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X-ray absorption and core-ionization spectra of molecules pumped by two coherent infrared pulses with
different polarizations are studied theoretically. We have found a sensitivity of the vibrational profile of x-ray
probe spectra to polarizations of the IR and x-ray pulses. This polarization dependence is qualitatively different
for x-ray absorption and x-ray photoelectron spectra. Measurements of this polarization dependence allow to
select the difference in Franck-Condon distributions from the lowest and pumped vibrational levels of the
electronic ground state. The proposed technique is exemplified numerically using x-ray absorption spectra of
the pumped CO molecule. We also show that this kind of pump-probe spectroscopy can enable studies of the
dynamics of molecular rotation.
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I. INTRODUCTION

Interactions of intense electromagnetic pulses with matter
are attracting increasing interest due to its intrinsic poten-
tial to investigate the dynamics of quantum systems in real
timescales and because of the possibility to manipulate quan-
tum states. Time-resolved laser pump-probe spectroscopies
open perspectives in the studies of dynamical processes in
structural chemistry, biology, and the physics of phase tran-
sitions [1–3]. The use of polarization sensitive techniques is
common in many time-resolved optical pump-probe experi-
ments [4]. In this context, resonant inelastic x-ray scattering
(RIXS) can be considered as a special kind of pump-probe
spectroscopy. It was recognized that polarization sensitivity of
RIXS is a useful tool to study anisotropy of electronic states
[5–9]. Time-dependent pump-probe spectroscopy [10–13]
turns out to be the adequate setup to study ultrafast quantum
dynamics of electrons and nuclei, for example, the motion
of the nuclear wave packet in the potential-energy surfaces.
IR-pump-x-ray-probe spectroscopy allows to study directly
the nuclear dynamics induced by the pump IR field in real
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time [14–19]. Here the use of ultrashort coherent x-ray pulses
produced at high harmonic generation sources provides a
possibility to characterize electronic, vibrational, and rota-
tion dynamics in a single experiment [20,21]. On the other
hand, the role of polarization can also be important in IR
+ x-ray pump-probe spectroscopy. In the present paper, we
explore the polarization sensitivity of x-ray absorption and
x-ray photoionization of molecules pumped by two coherent,
time-delayed, and linearly polarized long IR pulses. The pro-
posed technique is advantageous as it does not require use of
ultrashort x-ray pulses, whereas the measurements can be per-
formed even with rather long x-ray pulses from synchrotron
radiation facilities.

One should note that the ordinary x-ray absorption spectra
(XAS) of randomly oriented molecules do not depend on the
polarization of the x rays. The main reason for the polarization
sensitivity of IR + x-ray pump-probe absorption spectra is the
different orientation of the transition dipoles moments of the
IR transition and the electronic transition of core excitation.
As we will show, the situation is rather different in the case
of x-ray photoelectron spectroscopy (XPS) where the polar-
ization sensitivity of x-ray pump-probe XPS spectra stems
from different orientations of the polarization vectors of two
coherent IR-pump fields.

The paper is organized as follows. We present the general
theoretical framework in Sec. II. We discuss the special role
of polarization in Sec. III where the polarization dependence
for the case of CO molecule is exemplified, and an average
over molecular orientation is taken into account. A possibility
of separation of contributions from the ground and pumped
vibrational levels to the probe spectra (XAS and XPS) is
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FIG. 1. Qualitative picture of the one- and two-photon channels
of core excitation. Labels 0 and 1 denote the two lowest vibrational
levels of the ground electronic state mixed by the IR pulse ωIR,
whereas label 2 refers to a vibrational resonance in the core-excited
(core-ionized) state populated by x-ray pulse ωX .

discussed in Sec. III D along with a possible experimental
scheme. In Sec. III E we discuss the sensitivity of the proposed
technique to molecular rotation. Our results are summarized
in Sec. IV.

II. THEORY

We consider the interaction of the molecule with the
nonoverlapping IR-pump and time-delayed x-ray probe
pulses (Fig. 1),

1
2 EIRe−iωIRt + c.c., 1

2 EX e−iωX t + c.c. (1)

The frequency ωIR of the IR field with duration τ is tuned near
the resonance with the frequency ω10 of the first vibrational
transition ν = 0 → 1 of the ground electronic state whereas
the frequency ωX of the x-ray field is tuned near the resonant
frequencies ω20 and ω21 of the transitions from the vibrational
states 0 and 1 to the electronically core-excited vibrational
state 2. To make the physical picture clear we consider rect-
angular IR and x-ray pulses, time delayed with respect to
each other. Our approach is limited to weak probe and pump
pulses. This permits us to employ a perturbative treatment
of the two-color x-ray absorption and ionization processes.
The wave function of the molecule in the interaction picture
ψ = a2ψ2 + a1ψ1 + a0ψ0 is the coherent mixture of vibra-
tional states 0, 1, and of the core-excited state 2 where the
amplitudes an satisfy the following equations in the rotating-
wave approximation (in atomic units),

