiltonian, Eq6), and from the approxi-
mate Hamiltonian, Eq(16). For these choices of laser pa-

In obtaining Eq(16), we have also made use of the fact thatrameters, the approximate results are in good quantitative

for ;< 0.7, J;(z;) can be well approximated ag/2 (note
z,=¢,d/ w;). Equation(16) is the basic result of this paper.

agreement with the exact ones. Two symmetries can be iden-
tified in Fig. 2—i.e., Py(&,%2)=Py(27-6,,0) and

When the pump pulse is tuned exactly to the one-photofPz(8,,%)=P,(7—48,,%). These can be readily explained us-

resonancel =0, scaling properties can be readily identified
from Eq.(16). For a given set of molecular parametégs,,

ing the approximate Hamiltonian, E¢L6). From Eq.(16),

we haveH (-t 8,) =Hy,(t, 27— 8,). If we defineU(t;,t;, 5,)

M1, andd), if the field parameters are scaled by a parameteas the evolution operator fronto t; with CEP &,, we have

v such thatw,— wy/ 7y, ex— &5l 7y, e1— &1/ y, and 7y — vy,
then Eq.(5) would be invariant under the Hamiltonian, Eq.
(16). Because the validity of Eq(16) depends onz

U(-%,%,8,)=U* (—%,%,27-5,) and thus P,(27-35,)
=P,(6,). For the special case where the pump laser is tuned
exactly to the one-photon resonan@e=E,;—w,=0), as in

=de;/ wy being small, the rescaling parameter should be config. 2, we haveH,(-t, 8)=H(t, 7= &,). In this caseU

sidered to be greater than 4> 1.

A. Two-level model

First, we need to show that the effective Hamiltonian, Eq.

X (_OO , 0, (52) = U(_OO , 0, T 52) and P2(7T_ 52) = P2(52) Due
to these symmetries, we only consider the parameter regime
of 8,e[0,s] for the following examples utilizing the two-
level model.

We now consider a wider parameter space to further test

(16), provides good agreement with the exact results in pathe validity of Eq.(16). The parameter regime presented in
rameter regimes where all the approximations used in derivFig. 3 of Ref.[31], wheree; € [0.002:0.0], 8, <[0,#], and
ing it are justified. The model system and laser parameterthe other parameters are the same as for Fig. 2, is considered.

we utilize come from recent studig81,37 of the probe

Figure 3a) illustrates the final excited-state population as
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\\\\ \\\\ \\\\\\\\\. From Eq.(12), we can readily identify the origin of the

volve the same number of pump laser phot@mere just one
photon but different numbers of probe photons. For ex-
ample, we can include three possible optical pathways in Eq.
(12) as has be done empirically in Ref81,32; i.e., the
number of pump and probe photofs, mp, Nyrone involved

is (1,0, (1,1), and (1,-1). Including only these pathways
and solving for the final-state population as a function of
probe laser CEP phase, we obtain excellent quantitative
agreement between these results and the exact results for the
molecule and field parameters of Fig. 2.

By examining Eq(16), we find a complementary physical
picture for the CEP dependence in the time domain. In Eq.
(16), the Hamiltonian takes the form of an “electric field”
exfiz, sin(w,t+ 8,)] modulated by a “pulse envelopé;(t).

In order to have significant CEP dependence from this effec-
tive “laser pulse,” firstz,=de,/ w, must not be too small,
since forz,<1, exgiz, sin(w,t+35,)]=1 regardless of the
value of ,; note that in the calculations presented heye

~ 1. Second, if the optical period of the probe field is much
greater than the pump pulse duration—i.e.,
\\\\\ 27/ w,> T—thenz, sin(w,t+ 5,) will change little in the re-

\\\ TR gime wheref,(t) is significant. Thus, there would be no
\ \\ 4 phase dependence, assin(w,t+ &§,) would become an over-

all phase factor that has no effect on the final-state popula-
tions. On the other hand, if the optical period of the probe
laser is much smaller than pump pulse duration—i.e.,

