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The C K and O K x-ray photoelectron spectra of the CO molecule, driven by a strong ir field, are studied
theoretically. An enhancement of the recoil effect, which results in a strong dependence of the electron
vibrational profile on the energy of x-ray photon, is found. The enhancement of the recoil effect happens due
to an ir-induced increase of the wave-packet size. An extra enhancement occurs when the gradients of ground
and ionized states approach each other. Under an increase of the photon energy, different sides of the x-ray
photoelectron band experience blue- and redshifts, which are related to the difference of the gradients of the
ground and core ionized states in the points of the vertical transitions near turning points of the wave packet.
This makes the ir–x-ray pump-probe spectroscopy a very promising tool to study the shape of the potential
energy surfaces.
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I. INTRODUCTION

The x-ray photoelectron spectroscopy ��XPS�, or ESCA
�electron spectroscopy for chemical analysis�� is the most
reliable method known for quantitative studies of the com-
position and chemical environment of molecular systems �1�.
Ionization of a core electron is generally accompanied by
vibrational excitations due to changes in the molecular po-
tential. The vibrational structure of XPS spectra gives addi-
tional information about the molecular structure and interac-
tion of the molecule with the environment. One of the
interesting aspects of this phenomenon is the photon energy
dependence, which is quite strong near the shape resonances,
where the energy of the photoelectron is rather small �2,3�.
For higher energies, when the wavelength of the photoelec-
tron becomes comparable to the size of the vibrational wave
function, the momentum of the photoelectron starts to influ-
ence the Franck-Condon �FC� distribution �4,5�. This effect
is pronounced at rather high energies of the photoelectron
��2 keV� in standard XPS measurements with molecules in
the lowest vibrational state �5�.

Recent developments in the generation and utilization of
brilliant x-ray and ultrashort infrared �ir� pulses open oppor-
tunities for XPS studies of molecules driven by a strong ir
field �6�. The strong ir and mid-ir pulses �7–10� excite mol-
ecules in high vibrational states. One can expect that the
photoelectron momentum starts to be important for lower
x-ray photon energies because of the larger size of the ir-
induced vibrational wave packet.

The aim of this paper is to study the x-ray photoelectron
spectra of molecular systems driven by a strong ir field. The
main effect, discussed here, is the role of the photoelectron
on the vibrational structure of XPS spectra of molecules

driven by strong ir radiation. We show that an ir field en-
hances the manifestation of the recoil effect through the for-
mation of an extensive vibrational wave packet in the ground
electronic state. The momentum of the photoelectron makes
the x-ray transition nonvertical. This leads to a shift of the
sidebands related to the classical turning points, as well as to
the splitting of the XPS profile, which grows with an in-
crease of the x-ray photon energy. The manifestation of the
recoil effect is very sensitive to the shape of the interatomic
potentials, namely, to the ratio of the gradients of the ground-
state and core-ionized-state potentials in the classical turning
points of the nuclear wave packet. The enhancement of the
recoil effect happens because of an ir-induced increase of the
wave-packet size. An extra enhancement occurs when the
gradients of the ground and ionized states approach each
other. It is worth noting that rather long x-ray pulses can be
used in studies of the discussed recoil effect. The only re-
striction is that the pulse duration has to be shorter than the
lifetime of vibrational level in the ground electronic state
��1 ns to 1 ps�.

This paper is organized as follows. We start in Sec. II by
describing the physical picture of the recoil effect enhance-
ment in the field of a strong ir laser. The computational de-
tails are elucidated in Sec. III. We analyze the x-ray photo-
electron spectra of molecules driven by a strong ir field in
Sec. IV. Our findings are summarized in Sec. V.