ȧ2 + �a2 = iG21ei(ω21−ωX )t a1 + iG20ei(ω20−ωX )t a0,

ȧ1 + γ a1 = iG10ei(ω10−ωIR )t a0,

|a0|2 + |a1|2 ≈ 1,

where we, by omitting G12a2 in the equation for a1, neglect
the change in population of level 1 by the weak probe x-ray
pulse. Here G2n = (EX · d2n)/2 and G10 = (EIR · d10)/2 are
the Rabi frequencies of x-ray and IR transitions, respectively.
One should note that electronic transition dipole moments d20

and d21 are the same (the difference in the vibrational structure
is considered in the next section) and the transition dipole
moment of IR transition d10 is oriented along molecular axis
R in heteronuclear diatomic molecules. We consider below
two XAS channels 1s → σ ∗ and 1s → π∗ with the transition
dipole moment d20 ‖ R and d20 ⊥ R, respectively.

The IR pulse, switched at t = 0, creates population ρ11 in
vibrational level 1 of the electronic ground state, which at the
end of the IR pulse t = τ reads

ρ11(τ ) = |a1(τ )|2,

a1(τ ) = G10
ei(ω10−ωIR )τ − e−γ τ

ω10 − ωIR − iγ
. (2)

When the IR pulse is turned off t � τ the system experiences
free decay,

a1(t ) = a1(τ )e−γ (t−τ ),

a0(t ) ≈ 1 − ρ11(τ )

2
e−2γ (t−τ ).

The second term on the right-hand side of the expression for
a0(t ) describes depopulation of the lowest level by the IR
pump. Hereafter, the core-excited state is populated by the
probe x-ray pulse delayed with respect to the IR pulse by �t ,

a2(t ) =
{

G21a1(τ )
e−iω10t e−γ (t−τ )

ω21 − ωX − i�

+ G20

ω20 − ωX − i�

[
1 − ρ11(τ )

2
e−2γ (t−τ )

]}

×ei(ω20−ωX )t�(t − tX ),

where tX ≡ τ + �t, �(t − tX ) is the step function equal to
zero when t < tX . We assume here that the duration τX of
the x-ray pulse is longer than the lifetime of the core-excited
state 1/� and � � γ . Taking into account that the lifetime of
vibrational state 1/γ of gas phase molecules is in the range of
10−3 s [22] and is usually much longer than the delay time �t
and duration of the x-ray pulse one can replace e−γ (t−τ ) by 1.
This allows us to write the amplitude of the x-ray absorption
and ionization F ∝ a2 as follows:

F =
{

G21a1(τ )
e−iω10t

ω21 − ωX − i�

+ G20

ω20 − ωX − i�

[
1 − ρ11(τ )

2

]}
�(t − tX ).

Thus, the cross section of x-ray absorption and ionization of a
molecule driven by the IR field is divided into a sum of partial
cross sections of one- and two-photon transitions (σ0 and σ1,
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respectively) and the interference term σcoh,

σ = |F |2 = σ0 + σ1 + σcoh,

σ0 = |G20|2
(ωX − ω20)2 + �2

,

σ1 =
( |G21|2

(ωX − ω21)2 + �2
− |G20|2

(ωX − ω20)2 + �2

)
ρ11(τ ).

(3)

The interference between one- (0 → 2) and two-photon (0 →
1 → 2) channels,

σcoh = 2 Re
G21G∗

20a1(τ )e−iω10t [1 − ρ11(τ )/2]

(ω21 − ωX − i�)(ω20 − ωX + i�)
(4)

can be significant only when the duration of x-ray pulse τX is
comparable to or shorter than period of vibration τX ω10 � 1
and it is strictly equal to zero for randomly oriented molecules
[14,15] (see Appendix A). Hence, we neglect σcoh in the
analysis below.

III. ROLE OF POLARIZATION

Let us now specify the amplitudes of the IR and x-ray
fields (1),

EIR = E1e(1)
IR + E2e(2)

IR eiϕ, EX = EX eX , (5)

assuming that all fields are linearly polarized with polariza-
tion vectors e(1)

IR , e(2)
IR , and eX . The IR field consists of two

phase-shifted IR pulses with the same frequency but dif-
ferent polarization vectors e(1)

IR and e(2)
IR . The reason for the

phase shift can be the time-delay (�tIR) between IR pulses
ϕ = ωIR�tIR. We assume that both IR pulses have the same
envelope. This is valid when τ � �tIR. To get the phase
shift ϕ = ωIR�tIR ≈ π for ωIR ≈ 0.2 eV we need �tIR ≈
10 fs. Thus, our assumption is valid for rather long IR pulses
τ > 100 fs.