FIG. 3. The final population of the excited st&g(s,,%) versus 277/“’2”<<_ Tl_th“en the”re \_Ni" ) be _many _eﬁective “optical
probe laser CER, and the pump laser field strength fam the ~ cycles” in the “pulse.” This situation is similar to that for a
exact results angb) the approximate results. Pan@) plots the ~ 10Ng pulse duration, where the CEP is not important. Clearly,

difference between the exact and approximate results. See text f§r the pump-probe excitation scheme introduced in Refs.
details. [31,32, it is not how many optical cycles are in the pump or

probe laser pulses that is of critical importance. Rather, it is

determined from the exact Hamiltonian, H), while Fig.  the number of probe optical cycles within the pump pulse
3(b) shows the results calculated using the approximatéhat determines whether there is an effect of the CEP of the
Hamiltonian, Eq.(16). The absolute difference between probe laser. This also explains why the probe pulse length
P,(8,,0) as determined from the exact and approximatedoes not affect the final phase dependence significantly as
Hamiltonians is plotted in Fig.(8). Comparing Figs. @)  long as it contains several optical cycles. In fact, as is shown
and 3b), the results are in excellent qualitative agreementfrom Egs. (13) and (14), a plane wave could be used to
However, Fig. &) reveals that there are significant quanti- approximate the probe laser.
tative discrepancies fot;>0.005 a.u. due to a systematic ~ The above criteria suggest that the CEP dependence effect
shift in the positions of maxima and minima; compare Figs.can be optimizedmaximized by choosing the pulse length
3(a) and 3b). For &, <0.005, the results from E@16) pro-  of the pump laset; and the probe laser frequenay such
vide excellent quantitative agreement with the exact resultshat w,~ 27/ ;. Figure 4 illustrates the final excited-state
the absolute discrepancy of the final-state populations is leggpulationP,(J,,%) as a function of the probe laser’s CEP
than 0.06. and the pump laser’s pulse lengtlihich is given in units of

We have also tested E@16) for pump frequencies de- optical period of pump lasen,=7/[27/w.]). Except for
tuned from the one-photon resonance—i@,;—w;)=A  the change in the pulse length of the pump laser, all other
# 0. For these cases, the approximation also provides goauiolecular and laser parameters are the same as in Fig. 2.
agreement with the exact resu{teot shown herg Since the  From Fig. 4, it is clear that the phase dependence is most
dependence of the final-state populations on the probe laserssgnificant for the pulse lengths whewe ~ 27/ m—i.e., n;
CEP is strongest for the pump laser tuned exactly to the- wq/w,=11.
one-photon resonang8l], we concentrate on th&=0 case In Fig. 5, the dependence of final population of the ex-
in the following. cited state versus the probe laser CEP is presented for a

\\ .* SN CEP dependence effect since it provides a clear physical pic-

o; \\ \\\\\\\\\\\\\\\ N \\k\\\\m\\\ ture in the energy domain. As discussed in the original pa-

-~ \ O \\\ \\ \ \\\ \\\\\ \\\ \\\\\\\\\\ pers in[31,32 using an empirical model, the dependence of

T os \ é\\\ \\\\\\\\ \\\ \\\\ \\\\ \\\\\\\\\\\\\\\}\\“ the final molecular-state population on the probe laser's CEP

€ os \\\ \\s\\ \\\\“‘ arises from the interference between different optical path-

02 \ W \ ways from the initial to the final state. These pathways in-
\\\\ﬁ

\\\\\ v \W’ \\ W
\\ \\g \\\ \o‘t

\\\\\\\'

\\\\\ W
\\\\‘\\\\\\ o
l\‘ L

i
.

Py(8,t=)

\\\‘\\\
\\\\\\ \\\\“
\\\\\“Q\%m\\\‘\ \\‘

‘%\\\\\\\\\\\\\\\\\ |

AP (By,t=ec)
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tion and dynamic Stark energy level shifts. The two-level
model is much more appropriate for weak fields and longer
pulses[42] since the effects of background states are mini-
mized. In addition, the use of a low-frequency laser makes it
easier to stabilize and manipulate the probe laser pi&the
Thus, experimental observation of the carrier-envelope phase
dependence effect described here should be feasible.

