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Resonant inelastic x-ray scattering accompanied by core-hole hopping induced by a strong infrared-laser
field is studied for the nitrogen molecule. This process involves a strong laser-field-induced promotion of
ungerade core holes created by a weak x-ray pulse to a gerade core level, which opens symmetry-forbidden
scattering channels and gives rise to new features in the x-ray scattering spectrum. The core-hole hopping
within the short lifetime of the core-excited state required for observation of the described process can be
achieved at moderate intensities of the infrared field ��1012 W /cm2� because of the large transition dipole
moment between the relevant core levels. The dynamics of resonant inelastic x-ray scattering assisted by
change of core-hole parity is studied in detail versus the intensity, detuning, phase, and duration of the incident
infrared-laser and x-ray pulses.
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I. INTRODUCTION

The monitoring of nuclear and electronic motions in real
time is one of the main aims of ultrafast optical and x-ray
spectroscopies �1�. The typical approaches for recording mo-
lecular motion in real time rely on pump-probe schemes, and
new opportunities for time-resolved multicolor pump-probe
x-ray experiments �2,3� have emerged in recent years with
the development of advanced harmonic generation tech-
niques as well as x-ray free-electron lasers. Despite consid-
erable progress in pump-probe spectroscopy in the optical
region, a similar development in the x-ray region has been
lacking, and most x-ray measurements are currently per-
formed with continuous-wave light sources or with long
pulses. A few real x-ray measurements with femtosecond res-
olution form an exception to this trend. They employ x-ray
pump-probe schemes based on probing x-ray absorption or
photoionization of optically or infrared �ir� excited molecules
�3–8�. One remarkable example of application of time-
resolved pump-probe spectroscopy in the x-ray region is the
attosecond sampling of x-ray-induced electron wave packets
�2,3�. However, mainstream application of x-ray pump-probe
spectroscopy on femtosecond and shorter time scales still
remains beyond the current technical capabilities, and new
developments in experimental techniques, instrumentation
for measurements, and theory are needed before spectros-
copy of this kind becomes more widely applicable.

X-ray spectroscopy is a powerful tool for probing elec-
tronic structure, the nature of chemical bonding, and excita-
tion dynamics. Relevant investigations have become popular
owing to the recent development in synchrotron radiation
and in experimental techniques. Conventional resonant in-
elastic x-ray scattering �RIXS� �9–11� is based on the reso-
nant excitation of a core electron to an unoccupied molecular
orbital �MO� followed by spontaneous decay of an electron
from an occupied MO into the created core hole. Unlike the
first-order x-ray absorption and emission processes, RIXS is

a combination of x-ray absorption and emission events.
RIXS associated with the dipole selection rules for each step
provides a direct way to detect the symmetry of the core-
excited states �10–13�, which cannot be achieved by either
nonresonant or nonradiative x-ray spectroscopy.

In this paper, we suggest and explore in detail a scheme of
x-ray pump-probe spectroscopy–RIXS induced by core-hole
hopping in a strong laser field. In solids and symmetric mol-
ecules, the core shell consists of few or many close-lying
core levels. The small molecular orbital splitting of the core
shell lying in the far-ir region ��0.1 eV� is comparable with
the lifetime broadening � of the core-excited states of light
atoms like carbon, nitrogen, or oxygen. Due to this circum-
stance it is rather difficult to resolve such small core-hole
splittings �14–18� using x-ray photoelectron spectroscopy.
However, RIXS in a strong laser field gives direct informa-
tion about fine structure of core shells which is hidden in
conventional spectroscopies by the large lifetime broadening.
Indeed, the modern advances in strong-field laser physics
make it possible to promote the short-living core hole into a
core level of opposite parity by applying an ir- or optical-
laser pulse. The laser-induced change of parity of the core
hole opens symmetry-forbidden scattering channels and
gives information about the fine structure of the core shell.
The x-ray pump-probe experiment proposed here demon-
strates that RIXS is a unique tool for probing the dynamics
of Rabi flopping �19� of core holes induced by a laser field.