Since the IR field EIR (5) has two components, the square
of the Rabi frequency of IR transition G10 consists of three
contributions,

|G10|2 = (
G(1)

10

)2(
e(1)

IR · d̂10
)2 + (

G(2)
10

)2(
e(2)

IR · d̂10
)2

+2G(1)
10 G(2)

10

(
e(1)

IR · d̂10
)(

e(2)
IR · d̂10

)
cos ϕ,

where G(n)
10 = End10/2 and d̂ = d/d denotes the unit vector

along d. Consequently, the population of the excited vibra-
tional level of the ground electronic state (2) reads

ρ11(τ ) = ρ
(0)
11 (τ ) + ρ

(1)
11 (τ ) cos ϕ,

ρ
(0)
11 (τ ) = [(

G(1)
10

)2(
e(1)

IR · d̂10
)2 + (

G(2)
10

)2
(e(2)

IR · d̂10)2
]

f (τ ),

ρ
(1)
11 (τ ) = 2G(1)

10 G(2)
10

(
e(1)

IR · d̂10
)(

e(2)
IR · d̂10

)
f (τ ),

f (τ ) = |e−i(ωIR−ω10 )τ − e−γ τ |2
(ωIR − ω10)2 + γ 2

.

A. Polarization dependence of vibrational progression of
pump-probe spectra

To avoid cumbersome expressions, until now we consid-
ered only the electronic component of the core excitation to

state 2 neglecting the excitation of the vibrational structure
in the core-excited (or core-ionized) state. Now we are at the
stage to include this vibrational excitation applying Franck-
Condon (FC) principle to Eq. (3),

|G2n|2
(ωX − ω2n)2 + �2

→ |G20|2|eX · d̂20|2σ nucl
n , n = 0, 1,

where

σ nucl
n =

∑
ν

|〈ν|n〉|2[
ωX − ωel

20 − (
ε

(2)
ν − ε

(0)
n

)]2 + �2

= 1

�
Re

∫ ∞

0
dt e−i(ωel

20−ε (0)
n −ωX −i�)t 〈n|ψ (c)

n (t )
〉
. (6)

Here G20 = G21 = EX d20/2 is the Rabi frequency of elec-
tronic transition 0 → 2 from the ground to the core-excited
state, ωel

20 is the frequency of electronic transition between
bottoms of the potential-energy surfaces of the core-excited
and ground states whereas ε (2)

ν and ε (0)
n are vibrational ener-

gies of the core-excited and ground states, respectively, we
label the vibrational level of the core-excited state by index ν,
and |〈ν|n〉|2 is the FC factor of core excitation. The nuclear
wave-packet |ψ (c)

n (t )〉 = e−iHct |n〉 is the solution of the time-
dependent Schrödinger equation with the nuclear Hamiltonian
Hc of the core-excited state [23–25]. Finally, for the absorp-
tion profile of the probe x-ray field we obtain

σ = |G20|2|eX · d̂20|2
[
σ̃ + ρ

(1)
11 (τ )

(
σ nucl

1 − σ nucl
0

)
cos ϕ

]
,

σ̃ = σ nucl
0 + ρ

(0)
11

(
σ nucl

1 − σ nucl
0

)
. (7)

B. O1s → 2π x-ray absorption of CO

As a showcase we selected to study the X 1�+ →1

�(1σ−12π1) x-ray absorption of the CO molecule. Cal-
culations of the partial cross-sections σ nucl

0 and σ nucl
1 were

performed using the time-dependent representation [23–25]
(6) and potential-energy curves of the ground and core-excited
states (Fig. 2) are taken from Refs. [26,27], � = 0.079 eV
[27]. The rather large change in the equilibrium bond length
under core excitation leads to the rich vibrational structure of
conventional XAS σ nucl

0 from the lowest vibrational level (n =
0) which has a nodeless wave function (Fig. 2). The single
node wave function of the pumped vibrational level (Fig. 2)
changes qualitatively the FC factors |〈ν|1〉|2 in compari-
son with |〈ν|0〉|2. This together with the reflection principle
[19,28] explain why the envelope of σ nucl

1 has a double-peak
structure (Fig. 3). Due to strong difference (σ nucl

1 − σ nucl
0 ) in

the FC distributions (Fig. 3), one can expect a detectable
deviation of the IR + x-ray pump-probe spectrum (7) from
the conventional XAS from level 0, σ nucl

0 . The XAS profiles
depicted in Fig. 3 are much wider than the lifetime broadening
� = 0.079 eV. The reason for this is the broad vibrational
structure which is not fully resolved since the spacing be-
tween vibrational levels of the core-excited state (0.177 eV)
is comparable with the core-hole lifetime broadening
2� = 0.158 eV.