P(8p,t=c)

B. Three-level model

The two-level model clearly demonstrates the CEP depen-
FIG. 4. The final population of the excited St&Rg(s,,) versus dence of the final-state populations for the excitation of di-
probe laser CER, and the duration of the pump lasén units of polar molecules with the pump-probe scenario illustrated in

optical period of pump laser: see text for detpildere we only ~ Fig- 1. However, for molecular systems, the energy levels
show the exact numerical results. may be congested, and for a complex molecular system such

as the one our two-level model is based upon, each of the
rescaling ofy=10; see the discussion in Sec. Il. The lasertwo levels could be within a manifold of closely spaced en-
parameters before rescaling are those of Fig. 2. With thirgy levels. Between and within each manifold, the levels
scaling, the probe laser frequency is now 110 times smallemight be coupled by the probe laser frequeagyand/or by
than the pump laser frequenay,=E,;/110(200 cmY). The  the bandwidth of pump lasérw; ~ 27/ 7. In order to exam-
field strength for the pump laser is %30 a.u. (I=5.3 ine the role that background states may play in the expres-
X 109 W/CTTTZ) and that for the probe laser is 8.5 sion of the CEP effect, we consider a three-level model. The
X 1075 a.u. (1=2.5x 10° W/cm?). The pump pulse duration 9eneral effects of background states can be extracted from
is 152 fs(100 optical cycles The results presented in Fig. 5 thr_s.mlnlmal model. It is again worth _emplhasmng the scal-
have been determined by integrating Ed) exactly. The gb|l|ty qf the CEP effept since redu_cmg field strengths and
complete phase control demonstrated in Fig. 2 is reproduceficréasing pulse durations will minimize the role of back-
with the rescaled parameters. Therefore, complete phase cofound states; i.e., the two-level model discussed in Sec.
trol can be achieved for much weaker fields and longer pulsé! A Wil be applicable. o
durations by using a low-frequency probe laser. Or thinking Ve consider the effect of nearby levels by examining the
about the consequences in an alternative fashion, the depet@Me PUmMp-probe excitation scheme given in Fig. 1 but for a
dence of the excited-state populations on CEP is manifestdfirée-level model, which is based on the previous two-level
for weaker fields and longer pulse durations if the pump andn®del. The pumpi=1) and probe(i=2) laser parameters
probe frequencies differ greatly in magnitude—i.e,/w, are the same as those considered initially in Sec. Ill A—i.e.,
>1. 01=E;=0.1 a.u., wy=w;/11, £=3.9x10%a.u. (1=5.3
The significance of identifying scaling properties is that X 10™ W/cn), £;=8.5x10"*a.u. (1=2.5x 10" W/cn),
by using low-frequency pulses, much weaker fields may be1=15.2 fs (10 optical cycley and 7,=250 fs (15 optical
used to detect the CEP dependence effect described Rycles. The relevant system properties for levels 1 and 2 are
[31,37. By utilizing weaker fields, alteration of the molecu- E»1=0.1 a.u. (21947 cm?), u;,=3 a.u.(7.62 D), and dy;
lar system is minimized by excluding effects such as ioniza= uz2—U1;=6.5 a.u.(16.52 D. A third energy level is intro-
duced above the excited state. The important properties that
define the third state are its energy spacing from the second
state, the transition dipole connecting it to the ground state 1,
o0 | | the transition dipole connecting it to state 2, and its perma-
nent dipole moment. The energy of the third state is chosen
to be E31: 1%21/11:E21+ o, E31: E21+ w2/2, or E31: E21
06 . +2w,. In the first case, levels 2 and 3 are exactly in reso-
nance with the probe laser frequeney, and thus the se-
quential 1—2— 3 excitation is feasible. In the second and
third cases, levels 2 and 3 are off resonance and the third
state may only be populated due to processes related to the
02} . bandwidth of the pump laser. Two possible situations are
considered for the the transition dipole moment connecting
levels 1 and 3: one is for strongly coupled states—ij.gs,
o ” 2 o o =1—and the other for uncoupled states—i.g;3=0. For
8, (rad) each of these 4+ 3 transition dipole moments, three different
transition dipole moments connecting states 2 and 3 have
FIG. 5. The final population of the excited state versus probedeen consideregi,3=0.0 a.u., 0.1 a.u., and 1.0 a.u. In order
laser CEP for the parameters in Fig. 2 rescaledybylO (see text t0 ease interpretation, we consider the third level to have a
for detaily. permanent dipole moment such th = us3— ©11=6.5 a.u.