II. PHYSICAL PICTURE OF THE PHASE SENSITIVITY
OF X-RAY ABSORPTION SPECTRUM

We consider molecules that interact with the ir pump field
L and high-frequency probe x-ray radiation X �see Fig. 1�

E��t� = E��t�cos���t − k� · R + ���, � = L,X . �1�

Atomic units are used throughout the whole section. The
pump and probe fields, E��t�=e�E��t�, are characterized by
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the polarization e� and wave k� vectors, envelopes E��t�,
frequencies ��, and phases ��.

To be specific, we consider x-ray photoionization of the
1s orbital of the atom A in the diatomic molecule AB. Be-
cause of the locality of the x-ray transition, the wave func-
tions of the x-ray photon and outgoing photoelectron imply a
phase factor in the electronic transition matrix element

e−ıq·RA, q = p − kX, �2�

which depends on the photon momentum kX, on the photo-
electron momentum p, and on the coordinate of the core
ionized atom A, RA=Rc+�r. Here, Rc is the coordinate of
the center of mass, r=RA−RB is the internuclear separation,
�=mB / �mA+mB�, where mA and mB are masses of atoms A
and B, respectively.

The phase factor �2� modifies the generalized Franck-
Condon amplitude

����0�����0� → f = ���e−ı�q·r��0����e−ıq·Rc��0�

= ���e−ı�q·r��0���� − �0 + q� �3�

Here, ��� is the �th vibrational state, while ���
= �2��−3/2 exp�ı� ·Rc� is the wave function of the molecular
center of gravity with momentum �. The FC amplitude
���exp�−ıq ·Rc���0� results in the momentum conservation
law �=�0−q. This and Eq. �3� allows one to conclude that
the internal molecular motion gets the recoil momentum
−�q. The vibrations occur along the molecular axis, and be-
cause of this, the vibrational degrees of freedom get the mo-
mentum

− �q cos � , �4�

where � is the angle between q and the molecular axis. The
atom A changes its momentum due to the absorption of the
x-ray photon and the ejection of the photoelectron. This mo-
mentum is transfered to the center of gravity, �=�0−q, as
well as to the internal degrees of freedom �4�. The center of
gravity and internal degrees of freedom of the molecule get
the recoil energies

Erec =
q2

2M
, Erec

�i� = Erec
mB

mA
cos2 � =

��q cos2 ��2

2	
, �5�

respectively. Here, M =mA+mB and 	=mamB /M.

A. Shifts of the sidebands

As one can see from Fig. 1, the strong ir field creates a
wave packet that has maxima near left �L� and right �R�
classical turning points �r=rL and r=rR�, where the kinetic
energy is equal to zero. The x-ray transitions from these
points result in two bands in the XPS spectrum. Let us con-
sider the case when the gradients of the ground �F0� and of
the core ionized �Fc� potentials are different in the point of
vertical transition F0�Fc. The situation with equal potentials
for both the ground and core ionized states is considered in
Sec. IV D. The internal recoil energy Erec

�i� �5� increases the
kinetic energy of the molecule in the core ionized state.
However, the probability of core ionization takes maximum
near the classical turning point where this kinetic energy is
equal to zero. This happens only if the transition is not ver-
tical, and it takes place in a point shifted by �see also Fig.
2�a��,


r =
Erec

�i�

Fc − F0
. �6�

In this point, the recoil energy Erec
�i� is compensated by the

change of the potential energy �Fc−F0�
r. Here, Fi

=dUi /dr is the gradient in the point of vertical transition r
=rL or r=rR �Fig. 1�. As one can see from Fig. 2�a�, this
leads to a shift of the XPS band

FIG. 1. Scheme of ir–x-ray pump probe transitions. The wave
packet, ���, induced by the ir field is depicted by broken line with
circles for t=700.4 and solid line for t=698.9 fs. The “ladder” of ir
transitions is depicted by short vertical arrows, whereas long verti-
cal arrows show the x-ray transitions. The left and the right classical
turning points of the ir-induced wave packets are rL=1.846 a.u. and
rR=2.632 a.u., respectively.