C. Averaging over molecular orientation

In the real situation of the gas-phase or liquid-phase ex-
periment the vibrational progression of x-ray spectra can be
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FIG. 2. Potential-energy curves of ground X 1�+ (V0 ) and core-
excited O1s−12π 1 (V2) states of the CO molecule. Solid blue and red
lines display the vibrational wave-functions |0〉 and |1〉, respectively.

affected by the random molecular orientation. To study this
problem in more detail let us write down the expression for the
probe XAS and x-ray photoionization spectra averaged over
molecular orientations.

1. X-ray absorption

First let us consider the x-ray absorption of molecules
pumped by the IR field. In the case of randomly oriented
molecules we should average the cross section over molecular
orientation using the following equations [6]:

d̂id̂ j = 1

3
δi j,

d̂id̂ j D̂kD̂l = 1

15
{δi jδkl (2 − cos2 χ )

+ 1

2
(δikδ jl + δilδ jk )(3 cos2 χ − 1)}. (8)

Here χ = ∠(d, D) = ∠(d10, d20), d̂i, and D̂i are the Carte-
sian coordinates of d̂ = d̂10 and D̂ = d̂20. Applying Eq. (8) to
Eq. (7) we get the following XAS cross section for randomly
oriented molecules:

σXAS = |G20|2
3

{
σ nucl

0 + κ

5

(
σ nucl

1 − σ nucl
0

)
PXAS

}
, (9)

where the dimensionless saturation parameter,

κ =
[(

G(1)
10

)2 + (
G(2)

10

)2
]

f (τ )

characterizes the population ρ11(τ ) (2) of the excited vibra-
tional level by the IR pulse. It can be shown, that the averaging
over molecular orientation (e.g., orientation of the electronic
transition dipole moments) in the laboratory frame with the
help of Eq. (8) results in the following equation for the polar-
ization function:

PXAS = 2 − cos2 χ + (3 cos2 χ − 1)
[
ξ 2

1

(
e(1)

IR · eX
)2 + ξ 2

2

(
e(2)

IR · eX
)2]

+2ξ1ξ2
[
(2 − cos2 χ )

(
e(1)

IR · e(2)
IR

) + (3 cos2 χ − 1)
(
e(1)

IR · eX
)
(e(2)

IR · eX )
]

cos ϕ,

ξn = En√
E2

1 + E2
2

, n = 0, 1 (10)

depends on the angle between transition dipole moments of
the IR and the x-ray transitions χ = ∠(d10, d20) = ∠(R, d20)
and the mutual orientation of the polarization vectors of the
IR field e(1)

IR , e(2)
IR , and of the x-ray pulse eX . Let us consider

a rather common case when all the polarization vectors are
lying on the same plane,

PXAS ≡ PXAS(β1, β2) = 2 − cos2 χ + (3 cos2 χ − 1)

× (
ξ 2

1 cos2 β1 + ξ 2
2 cos2 β2

)
+ 2ξ1ξ2[(2 − cos2 χ ) cos(β2 − β1)

+ (3 cos2 χ − 1) cos β1 cos β2] cos ϕ, (11)

where β1 = ∠(e(1)
IR , eX ) and β2 = ∠(e(2)

IR , eX ). The polariza-
tion function of the pump-probe XAS depends also on the
angle χ between the transition dipole moments of the IR and

x-ray transitions, which is equal to 0 and π/2 for 1s → σ ∗ and
for 1s → π∗ core excitations in diatomic molecules. Figures 4
and 5 display the strong dependence of PXAS(β1, β2) on β1

and β2 which is qualitatively different for σ ∗ and π∗ core
excitations.

In the simplest but physically important case, ξ1 = ξ2 =
1/

√
2, β1 = β2 ≡ β the polarization function (8) becomes

PXAS = [2 − cos2 χ + (3 cos2 χ − 1) cos2 β](1 + cos ϕ).