1

P(85,t=e2)

04 E
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P,(8,,%) # Py(27— §,,0)—for the strongly coupled case
whereu,3=1. The effect of the third level can be understood
by considering the Rabi frequency of the population transfer
from state 2 to state 3. Due to the sequentially coupled nature
for this case, population in state 3 only arises via state 2. The
Rabi period of the 2-3 transitioll,~ 27/ (uy3¢5), is 1800 fs
or 180 fs foru,3=0.1 or 1.0, respectiveljnote thatf,(t) is
approximately constant during the pump pils8ince this
Rabi period is much larger than the pump pulse length, the
evolution of the system can be divided into two stages. In the
first stage, the two-level system comprised of states 1 and 2
interacts with the pump and probe laser fields, and this re-
sults in the population of state 2 over a time scale dictated by
the duration of the pump laséwhich is much shorter than
the Rabi period governing evolution into state B the sec-
ond stage, the two-level system comprised of states 2 and 3
interacts with only the probe laser as the pump laser has
finished. As discussed in Sec. Il, the first process depends on
the CEPS,. The second process which involves a weak laser
field of long pulse duration is independent & Therefore,
the behavior of this sequential coupled three-level system
retains the general CEP dependence exhibited in the original
two-level system. Note that as the Rabi period for the 2
— 3 transition becomes shorter—i.eu,; increases for a
fixed probe field strength—the excitation cannot be separated
into these two sequential processes and the symmetry seen in
the two-level system is broken.
We now consider the situation where state 3 is coupled
. directly to state 1 and, possibly, also to state 2. Again, the
0 w2 x 2372 on energy of the third state is chosen to Bg;=12E,,/11
8 (rad) =E,;+w,. Therefore, population in state 3 can arise both by
direct excitation from state 1 and by sequential excitations
FIG. 6. The final population of the excited states versus probevia state 2. Figure 7 illustrates the final excited-state popula-
laser CEP for the laser parameters of Fig@:state 2 andb) state  tions P,(8,,%0) and P5(8,,) as a function of the probe la-
3. The transition dipole moment connecting states 2 and&4s  ser's CEP for three choices qf,; (0.0 a.u., 0.1 a.u., and
=1.0 a.u.(solid line), 0.1 a.u.(dashed ling and 0.0 a.u(dotted 1.0 a.u). Clearly, there is still a dependence of the final-state
Iine). There is no transition_ dipole moment connecting states 1 a“%opulations on the probe laser’s CEP. The general phase de-
3—i.e., #13=0.0 a.u. The final population of state 3 is zero when yangence in the two-level system is retained for state 2 in the
,u13=_,u23=0 since this corresponds to the original two-level reSU|tSthree-IeveI system. However, the-13 coupling introduces
of Fig. 2. significant asymmetry in the final population of state 2 for

and ds,= 33— ppo=0. All of these molecular parameters are the probe laser’'s CEP betwef, 7] and[ m, 27]. The asym-
chosen to be realistic and to simulate the relevant effects dnetry arises since there is now a direct pathway from the
neighboring energy levels on the CEP dependence of thground state to excited state 3. The pump laser is not tuned to
final excited-state populations in the-42 transition. the one-photon resonance with state 3—iw@,# E3;. As

