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In this paper it is demonstrated that electron vibrational absorption of molecules driven by strong IR field
provides rich physical interpretations of dynamical processes on a short time scale. The phase of an infrared
field influences strongly the trajectory of the nuclear wave packet and the probing spectrum. It is shown that the
probe spectrum keeps memory of the infrared phase even after that the pump field left the system. The phase
effect takes maximum value when the duration of the probe pulse is of the order of the infrared field period,
and can be enhanced by a proper control of the duration and intensity of the pump pulse. The phase effect is
different for oriented and disordered molecules and depends strongly on the intensity of pump radiation. It can
be an effective tool to study charge transfer processes like proton transfer in hydrogen bonded networks.
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Manipulation and control of the motion of electrons and
nuclei at the quantum level is of fundamental as well as
applied importance. The determination, or resolution, of a
molecular state prepared by a strong external field provides a
step towards quantum control. Various superpositions of mo-
lecular states or wave packets can be created in strong fields
of an infrared laser or a laser in the visible region. In such a
case one can expect a transfer of the coherence of the light to
the system, which means that the evolution of the wave
packet must be sensitive to the phase of the pump radiation.
The phase of the pump radiation gives new opportunity to
map out the vibronic motion of molecules. The main notion
of this paper is that the phase sensitive dynamics of molecu-
lar wave packets can be probed with the help of optical, UV
or x-ray radiation, thereby manifesting the following effect—
phase sensitive photoabsorption.

Light pulses with the duration 1–100 fs are needed to
trace the wave packetsWPd propagation in a potential well.
Ultrashort optical pulses are available directly nowf1g. Only
very recently, extreme ultraviolet subfemtosecond pulses
have become availablef2g. The current development of fem-
tosecond light sources constitutes a central endeavor in the
x-ray community: The x-ray free-electron laser will be able
to produce pulses with the duration around 100 fs. A
wakefield-induced energy chirp in the electron bunches al-
lows us to get strong bunch compression up to 15 fs in a
linear acceleratorf3g. Approaches based on slicing technol-
ogy produce 50 fs x-ray pulsesf4–6g. In a recent experi-
ment, Drescheret al. applied ultrashort x-ray pulses of
<0.9 fs in a time-resolved pump-probe experimentf7g.

The pump radiation affects the absorption of probe pulse
in two qualitatively different ways. The first refers to the
incoherent populationrn of vibrational levelsn which takes
place when the IR radiation is incoherent. In this case the
photoabsorption spectrum constitutes an incoherent sum of
electron-vibrational transitions from different initial vibra-
tional states:PsvXd=onrnP

sndsvXd. Here PsndsvXd is the or-
dinary probability of electron-vibrational transitions from the
stationary vibrational leveln of the ground electronic state

and vX is the frequency of the probe photons. Our simula-
tions demonstrate that different initial vibrational states lead
to very different absorption spectrasFig. 1d. This dependence
can be traced to the Franck-Condon distributions for the vari-
ous vibrational statesn. Apparently, the phase effect is absent
for an incoherent IR field.

A coherent pump pulse with the strengthELstd and phase
wL changes the scenario drastically because it creates a co-
herent superposition of vibrational states in the ground elec-
tronic state

i
]

]t
fstd = hH0 − fd ·ELstdgcossvLt + wLdjfstd, s1d

whereH0 is the nuclear Hamiltonian of the ground electronic
state. To be specific we assume that the IR frequencyvL is

FIG. 1. Partial OK x-ray absorption profilesPsndsvXd of NO
excited incoherently in ground state vibrational levelsn=0,1,2 for
different core-excited states:2S−, 2D, and 2S+. The total spectral
profiles are shown by the thin solid lines. Narrow resonances dis-
play the spectral distribution of Franck-Condon factors for the2S−

core-excited state.
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tuned in resonance with the first vibrational transition:vL
=v10. The interaction with the coherent IR field makes the
dynamics of the nuclear WP phase sensitive. It is seen from
the perturbative solution of the Schrödinger equations1d

ufstdl < o
n=0

`

unlcnstde−isnwL+entd, s2d

where the coefficientscnstd do not depend onwL in the ro-
tating wave approximation. The numerical simulations show
that the trajectory of the center of gravity of the WP,