FIG. 2. Physical picture of Eqs. �7� and �16�. �a� Different po-
tentials of the ground and core ionized states, Fc�F0. �b� The same
potentials of the ground and core ionized states.
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� = Fc
r =
Erec

�i�

1 − F0/Fc
	 ��X − I1s�

�mB/mA�cos2 �

M�1 − F0/Fc�
. �7�

The strict derivation of this equation is given in the Appen-
dix. We neglect the momentum of the x-ray photon at the
right-hand side of Eq. �7�, which is small in the studied en-
ergy region. It is worth emphasizing that the shift �7� in-
creases when the ratio of the gradients F0 /Fc approaches
unity �see Fig. 3�.

Apparently, the peak position of individual vibrational
peaks does not experience the shift given by Eq. �7�. Only
the centers of gravity of the L or R sidebands are shifted.
This effect is discussed in detail in Sec. IV B.

III. COMPUTATIONAL DETAILS

The propagations of the vibrational wave packets are cal-
culated using Morse potentials E�r�=D
1−exp�−��r−re���2

for ground and core ionized states with the parameters from
Refs. �11–13� �see Table I�, where D=�e

2 / �4�exe�, �
=�2	�exe. The vibrational frequency of the CO ground state
is 0.266 eV, while the core ionized states of carbon and oxy-
gen have vibrational frequencies 0.322 and 0.240 eV, respec-
tively. The shapes of the ir and x-ray pulses are modeled by

Gaussian functions: Ii exp
−��t− ti� /
i�2 ln 2�, i=L ,X. IL

=2.3�1014 W/cm2; tL=200 fs, 
L=25 fs �everywhere ex-
cept in Fig. 4�; 
X=3 and 10 fs; the delay time 
t= tX− tL
=500 fs. �L=�10=0.266 eV and �L=0.9215 rad. The r de-
pendence of the permanent dipole moment d�r� in the ground
state is computed by the CASSCF method using the DALTON

program �14� and aug-cc-pVDZ basis set �15,16�. A com-
plete active space �CAS� formed by 10 electrons in 10 orbit-
als �carbon and oxygen L shells� is employed. The C K and
O K electrons are kept inactive. The momentum of the pho-
ton is small in the studied energy region and is neglected in
the simulations. Because of this, � is now the angle between
p and the molecular axis and q	 p. All simulations are per-
formed for oriented molecules: �=0 deg and �=90 deg. The
role of the recoil effect is the biggest one for �=0 deg,
whereas it does not influence the XPS spectrum when �
=90 deg.

The calculations of the XPS spectra of CO molecule
driven by an ir field are based on the theory developed in our
previous papers �17–19�. The simulations consist of few
steps. We start from the evaluation of the vibrational wave
packet in the ground electronic state

ı
�

�t
��t� = 
H0 − �d · EL�t��cos��Lt + �L����t� , �8�

where H0 is the nuclear Hamiltonian of the ground electronic
state. Then, we compute the vibrational wave packet �c�t� in
the potential of the core ionized state of the CO molecule and
perform the Fourier transform �c�−��

FIG. 3. Relative difference between the gradients of the core-
ionized- and ground-state potentials vs the internuclear distance r of
the CO molecule. Solid and dashed lines show 1−Fc /F0 for
O�1s−1� and C�1s−1� core ionized states, respectively. Vertical
dashed-dotted lines mark the positions of the right �R� and of the
left �L� turning points, as well as, the equilibrium distance of the
ground state �G�.

TABLE I. Spectroscopic constants of CO used in the simula-
tions: vibrational frequencies, anharmonicity constants, internuclear
distances and ionization potentials.

Spectr. const. CO �X1�+�a C �1s−1� �2�+�b O �1s−1� �2�+�c

�e �cm−1� 2169.813 2599 1931.7

�e xe �cm−1� 13.2883 15.92 10.93

re �Å� 1.128323 1.073 1.153

I1s �eV� 0 295.9 542.1

aReference 11.
bReference 12.
cReference 13.