This function is equal to zero when ϕ = π simply because
|EIR|2 = 0 and, hence, vibrational level 1 is not populated,
ρ11 ∝ |G10|2 ∝ |EIR|2 = 0. In the case of 1s → σ ∗ XAS
(χ = 0) the polarization function PXAS = (1 + 2 cos2 β )(1 +
cos ϕ) takes a maximum PXAS = 6 when β = 0, π and its
minimum value PXAS = 2 when β = π/2 (ϕ = 0). This is
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FIG. 3. (a) X-ray absorption X 1�+ → O1s−12π 1 of CO from the lowest σ nucl
0 (black solid line) and pumped σ nucl

1 (dashed red line)
vibrational levels. (b) The difference of the FC distributions of the XAS from panel (a) σ nucl

1 − σ nucl
0 . � = 0.079 eV.

because the x-ray transition 1 → 2 from the pumped vi-
brational level occurs preferentially from molecules aligned
along the polarization vector of the IR field e(n)

IR , inasmuch
as the probability of pump IR transition ∝ (e(n)

IR · d10)2 takes
a maximum when the molecular axis is parallel to e(n)

IR . The
picture is opposite for the 1s → π∗ core-excitation (χ =
π/2) with PXAS = (2 − cos2 β )(1 + cos ϕ) since now d20 ⊥
R, PXAS is maximal when polarization vectors of IR and x-ray
fields are orthogonal β = π/2. This effect has close analogy
with the polarization anisotropy of RIXS [5,6].

FIG. 4. Polarization function P(β1, β2) for 1s → σ ∗ pump-probe
XAS (8). χ = 0, ξ1 = ξ2 = 1/

√
2, ϕ = 0. PXAS(β1, β2) is symmet-

ric with respect to reflection relative to the diagonals (0, 0) − (1, 1)
and (1, 0) − (0, 1).

2. X-ray-induced core ionization

In the case of core-ionization (x-ray photoemission spec-
tra) we should perform the following replacement in σ nucl

n
[see Eq. (6)],

ωX − ωel
20 → BE − I,

where BE = ωX − ε is the binding energy, I is the ionization
potential of core electron, and ε is the energy of photo-
electron. The polarization dependence of the photoionization
at the molecular K edge differs qualitatively from the one

FIG. 5. Polarization function PXAS(β1, β2) for 1s → π∗ pump-
probe XAS (8). χ = π/2, ξ1 = ξ2 = 1/

√
2, ϕ = 0. PXAS(β1, β2) is

symmetric with respect to reflection relative to the diagonals (0, 0) −
(1, 1) and (1, 0) − (0, 1).
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FIG. 6. Polarization function PXPS(β ) of pump-probe XPS (10).
β = ∠(e(1)

1 , e(2)
1 ), ξ1 = ξ2 = 1/

√
2, ϕ = 0.

of x-ray absorption because the transition dipole moment
of the 1s ionization is parallel to the momentum of the
photoelectron k,

d̂20 = k̂.

Due to this the orientational averaging is performed using only
the upper equation in (8), which results in the following form
of the XPS cross section,

σXPS = |G20|2(eX · k̂)2

×
{
σ nucl

0 + κ

3
(1 + PXPS)

(
σ nucl

1 − σ nucl
0

)}
. (12)

Since d̂20 = k̂ there is no correlation between the polariza-
tion vectors of x-ray (eX ) and IR (e(n)

IR ) fields. Therefore,
the polarization function depends only on angle between the
polarizations of the two IR fields e(1)

IR and e(2)
IR but not on the

orientation of the x-ray polarization vector,

PXPS ≡ PXPS(β ) = 2ξ1ξ2(e(1)
IR · e(2)

IR ) cos ϕ

= 2ξ1ξ2 cos ϕ cos β, (13)

where β = ∠(e(1)
IR , e(2)

IR ). Figure 6 illustrates the function
PXPS(β ) which has a rather strong dependence on the relative
orientation of the polarization vectors of the IR fields.

D. Extraction of σnucl
1 − σnucl

0 from pump-probe measurements

Let us discuss now how the polarization effects can be
used for extraction of the partial XAS and XPS cross sections
originating from the ground and excited vibrational levels
σ nucl

1 and σ nucl
0 , respectively. Indeed, in a real experiment it is

rather difficult to populate significantly the excited vibrational
level n = 1 and, thus, to measure separately the σ nucl

1 profile
in order to get the difference of FC distributions for excita-
tion from excited and lowest vibrational states σ nucl

1 − σ nucl
0 .