r̄std = kfstdur ufstdl, s3d

is very sensitive to the phase of the IR lightssee Fig. 2d. This
effect has nothing to do with the role of the phase in few-
cycle experimentsf1,8,9g; in the present case the duration of
the IR pulse is longer than the inverse frequencies of the IR
field. Such a dependence is also seen directly from Ehren-
fest’s expression for the force that affects the center of grav-
ity of the WP,kFl=kfstdusd/drd(ELstd ·d)cossvLt+wLdufstdl.
For instance, this force changes sign whenwL→wL+p. The
trajectory of the WPsFig. 2d experiences oscillations in the
potential well with two qualitatively different frequencies.
The WP performs fast back and forth oscillations with the
vibrational frequency. These oscillations are modulated due
the anharmonicity of the ground state potential with a period,
Ta=p /vexe ssee the inset in Fig. 2d. The measurement of the
time interval between the adjacent nodes of the trajectory
gives directly the revival timeTa. This allows to measure the
anharmonicity constantvexe.

The simulations of the nuclear WPs are here based on
numerical solutions of the Schrödinger equations1d applied
to the NO molecule. To be specific we consider here
electron-vibrational transition in x-ray region. Apparently the
same effect takes place in electronic transitions in optical and
UV regions. The absorption of x-ray probe radiation by the
laser excited molecules is defined as the expectation value of
the interaction of the x-ray field with the system

PsVd = − ImE
−`

`

Trfrst1d„EXst1d ·D…gdt1

= kfcs− Vdufcs− Vdl, s4d

whereri jst ,Vd=aistdaj
*std is the density matrix of the mol-

ecule, and

ufcs− Vdl =E
−`

`

dt e−iVtEXstdufcstdl, s5d

ufcstdl=eiHctzufstdl is the nuclear WP in the potential surface
of the core excited state.z=sEX·Dd /2EX, EXstd is the
strength of the x-ray field,D is the dipole moment of x-ray
transition,V=vX−vc0 is the detuning of the frequency for
x-ray photon from the adiabatic excitation energyvc0. Morse
potentials with parameters from Ref.f10g are used to model
the ground and exited electronic states. The physics of the
process is highlighted by studying the x-ray absorption band
related to the lowest final state2S−. The x-ray band profiles
were computed with the eSPec wave packet propagation pro-
gram f11g assuming a Gaussian shape of the IR and x-ray
pulses with the durationstL=100 fs andtX, respectively. The
delay time of the x-ray pulseDt= tX− tL is defined relative to
the peak position of the IR pulse,tL=700 fs. In the simula-
tions we use the IR pulse intensity of IL=2.331012 W/cm2,
except Figs. 3 and 4. Our simulations are performed for ori-
ented molecules,EL↑ ↑d, except Fig. 4 where we also pre-
sented calculations for randomly oriented molecules. The
r-dependence of the dipole momentd was calculated by the
CASSCF method using the DALTON programf12g.

When the x-ray pulse is shortstX=3 fsd a proper choice
of the delay time,Dt= tX− tL, sor IR phased allows to obtain a
snapshot of X-ray spectra for WPs localized near the leftsBd
or right sCd turning points. The spectra B and CsFig. 3d
differ qualitatively because their vertical transitions have dif-
ferent energies. The x-ray spectrum is approximately the sum
of spectra B and C if the duration of the x-ray pulse is longer
or comparable with the period of oscillations of the wave
packet:tX*2p /v10<17 fs ssee spectrum D in Fig. 3d. This
is because the WP then has time to move from left to right
turning points during the interaction with the x-ray pulse.

The phase of the IR field strongly influences the shape of
x-ray absorption spectra of oriented molecules. This is
clearly seen from Fig. 4, where the x-ray absorption prob-
abilities are shown for four different phaseswL=0, p /2, p,
and 3p /2. It is important to note that in this case the x-ray
pulse probes the system after the pump pulse left the system,
which is an evidence of the phase memory effect. The long
lifetime of vibrational levels of the ground statesit is as-
sumed to be infinite in simulationsd allows such a long
memory of the phase.