FIG. 4. Dynamics of populations �� of ground state vibrational
levels �=0, . . . ,16 for IL=2.3�1014 W/cm2, tL=500 fs, and a long
ir pulse 
=50 fs. The lowest panel displays the amplitude of the ir
field normalized to the maximum.
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��c�t�� = eıHct����t��, � = 1
2 �eX · Dc0�eı�kX−p�·RA,

��c�− ��� = 

−�

�

dte−ı�tEX�t���c�t�� , �9�

where H0 and Hc are the nuclear Hamiltonians of the ground
and core ionized states, respectively; Dc0 is the transition
dipole moment of the core ionization process. The probabil-
ity of x-ray absorption P��� is given by the norm of the
wave packet in the frequency domain �17,18�

P��� = ��c�− ����c�− ��� . �10�

Here, �=EB− I1s is the relative binding energy �EB=�X

−��, � is the kinetic energy of the photoelectron, and I1s is
the adiabatic core ionization potential.

The initial wave function �0� and wave packets ��t�, �c�t�,
are calculated employing, respectively, time-independent and
time-dependent techniques �20�, implemented in the ESPEC

program �21�. All the simulations are performed for fixed
in-space molecules with the molecular axis being parallel to
the polarization vector of the ir field eL.

IV. RESULTS

As it was already pointed out, the size of the ir-induced
nuclear wave packet plays a crucial role in the enhancement
of the recoil effect in XPS spectra. The proper choice of the
intensity and the duration of the ir pulse allows one to get the
vibrational wave packet with the desirable shape and size.
Because of the Rabi oscillations, the size of the wave packet
varies during interaction with the ir pulse. To measure the
XPS spectrum using rather long x-ray pulse, it is desirable to
keep the wave-packet size constant after the ir pulse leaves
the system. Because of this, before going onto a detailed
discussion of the manifestation of the recoil effect, we would
like to give the outlines of the preparation of the vibrational
wave.

A. Preparation of nuclear wave packet: Selective population
of high vibrational levels

The wave packet created by the ir field is a coherent su-
perposition of different vibrational states. In order to increase
the size of the wave packet, higher vibrational levels �
should be populated. The vibrational levels up to �=16 can
be populated if the ir field has intensity IL=2.3
�1014 W/cm2 �see Figs. 4 and 5�. Such an excitation in-
creases the size of the wave packet almost four times in
agreement with the estimation, ��+1/2�4 �see Fig. 1�. Our
simulations show that the ir pulse �IL=2.3�1014 W/cm2,

L=25 or 50 fs� does not have time to dissociate molecule.
The efficiency of ionization is even worse because of a
strong deviation of �L from the frequency of electronic tran-
sition.

The dynamics of the populations �� are very sensitive to
the relation between the Rabi frequency and the duration of
the ir pulse, 
L �Figs. 4 and 5�. The permanent dipole mo-
ment depends almost linearly on the internuclear distance in
the wave-packet region, d�r�	d�re�+d��re��r−re�. Because

of this, only the ladder transitions between adjacent vibra-
tional levels are allowed, �→�±1. The corresponding Rabi
frequency G�+1,�=EL ·d�+1,� strongly depends on �. For in-
stance,

G�+1,� 	 G10
�� + 1 �11�

for isolated �↔�+1 transition in harmonic potential. This
means that the Rabi period T�+1,�=2� /G�+1,� decreases with
an increase of �, in agreement with the simulations, Figs. 4
and 5. Let us discuss two opposite cases: Long, 2
L�T10,
and short, 2
L�T10, ir pulse relative to the first Rabi period,
T10	130 fs.

The evolution of the populations for rather long ir pulse,
2
L=100 fs to T10	130 fs, is depicted in Fig. 4. In this case,
the system performs only two Rabi oscillations. To enhance
the recoil effect, we have to populate high vibrational states
��7. Figure 4 shows that these states are populated only
near the peak position of the ir pulse. This means that the
rather short x-ray pulse, 
X�100 fs, with peak position near
the ir pulse can be used in the case 2
L�T10.