We first consider the situation where states 1 and 3 are nahown by Brown[31], for the two-level system, when the
coupled,uq3=0, and the energy of the third state is chosen tgpump laser is tuned away from the one-photon resonance,
be E3;=12E,,/11=E,;+w,. Therefore, the population in the there is symmetry around,=r rather than around/2 as is
neighboring energy level 3 can only arise via sequential couthe case here when the pump laser is tuned to the one-photon
pling through excited state 2. In Fig. 6, the final excited-stateesonance. The broken symmetry in the three-level model
populationsP,(8,,) andP5(8,,) are illustrated as a func- arises due to competition between the direct excitation to
tion of the probe laser’s CEP for three choicesugf (0 a.u.,  state 3 versus excitation to state 2. It is thus dictated by the
0.1 a.u., and 1.0 a)u.Note thatu,3=0 plus u,3=0 corre-  relative magnitudes of the,, and u,5 transition dipole mo-
sponds to the original two-level results of Fig. 2 and thus thements and the pump laser field strength; recall thatd;s,
final population of state 3 is zero; see Fighp The primary  so the permanent dipole moments play no role in the com-
effect of the introduction of the third level is to cause apetition between these two processes.
systematic decrease in the population of state 2. The CEP It should be emphasized that the results of Figs. 6 and 7
dependence of the final-state populations is retained and @orrespond to the worst case scenario, where the upper levels
has approximately the same symmetry as in the two-levehre resonantly coupled hy, and state 3 is within the band-
case. There is a slight breaking of the symmetry—i.e.width of pump laser. Even for this case, the general CEP

Po(3,t=o0)

P3(8,t=)
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FIG. 7. The final population of the excited states versus probe FIG. 8. The final population of the excited states versus probe
laser CEP for the laser parameters of Fig(@:state 2 andb) state  laser CEP for the laser parameters of Fig(&:state 2 andb) state
3. The transition dipole moment connecting states 2 and 3,is 3. The transition dipole moment connecting states 2 and /3,is

=1.0 a.u.(solid line), 0.1 a.u.(dashed ling and 0.0 a.u(dotted  =1.0 a.u. and the transition dipole moment connecting states 1 and
line). The transition dipole moment connecting states 1 and 3 i3 is u13=1.0 a.u. The energy of the third stateBg;=E»;+w,/2
m13=1.0 a.u. (solid line) or E31=E,1+ 2w, (dashed ling

dependence is well retained. However, due to the scaling ladrequency but within the band width of the pump laser—i.e.,
discussed in Sec. ll, the original in-resonance system caB;,=E,;+w,/2—a significant asymmetry in the final popu-
always be rescaled to be off resonance. For example, for thation of state 2 for the probe laser's CEP betwgenr]| and
above three-level system, if the molecular configuration i 7, 27 is exhibited. As discussed for Fig. 7, the broken sym-
kept unchanged, but all the laser parameters are rescaled hyetry arises due to competition between the direct excitation
v=2, the resulting excitation probabilities to state 2 will re- to state 3 versus excitation to state 2. Clearly, if the probe
turn to the original two-level results shown in Fig. 2; i.e., thelaser is off resonance relative to the energy spacing with the
background level will have no effect. background state and the bandwidth of the pump laser is
We now explicitly consider the off-resonance case wheremaller than the energy spacing, the two-level model be-
the energy of the third state is chosen tobg=E;;+w,/2  comes applicable. Both of these criteria can be satisfied uti-
or Eg;=E»+2w,. State 3 is coupled directly to state 4,3  lizing the scaling rules that have been determined.
=1.0 a.u., and to state 2,5=1.0 a.u. Figure 8 illustrates the The results based on the three-level model demonstrate
final excited-state populatior8,(5,,%) and P5(8,,) as a that the two-level model provides qualitatively correct be-
function of the probe laser’s CEP for the two possible enerhavior. While neighboring energy levels can influence the
gies of state 3. As discussed above, the laser parameters atetails of the CEP effect, it is important to note that the laser
the same as for the results illustrated in Fig. 2. When state parameters can always be rescaled to quantitatively justify
is far off resonance of the probe laser frequency and outsidthe use of a two-level model.
the bandwidth of the pump laser—i.d&g,=E,+2w,—the
results are nearly identical to those for the two-level model; IV. SUMMARY AND CONCLUSIONS
there is a very small populatiofi<0.01) in state 3. On the By considering the Hamiltonians derived in Sec. ll—i.e.,
other hand, when state 3 is off resonance with the prob&qgs.(12) and(16)—several important points with regards to
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the appearance of the CEP effect in the two-level system can The results presented here, as well as those in Refs.
be noted. If the probe laser frequency is decreased, the punjg1,32, also demonstrate that when a laser-matter interaction
pulse Iength must be inpreqsed for a CEP effect to be demnyolving a temporally short high-frequency pump compo-
onstrated in order to maintain the conditioy=1/w,. Asthe  npent(which leads to a resonance transition of the sygtem
frequency of probe laser decreases, absorption pathways igng g long low-frequency probe component is considered,
volving greater numbers of probe photons would be actihe possible effects of the CEP must be examined carefully.
vated if the pump and probe laser field strengths are nofne focus of this paper, as well as the previous d8&s32,