The interference of absorption channels and, hence, the
phase effect depends strongly on the duration of the x-ray
pulse,tX ssee Fig. 5d. The interference takes maximum value
when tX is one fourth of the infrared field period,p /2vL
<4 fs. The phase dependence is suppressed both for shorter
and longer x-ray pulses. A short pulse diminishes the spectral
resolution and, hence, the phase sensitivity of the x-ray spec-

FIG. 2. Trajectory of the WPr̄std s3d versus phase of the pump
field. Solid lines show the trajectories of the WP. The shaded areas
at the right-hand side panel represent WP.Ta<1210 fs.
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trum. The phase sensitivity is suppressed also for a long
pulse tX@2p /vL because the x-ray pulse probes the mol-
ecule at different sites of the potential wellsFig. 3d.

Until now we considered the interaction of radiation with
oriented molecules, while usually molecules are randomly
oriented. However, x-ray spectra of orientedsor fixed-in-
spaced molecules can be detected even for disordered mol-
ecules in many experimental setups, e.g., when measuring
x-ray absorption in the ion-yield modef13,14g. The core ex-
cited states experience Auger decay to many final states most
of which are dissociative and the detection of the ionic frag-
ment of dissociation selects a certain orientation of the mol-
ecule. This technique, widely used in studies of x-ray spectra
of fixed-in-space molecules, is thus nicely adapted for obser-
vation of the discussed phase effect.

In conventional x-ray measurements the x-ray absorption
of randomly oriented molecules is detected. To understand
the role of orientational disorder it is useful to recall that the
phase sensitivity arises from interference terms likecn

*stdc0std
in kfstd ufstdl, see Eq.s2d. Such an interference in the probe
signal means interference between one-f13 sx-ray pulsedg
and many- f13 sx-ray pulsed+n3 sIR pulsedg photon ab-
sorption channels. We consider first the case of a weak pump

radiation which populates only the first vibrational level. The
phase effect origins in this case from the interference be-
tween one- and two-photon channels:sd10·ELduD ·Exu2=0.
We see that the orientational averaging deletes almost com-
pletely the phase sensitivity if the IR intensity is weak. The
picture changes qualitatively for stronger IR pulses which
are able to populate the second vibrational levelu0l→ u1l
→ u2l. In this case the interference of one- and three-photon

FIG. 3. Main features of x-ray absorption spectra of NO in a
strong IR field.wL=0. WPs and corresponding x-ray spectra are
marked by labels A, B, C, and D.sAd IL=0; tX=15 fs. sBd IL

=2.331012 W/cm2; tX=3 fs; Dt=1035 fs. sCd IL=2.3
31012 W/cm2; tX=3 fs; Dt=1025 fs. sDd IL=2.331012 W/cm2;
tX=15 fs; Dt.2stL+tXd.

FIG. 4. Phase dependence of the probability of OK x-ray ab-
sorption of NOs4d. The spectra averaged over molecular orienta-
tions are marked bykwLl with wL=0 and p /2. tX=3 fs. Dt
=610 fs.sad IL=1.531012 W/cm2. sbd IL=2.331012 W/cm2.

FIG. 5. Difference between probabilities of x-ray absorption
sO 1s→2pd of NO, DP=PswL=0d−PswL=p /2d versus duration of
x-ray pulse,tX. Dt=610 fs.
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channels averaged over orientations is not equal to zero:
ud10·eLu2uD ·exu2Þ0. Thus conventional x-ray measurements
for randomly oriented molecules can be used to measure the
phase effect if the intensity of the IR light is sufficiently large
to populate even vibrational levels. Our simulations confirm
this finding: The orientationally averaged x-ray spectra dis-
play an increase of the phase effect with the increase of IR
intensityscompare spectra A and B marked by labelskwLl in
Fig. 4d.

In conclusion, with the present paper we have demon-
strated that phase sensitive pump-probe spectroscopy pro-
vides rich physical interpretations of dynamical processes on
a short time scale. We have found a strong sensitivity of
probe spectra on the phase of a pump IR pulse. The origin of
this effect is traced to the phase dependence of the trajectory
of the nuclear wave packet. The phase effect is found to be

sensitive to the duration of the probe pulse and takes maxi-
mum value when the pulse duration is comparable with the
period of oscillations of the IR field. We have demonstrated
the occurrence of a phase memory effect: The probe signal is
affected by the phase even after the time when the IR pulse
left the system. We believe that the phase effect can be an
effective tool to study the dynamics of chemical reactions
and charge transfer, for instance proton transfer in hydrogen
bonded networksf15g.
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