From the point of view of the current experiment it is
desirable to use longer x-ray pulses. To satisfy this require-
ment shorter ir pulses, 2
L=50 fs�T10	130 fs, are prefer-
able. The dynamics of the populations looks now qualita-
tively different �Fig. 5�. The vibrational states ��6 are
almost completely depopulated after the ir pulse leaves the
system, contrary to the vibrational states of our interest �
=7–12, which are now populated �see Fig. 5�. These states
are slowly depopulated because of the finite lifetime of the
vibrational states. However, this lifetime is around 1 ns for

FIG. 5. Dynamics of populations �� of ground state vibrational
levels �=0, . . . ,16 for IL=2.3�1014 W/cm2, tL=200 fs and a short
ir pulse 
=25 fs. The lowest panel displays the amplitude of the ir
field normalized to the maximum.
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small molecules and is neglected here. Because the popula-
tions of the higher vibrational levels are large and almost
constant for large times, one can use a long x-ray pulse. In
the simulations presented below we will focus our attention
only on this case of a rather short ir pulse �Fig. 5�. We also
use quite short x-ray pulses, 
X=10 fs �except in Fig. 7�. This
duration is longer than the period of oscillations �	4 fs� of
the wave packet in the potential well, and therefore further
increase of the 
X does not change XPS spectra �18�. Our
simulations show that the only role of the longer x-ray pulses
is to increase the spectral resolution. Apparently, 
X has to be
shorter than the lifetime of vibrational excitation in the
ground electronic state ��1ns to 1 ps�. This means that
rather long x-ray pulses from a synchrotron can be used for
observation of the discussed effects.

The fast modulation of the Rabi oscillations �Figs. 4 and
5� deserves a special comment. The Rabi oscillations for low
vibrational states are accompanied by weak modulations
with the frequency 2�L caused by the breakdown of the ro-
tating wave approximation �RWA� �18,22�. Figures 4 and 5
show that these fast RWA-breaking modulations are en-
hanced drastically for �=15,16, where G�+1,���L.

B. C K XPS spectrum: Red- and blueshifts

Lets us start the analysis of the numerical simulations
from the C K XPS spectra of the CO molecule without ir
field �see the right panel in Fig. 6�. In this case, the initial
wave packet is nothing more than the wave function of the
lowest vibrational level and the related XPS spectra �Fig. 6�
correspond to the G transition in Fig. 1. The size of the wave
packet is small and the factor �1−F0 /Fc� for the G band is
positive and rather large �Fig. 3�. Because of this, the role of
the photoelectron momentum, or of the recoil effect, starts to
be important for large photon energies �5� ��5 keV�. We see

the blue spreading of the XPS band because of �1−F0 /Fc

�0�. Let us pay attention to the shape of the XPS profile for
5 and 10 keV. The blue sideband of the XPS spectrum for
5 keV strongly reminds one of the profile of the XPS spec-
trum for �X�2 keV shifted on vibrational frequency 
�
=�10. The same effect is clearly seen for �X=10 keV. The
difference here is a double shift of the band 
�=2�10, which
is in nice agreement with Eq. �7� and Fig. 3 �see also the
discussion of Eq. �12��.