However, the polarization dependence of IR-pump, XAS-,
and XPS-probe techniques proposed above allows to extract
the spectral distribution of a weak (σ nucl

1 − σ nucl
0 ) contribution

directly from the experiment. In order to show this, let us first
normalize the XAS and XPS cross sections on the area of the
vibrational profile. With the help of identity

∫
σ nucl

n dω = π/�

we get the following expressions for the areas of the XAS (9)
and XPS (12) vibrational bands,

SXAS =
∫ ∞

−∞
σXASdω = π

3�
|G20|2,

SXPS =
∫ ∞

−∞
σXPSdε = π

�
|G20|2(eX · k̂)2,

and the normalized XAS (σ̃XAS = σXAS/SXAS) and XPS
(σ̃XPS = σXPS/SXPS) cross sections read

σ̃XAS = �

π

{
σ nucl

0 + κ

5

(
σ nucl

1 − σ nucl
0

)
PXAS

}
,

σ̃XPS = �

π

{
σ nucl

0 + κ

3
(1 + PXPS cos ϕ)

(
σ nucl

1 − σ nucl
0

)}
.

The structure of the above equations is very clear: the first
term σ nucl

0 describes the conventional XAS and XPS signals
when the IR field is turned off, whereas the second term
proportional to κ arises fully from the IR-pump effect. Only
the second term shows dependence on the polarization and,
thus, can be used to extract the FC difference we are look-
ing for. Indeed, the small pump-probe signal contribution
∝κ (σ nucl

1 − σ nucl
0 ) is accessible by a subtraction of the cross

section obtained for another values of the polarization func-
tions PXAS and PXPS, which cancels out the major one-photon
0 → 2 contribution σ nucl

0 ,

σ̃ ′
XAS − σ̃XAS = �κ

5π
(P′

XAS − PXAS)
(
σ nucl

1 − σ nucl
0

)
,

σ̃ ′
XPS − σ̃XPS = �κ

3π
(P′

XPS − PXPS)
(
σ nucl

1 − σ nucl
0

)
. (14)

Here PXAS and P′
XAS (PXPS and P′

XPS) correspond to the
measurements with the two sets of polarization vectors an-
gles PXAS ≡ PXAS(β1, β2) and P′

XAS ≡ PXAS(β ′
1, β

′
2) [PXPS ≡

PXPS(β ) and P′
XPS ≡ PXPS(β ′)], respectively. Using the shape

of the polarization functions, depicted in Figs. 4–6, one can
maximize the pump-probe signal in (. For example, the polar-
ization function for XAS on the 1s → σ ∗ transition reaches
its maximal value of Pmax

XAS = 6.0 when the polarization vec-
tors of both IR pulses are parallel (antiparallel) to the x-ray
polarization, and it is at the saddle-point PXAS = 3.0 when
IR and x-ray polarizations are orthogonal β1 = β2 = π/2.
These two sets of polarization angles can be easily fixed in the
experiment. Similarly, the optimal polarization vectors ansatz
can be defined for the case of XAS on the 1s → π∗ transition
(Fig. 5) and XPS measurements (Fig. 6).

It is worthwhile to note that the proposed experimental
scheme can be realized using a split-delay-merge unit for IR
laser pulses with variable polarization with respect to x rays
and a general delay unit to scan the time difference between
IR and x-ray pulses. In that case, independent control of
the polarization, phase shift, and delay can be achieved. We
believe, that present day instrumental development allows to
inspect the validity of our theoretical results in the real experi-
mental situation. Equipment for XAS and XPS measurements
is available at many synchrotron beamlines.
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E. Role of molecular rotation

The x-ray spectra can be affected also by rotational de-
grees of freedom [29,30], which were, so far, neglected in
our theoretical description. This approximation is valid when
the time-delay �t between the IR and the x-ray pulses is
shorter than the period of rotation 2π/ωrot. However, the
rotation has to be taken into account [29] when ωrot�t > 1.
The effect of rotation can be also observed with the help of
the proposed pump-probe technique, and, thus, let us discuss
this effect qualitatively.

Molecular rotation affects the angle

χ = cos−1(d̂10 · d̂20) → χ (�t ) = cos−1[d̂10 · d̂20(�t )],

between the transition dipole moments of IR (d10) and x-ray
absorption (d20) transitions because the molecule changes the
orientation during the time delay,

χ (�t ) = χ (0) + ωrot�t . (15)

Let us consider the simple case of diatomic molecules where
d̂10 is parallel to the molecular axis R: d̂10 = R̂. The angle
χ depends on the symmetry of the core-excited state: χ = 0
or π/2 for the 1s → σ ∗ or 1s → π∗ transitions, respectively.
The molecular rotation affects the polarization function (10)
via the change in the angle χ (�t ) (11) from its initial value
χ (0) = 0 for the 1s → σ ∗ and χ (0) = π/2 for the 1s → π∗
XAS transitions. The variation of the polarization function
(10) PXAS → PXAS(�t ) with the change in the delay time
between probe x-ray and pump IR pulses,

σ ∗: cos2 χ (�t ) = cos2(ωrot�t ) = 1 + cos(2ωrot�t )