adjusted accordingly; see E@L2). In general, having more has been on situations where the CEP of the probe laser can
active optical paths will decrease the dependence of the f'n%e controlled. However, if the CEP of the laser pulses cannot

molecular-state populations on the CEP of the probe las . . .
[31]. If the pum?) gnd probe laser field strengtﬁs are deP® precisely controlled in experiments, the results clearly

creased according to the rescaling of the parameters dig_emonstrate tha_t theoreticgl predictions must be properly
cussed in Sec. II, the laser plus molecule system will hav%hase averag_ed in order_ to interpret the experimental results.
the same physical conditions as the original one. Thus, foF O" €x@mple, if both carrier-envelope phases were set to zero
these scaled pulse parameters, an identical CEP depender@8 IS often done for calculationsvhen computing the final
effect would be found as in the original situation. If there is €xcited-state population for the molecule and field param-
strong CEP dependence of the final molecular-state popul&ters of Fig. 2, a final-state population of zero would be
tions in the original parameter regime, a much longer pumgredicted. However, if the properly phase-averaged results
pulse length and much weaker fields could be used tavere determined, one would obtaiy(«)=0.502.
achieve the same phase dependence which originally need In conclusion, we have further discussed the problem of
relatively short pulses and strong fields. using pump(in resonance with the two-level systgrand

If the carrier envelope phase of the probe pulse is unprobe (having a much smaller frequency than the energy
known, the results presented here demonstrate that a secolesrel spacing lasers to produce a CEP dependence of the
laser (the pump pulsecan be used to determine the CEP final molecular-state populations in a simple two-level dipo-
through a measurement of the excited-state population in diar molecule. By considering a three-level model, we have
polar molecules—e.g., as achieved through a subsequent ioshown that the CEP effect persists even in the presence of
ization step and measurement of total ion yield. However, théackground states. Using RWA techniques, an effective
measurement of an unknown carrier envelope phase requirétamiltonian was derived for the two-level model that pro-
detailed knowledge of the molecular structure—i.e., enervides a clear physical picture of the CEP dependence effect
gies, transition dipole moments, and permanent dipole mofrom both the energy-domain and time-domain perspectives.
ments. Also, in the situations where the two-level results arén the energy domain, different photoexcitation channels in-
most applicable—i.e., long and weak laser pulses where thterfere, while in the time domain, an effective ultrashort
scaling can be utilized—there is little need for measuremenpulse is formed by the combination of pump and probe la-
of the CEP since it can be measured via other m¢a@is sers. We demonstrated that the phase dependence will be

On the other hand, if the CEP of the probe laser can benost significant when the probe frequency is similar to the
precisely manipulated, the results presented here demonstratelse duration of the pump laser—i.ey=~ 27/ 7. With the
that the final population of the excited state can be comhelp of a qualitative discussion of the physical mechanism,
pletely controlled—i.e., varied between 0% and 100% popuscaling properties were found which show that using weak
lation. While this is certainly interesting, work is currently and low-frequency fields, a strong CEP dependence of the
underway to determine of one can exhibit similar control, forfinal molecular-state populations can still be exhibited. By
example, in three-level systems where the upper levels amescaling the laser parameters, the effects of background
degenerate. This represents the simplest model for chemicaiates can be minimized or removed entirely. These findings
control as the two degenerate states can correspond to diffemay help the possible setup of experimental tests of the

ent products. phase dependence effect described here.
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