The situation changes drastically when the CO molecule
is shined by a strong ir field, which creates a wave packet
with main contribution from the �	9–11 vibrational states
�see Fig. 6�. The role of the photoelectron momentum starts
to be important for smaller photon energies, in agreement
with the estimation �5�, p	� /a�	���+1/2 /a0. Because of
the large size of these vibrational wave functions, the wave
packet has now the left �rL=1.846 a.u.� and right �rR

=2.632 a.u.� classical turning points. Figure 1 shows that the
XPS transition has lower energy from the left turning point
than from the right one. The factor �1−F0 /Fc� has the oppo-
site sign for these turning points �Fig. 3�, and the magnitude
of this factor is considerably smaller in comparison to the
case without an ir field. The opposite signs of �1−F0 /Fc�
lead to the red- and blueshifts of the L and R band �see Figs.
1 and 6�. One can see clearly that the L-band shift is smaller
than the R-band shift. This is because the factor �1−F0 /Fc�
has a smaller value for the R band �Fig. 3�. The shorter x-ray
pulse washes out the vibrational resolution and stresses this
effect �Fig. 7�. It is important to note that the individual
vibrational resonances do not experience any shift. The re-
coil effect redistributes only the intensities of vibrational
peaks. Although, such a redistribution of intensities looks
like red- and blueshift of the center of gravities of the L and
R sidebands �see panels �X=5 keV and �X=10 keV in
Fig. 6�.

For shifts �7� smaller than the vibrational frequency
�
���10�, one can see only the redistribution of the inten-
sities of the resonances �Fig. 6�. However, when


� = n�10, n = 1,2,3,¯ �12�

a new band appears having almost the same profile as the
band without taking into account the recoil effect. For larger

FIG. 6. C K XPS spectra of CO driven by an ir field. Long x-ray
pulse, 
X=10 fs. The horizontal arrows show red- and blueshifts of
the L and R bands, respectively, with the increase of the x-ray
photon energy. The dotted lines show the XPS spectrum without
taking into account the recoil effect. Left and right panels display
XPS spectra for IL=2.3�1014 W/cm2 and IL=0, respectively.

FIG. 7. C K XPS spectra of CO driven by an ir field. Short x-ray
pulse, 
X=3 fs. The solid line shows the XPS spectrum without
taking into account the recoil effect ��=� /2�. The horizontal ar-
rows show red- and blueshifts of the L and R bands, respectively,
with the increase of the x-ray photon energy.
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photon energy we note again only the redistribution of the
intensity until 
�=2�10. Now one can observe clearly the
formation of the new band �Fig. 6� shifted by 2�10, which
again mimics the band without taking into account the recoil
effect. In this sense, one can speak about periodical revival
of the vibrational profile with a period equal to the vibra-
tional frequency.

Figure 8 displays the dispersion laws for the L and R
bands obtained from the wave-packet simulations depicted in
Figs. 6 and 7. The dotted line in Fig. 8 is obtained using Eq.
�7�, with the gradients calculated in points rL=1.846 a.u. and
rR=2.632 a.u., which correspond to the L and R bands �see
Fig. 1�. The agreement between the wave-packet simulations
and Eq. �7� is rather good, but not perfect, because Eq. �7� is
an approximation.

C. O K XPS spectrum

Contrary to the C K spectrum, oxygen core ionization
from the left turning point results in a higher excitation en-
ergy in comparison to the right one �Fig. 1�. One can expect
that the role of the photoelectron momentum is larger in the
XPS spectrum of oxygen because the potentials of the
ground and core excited states are very similar �Fig. 1�. This
results in a very small difference of the gradients for the left
turning point �Fig. 3�. Indeed, the simulations show that the
role of the photoelectron momentum in the O K spectra �Fig.
9� starts to be important for smaller photoelectron energies:
�X− I1s	460 eV than in the XPS spectra of carbon, �X
− I1s	700 eV �Fig. 6�.