2
,

π∗: cos2 χ (�t ) = sin2(ωrot�t ) = 1 − cos(2ωrot�t )

2

affects also the whole shape of the XAS profile. This together
with the polarization sensitivity of the pump-probe technique
introduced above gives an additional tool to study the ro-
tational dynamics of free molecules and liquids. Contrary
to x-ray absorption, the polarization anisotropy of the core
ionization at the K edge shows no sensitivity to the molecular
rotation since the 1s ionization does not depend on the angle
χ [see Eq. (10)]. This effect in pump-probe XAS spectra can
be used for investigations of the dynamics of phase transitions
in liquids and solids [31] on a large variation scale of �t from
femtoseconds to pico- and nanoseconds.

Evidently, the thermal motion reduces the oscillations
cos(2ωrot�t ). Let us evaluate this damping treating rotations
classically. For diatomic molecules, there are two indepen-
dent rotations with angular velocities ωx and ωy orthogonal
to molecular axis R. In the classical picture the molecules
rotate with total angular velocity ωrot = ω

(x)
rot + ω

(y)
rot [ωrot =√

(ω(x)
rot )2 + (ω(y)

rot )2]. We need the following expectation value
(see Appendix B),

cos(2ωrot�t )

= Re
∫ ∞

−∞
dω

(x)
rot

∫ ∞

−∞
dω

(y)
rot e

i2ωrot�tW
(
ω

(x)
rot

)
W

(
ω

(y)
rot

)
= C(ω̄ �t ), C(η) = 1 − 2ηe−η2

∫ η

0
ex2

dx. (16)

FIG. 7. Function C(ω̄ �t ) (12) shows the damping of the ro-
tational modulation cos(2ωrot�t ) because of thermal rotational
motion. C(ω̄ �t ) takes a minimum at ω̄ �t = 1.5. For the CO
molecule at room temperature ω̄ ≈ 1.87 × 10−4 a.u. This corre-
sponds to �t = 1.5/ω̄ ≈ 194 fs.

Here W (ω) = (1/
√

πω̄) exp(−ω2/ω̄2) is the one-
dimensional Maxwell-Boltzmann distribution over rotational
frequencies ω̄ = √

2kBT/I is the thermal angular velocity
for the temperature T, I = μR2 is the moment of inertia,
and μ is the reduced mass. Figure 7 shows that the thermal
rotational motion quenches the oscillations, and only first
bend of cos(2ωrot�t ) survives. To make the oscillations
caused by molecular rotation more pronounced it is necessary
to create a nonequilibrium rotational distribution (alignment
or orientation) [32,33]. One of the well-known ways to
produce unidirectional rotation is to use a circularly polarized
pump laser field e± = ex ± iey,

〈J0M0|(e± · R̂)|JM〉, M = M0 ± 1, (17)

which can create significant orientation of angular velocities
parallel to e±. A very efficient technique to create a unidirec-
tionally rotating wave packet is the “optical centrifuge” using
the gradually accelerating circularly rotating laser polarization
field [34]. The pulse chirp provides a complementary method
of shaping and probing of the rotational wave packet in the
ground electronic state [35,36] as well as the vibrational wave
packet [37,38].

IV. SUMMARY

We proposed an IR-x-ray pump-probe scheme which uti-
lizes two time-delayed coherent IR pulses with controlled
polarization direction as the pump. As the probe we study the
possibility of using x-ray absorption and x-ray photoelectron
spectroscopy. With the help of theoretical analysis we have
found a strong polarization sensitivity with respect to relative
orientation of the polarization vectors of the two IR-pump
and x-ray-probe fields. Moreover, we demonstrated that the
polarization-resolved measurements can be used as a reliable
method to extract directly from the experiment the difference
between the Franck-Condon progressions from the lowest and
the first excited vibrational levels of the ground electronic
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state. Our findings are exemplified for O1s → 2π x-ray ab-
sorption of the CO molecule pumped by two coherent IR
pulses. We discussed possible experimental conditions which
allow to maximize the observed effect by particular relative
alignment of the polarization vectors of the three electromag-
netic pulses.

The proposed pump-probe scheme suggests a promising
protocol for delicate control of IR-induced nuclear dynam-
ics probed in x-ray absorption and ionization spectra. This
scheme has a number of advantages, which makes it attractive
for experimental application. In particular, there is no need
for strong IR and x-ray fields, no special requirements on
pulse duration, and the delay time between the pump and
the probe pulses can be varied in a broad interval. All this
makes it possible to apply the pump-probe techniques even at
synchrotron radiation facility where a variety of x-ray pulse
durations can be reached with the help of the electron bunch
slicing technique.