Unlike the carbon case, the factor �1−F0 /Fc� has the
same sign for the L and R turning points and one can expect

that both L and R band will be redshifted for larger excitation
energies. However, the simulations display a more sophisti-
cated picture �Fig. 9�. The R band moves to the red side in
agreement with the sign of the factor �1−F0 /Fc� �Fig. 3�.
However, the L band is split into two parts that move in
opposite directions when �X increases. The reason for the
appearance of blueshift is the delocalization of the wave
packet near the left turning point �Fig. 1�. The delocalization
of the wave packet is very important because the left turning
point is very close to the point where the factor �1−F0 /Fc�
changes the sign �Fig. 3�. Because of this, the part of the
wave packet near the left turning point has a positive sign of
the factor �1−F0 /Fc�, whereas the other part has the opposite
sign of this factor. Therefore, part of the x-ray transitions
occurs in the region where the shift 
� �7� is negative,
whereas the other transitions occur in the region with posi-
tive 
�. This explains the splitting of the L band in red- and
blueshifted components. Because the L band is formed by
transitions near to the point where 1−F0 /Fc=0, the blue- and
redshifts of this band are larger than the shift of the R band
�Fig. 9�. Such a splitting of the L band is absent for the R
band because the factor �1−F0 /Fc� is negative in a broad
region around the right turning point.

D. The same potentials of ground and core ionized states

The potentials of the core ionized oxygen and ground
states are very similar, and because of this, the recoil effect
in the O 1s spectra is enhanced when comparing them to the
carbon spectra �see Figs. 6 and 9�.

This motivates us to investigate the important model case
where these potentials are exactly the same ground and core
excited states. When the recoil effect is neglected, the XPS
profile does not depend on the x-ray frequency and collapses
with good accuracy to a single line because x-ray transitions
without a change of the vibrational quantum number are al-

FIG. 8. Dispersion of the L- and R-bands of C K spectra of CO
based on the wave-packet simulations. The dispersion given by the
approximation �7� is shown by dotted lines. Dashed and dashed-
dotted lines display internal recoil energy Erec

�i� for �=0 deg and
recoil energy of the molecular center of gravity, Erec �5�,
respectively.

FIG. 9. O K XPS spectra of CO driven by an ir field. Long x-ray
pulse, 
X=10 fs. The horizontal arrows show red- and blueshifts of
the R and L bands, respectively, with the increase of the x-ray
photon energy. The dotted lines show the x-ray spectrum without
taking into account the recoil effect. Left and right panels display
XPS spectra for IL=2.3�1014 W/cm2 and IL=0, respectively.
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lowed �left panel in Fig. 10�. The right panel of Fig. 10
shows that the role of the recoil effect is rather small in the
case of the conventional XPS spectra without ir radiation
�IL=0�. The ir field enhances drastically the manifestation of
the recoil effect �see Figs. 10 and 11�. The reason for this that
when the gradients F0 and Fc are the same, Eq. �7� stops to
be valid and, hence, this limiting case deserves special treat-
ment. Let us write the FC amplitude in the momentum rep-
resentation

���e−ı�q·r��0� =
 ���k + q���0
�k�dk . �13�

It is worth noting that the vibrational wave functions of the
ground and core ionized states are now eigenfunctions of the

same Hamiltonian. Taking into account that the Fourier
transform ���k� of the vibrational wave function ���x� of the
harmonic oscillator is expressed again through Hermitian
polynomials �23�, we get the following important result for
the generalized FC amplitude:


 ���x�e−ı�q·r��0
�x�dx =
 ���x − 
r����0

�x�dx . �14�

This means that when the potential surfaces are the same, the
only role of the momentum q is to shift effectively the core
excited potential surface by


r� = �qa0
2 cos � , �15�

where a0=1/�	�0 is the size of the lowest vibrational wave
function. Such a shift leads to the splitting of the XPS band,
as illustrated in Fig. 2�b�. This figure allows one to get a
simple quasiclassical expression for the shift of the left and
the right bands �
�L,R�, as well as, for the spacing between
these bands �
�:


�L,R = U0�rL,R + 
r�� − U0�rL,R�,
 = 
�R − 
�R.

�16�

In the simulations presented in Fig. 11 we used the following
approximation: rL=re−a� /2 and rR=re+a� /2, where a�

=a0
��+1/2 is the size of the �th vibrational wave function.

When the ir field is absent, rL=rR=re, and because of this,

�R=
�R=
� and the splitting 
 is equal to zero. As
one can see from Fig. 11 the ir field strongly increases the
shifts and the splitting in agreement with the XPS spectra
�Fig. 10�.

V. SUMMARY

By changing the intensity and the duration of the ir pulse,
one can shape the vibrational wave packet of desirable size.
We demonstrate the strong enhancement of the recoil effect
in XPS spectra of molecules driven by a strong ir field. The
reason for this effect is twofold. The first is the ir-induced
increase of the size of the vibrational wave packet. The sec-
ond reason for the enhancement of the role of the photoelec-
tron momentum is related to the gradients of the potentials of
the ground and of the core excited states in the classical
turning points of the wave packet. The role of the photoelec-
tron momentum strongly increases when these gradients ap-
proach each other in the turning points. The different sides of
the XPS band experience blue- and redshifts, depending on
the sign of the gradient differences of the ground and core
ionized states in the classical turning points. These shifts
grow with the increase of the photon energy. When the shift
grows beyond the vibrational energy, one can clearly see
the revival of the vibrational sidebands. The dynamics of
the XPS sidebands with the increase of the x-ray photon
energy gives direct information about the shape of the inter-
atomic potentials in the ground and core ionized states. It is
worth emphasizing that the 1–100 ps long x-ray pulses from
a synchrotron can be used for observation of the discussed
effect.

FIG. 10. C K XPS spectra of CO molecule in an ir field. Model
case with the same potentials for the core ionized states. The dotted
lines show the XPS spectra without taking into account the recoil
effect. Left and right panels display XPS spectra for IL=2.3
�1014 W/cm2 and IL=0, respectively.

FIG. 11. Shifts �
�L,R� and splitting 
 �16� for the same poten-
tials of the core ionized and ground state �C K XPS�. The points
correspond to the centers of gravity of the red and blue bands in
Fig. 10. The splitting is calculated as the difference between these
centers of gravity. The solid lines display the shifts and splitting
�16� calculated for the Morse potential U0�r�. The dashed lines dis-
play the shift 
�=
�R=
�L and the splitting 
 for the case with-
out an ir field.
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APPENDIX: AIRY APPROXIMATION

Let us to expand the potentials of the ground, U0�r�, and
of the core excited state Uc�r� near the point of vertical tran-
sition rv

Uj�r� 	 Uj�rv� + Fjx, j = 0,c, x = r − rv, �A1�

Fj = �dUj

dr
�

r=rv

.

Near these points, the energy normalized nuclear wave func-
tions is given by the Airy function

� j�x� = �2	ajAi��
x − � j/Fj

aj
�, � j = Ej − Uj�Rt� ,

�A2�

aj = �2	Fj�−1/3,

where minus and plus correspond to the left �Fj �0� and
right �Fj �0� turning points. The generalized FC amplitude
reads �Fc�F0�

��c�x��eıqx��0�x�� =
eı�

�c0
Ai��

1

a
� �c

Fc
−

�0

F0
− 
R�� .

�A3�

Here, �=sin�F0 �−�Fc�� if F0Fc�0 and �=sin�Fc� if F0Fc

�0, �=mB / �mA+mB�, while � is the angle between q and R.

a = �a0ac�Fc − F0

F
�1/3

, �c0 = aF = � �Fc − F0�F
2	

�1/3

,

�A4�

F = ��F0Fc� .

The FC amplitude �A3� takes maximum when

�c

Fc
−

�0

F0
= 
R . �A5�

The ground-state wave packet ��t� has maximum near the
turning point, where �0=0. When the recoil effect is ne-
glected, Eq. �A5� means that the transition is vertical and
�c=0. The recoil effect makes the x-ray transition nonverti-
cal, 
R�0, and this results in the shift of the XPS sideband
by 
�=�c=Fc
R �see Eq. �7��.
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