The possibility to study effects of molecular rotation is
presented qualitatively through variations in the delay time
between the pump and the probe pulses. Since in our method
the time delay is not limited, the proposed method becomes
potentially very attractive for the study of the photoinduced
phase transitions in liquids and solids. The outlined probe-
field spectroscopy is not limited to XAS and XPS and can be
in extended to other more sophisticated schemes, for example,
by using RIXS spectroscopy as a probe.

ACKNOWLEDGMENTS

The reported study was funded by the Russian Founda-
tion for Basic Research (RFBR), Project No. 19-29-12015.
J.-C.L. acknowledges support from the National Natural Sci-
ence Foundation of China under Grants No. 11974108 and
No. 11574082, and the Fundamental Research Funds for
the Central Universities (Grant No. 2018MS050). M.O. ac-
knowledges funding from the European Union’s Horizon
2020 Research and Innovation Programme under the Marie
Skłodowska-Curie Grant Agreement No. 860553 and the
Carl Tryggers Foundation (Contract No. CTS18:285). F.G.
acknowledges also the support from the Helmholtz Virtual
Institute VI419 “Dynamic Pathways in Multidimensional
Landscapes.” Support from the Swedish Research Council
(Grant No. VR 2019-03470) is also acknowledged.

APPENDIX A: INTERFERENCE OF ONE- AND
TWO-PHOTON CHANNELS

The interference between one- and two-photon channels
x-ray absorption or core-ionization channels (4) experiences
beating with the frequency of the vibrational transitions
e−iω10t . Since the experimental setup integrates the cross sec-
tion over the x-ray pulse, the interference term ∝e−iω10t =
e−iω10(t−tX )e−iω10tX should be averaged over the x-ray pulse as
well [14,15]. For example, the Gaussian x-ray pulse results in
the following expression:

G21G∗
20e−iω10t → e−iω10tX 〈G21G∗

20e−iω10(t−tX )〉
≈ G21G∗

20ζe−iω10tX ,

ζ = 〈e−iω10(t−tX )〉

≈
∫ ∞

−∞
dt e−iω10t exp[−(t/τX )2]

τX
√

π

= exp[−(ω10τX /2)2],

τX = τHWHM
X /

√
ln 2 is the duration of the x-ray pulse. Thus,

the interference contribution (4) is suppressed for x-ray pulse
longer than the period of molecular vibrations τX ω10 � 1.
This interference becomes important for short x-ray pulses
τX ω10 � 1 [14,15,39]. But in this case we lose the vibrational
resolution [14,15] required for distinguishing between 1 → 2
and 0 → 2 transitions.

One should note that the factor e−iω10t → 1 and the related
suppression of the interference term will be absent in the case
of the coherent two-color x-ray pulse [40] with two frequen-
cies ω and ω′ satisfying the condition ω′ − ω = ω10. Indeed,
the one- and two-photon absorption (or ionization) channels
lead to the same energy of the final state,

ω′ + E0 = ω + ωIR + E0.

There is yet another reason for suppression of coherent
term σcoh. The discussed interference is very sensitive to aver-
aging of the cross section over molecular orientation [14,15],

σcoh ∝ (EIR · d10)|EX · d20|2.

Apparently this term is equal to zero for randomly oriented
molecules in gas or liquid phases because (EIR · d10)x = 0.
However, the interference of one- and two-photon channels
becomes important for surface adsorbed molecules. Indeed,
quite often the adsorbed molecules have preferential orien-
tation [41–44]. One should note that the molecules can be
oriented even in the gas phase by a laser field [32,33]. The
interference term σcoh (4) was studied earlier [14,15], and it is
neglected in the present paper.

APPENDIX B: SUPPRESSION OF cos OSCILLATIONS BY
THERMAL MOTION

Using the cylindrical symmetry of the integrand in
Eq. (12) lets us go from Cartesian to cylindrical coordinates∫∫

dω
(x)
rot dω

(y)
rot = 2π

∫
ωrotdωrot,

cos(2ωrott ) = 1

πω̄2
Re

∫ ∞

−∞
dω

(x)
rot

∫ ∞

−∞
dω

(y)
rot e

i2ωrott e−ω2
rot/ω̄

2

= 2

ω̄2
Re

∫ ∞

0
dωrotωrote

i2ωrott e−ω2
rot/ω̄

2

= 1

ω̄

∂

∂t

{
e−(ω̄t )2

∫ ω̄t

0
dη eη2

}
= C(ω̄t ),

where

C(x) = 1 − 2xe−x2
∫ x

0
dη eη2 = 1 − √

πxe−x2
erfi(x).

Here erfi(x) is the imaginary error function.
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