The paper is organized as follows. A physical picture of
RIXS induced by core-hole hopping in a strong laser field is
presented in Sec. II A. We outline in Sec. II B the basic
theory. To give insight into the physics of RIXS in a strong
laser field, we analyze the studied process using an analytical
solution for rectangular pulses �Sec. II C�. The general
theory is exemplified for x-ray scattering of the N2 molecule.
The core-excited and final states of this molecule are dis-
cussed in Sec. III. The final expressions for the RIXS cross
sections of fixed-in-space and randomly oriented molecules
are derived in Sec. IV. Numerical simulations are discussed
in Sec. V. Our findings are summarized in Sec. VII.*Corresponding author. jicai@theochem.kth.se
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II. THEORY

A. Physical picture of x-ray scattering in a strong laser field

The ground-state electronic configuration of N2 is

�1�g�2,�1�u�2,�2�g�2,�2�u�2,�1�u�4,�3�g�2, X 1�g
+.

The lowest unoccupied molecular orbital �LUMO� in N2 is
the 1�g orbital. The spacing between the core orbitals 1�g
and 1�u is comparable with the lifetime broadening of the
x-ray transition. This means that core holes can be created in
both levels 1�g and 1�u. However, the resonant excitation
creates core holes only in one of these orbitals. Indeed, when
the frequency of the incident x-ray radiation �X1 is tuned
near resonance with the transition to the LUMO, 1�g,u
→1�g, only the transition 1�u→1�g is allowed due to the
dipole selection rules. This means that the radiative decay
channel is allowed only from the gerade occupied molecular
orbital �10,11�, 3�g→1�u, as has been confirmed by experi-
ment �13�. The picture changes qualitatively when the mol-
ecule is exposed to a strong ir laser tuned in resonance with
the 1�u→1�g core transition. The laser field promotes the
core hole into the core level of opposite parity and opens
thereby the symmetry-forbidden fluorescence channels
�1�u ,2�u�→1�g.

B. Amplitude equations and RIXS cross section

The energy level scheme of the RIXS transitions in the N2
molecule is shown in Fig. 1. There are two qualitatively dif-
ferent RIXS channels in the ir-laser field: �1� the symmetry-
allowed channel 1�g

+→ �1�u
−11�g

1� 1�u→ f with one gerade
final state f = �3�g

−11�g
1� 1�g and �2� the symmetry-forbidden

ones 1�g
+→ �1�g

−11�g
1� 1�g→ f with four ungerade final

states f = �2�u
−11�g

1� 1�u, �1�u
−11�g

1� 1�u
−, 1�u, and 1�u

+.
When the final state is fixed, it is sufficient to consider a

four-level molecule which interacts with the low-frequency
pump field �L�, the high-frequency incident x-ray radiation
�X1�, and the scattered x-ray radiation �X2�:

E��t� = e�E��t�cos���t + 	��, � = L,X1,X2. �1�

These fields mix the ground �
0�, two core-excited �
1 and

2�, and final �
 f� states �Fig. 1� with the energies Ei=��i:

=�iai
i. The SI system of units is used here. In the inter-
action picture, the amplitudes ai obey the equations

ȧi + �iai = − ı�
j

eı�ijtUijaj, �ij = �Ei − Ej�/� , �2�

Uij = −
1

�
dij · �EX1�t� + EX2�t� + EL�t�� ,

where it is supposed that the lifetime broadenings of the two
core-excited states are the same, �1=�2=�. We assume that
the weak incident x-ray field does not change the ground-
state population, a0�1, and that the weak scattered sponta-
neous x-ray field does not affect the population of the core-
excited states. It is natural to treat both of the weak x-ray
fields in the rotating wave approximation �RWA�, in contrast
to the strong laser field which is taken into account explicitly.
This allows us to simplify Eqs. �2�,

ȧ1 + �a1 =
ı

2
eı��10−�X1�t−ı	X1G10

X1

+ ıe−ı�21tG12
L cos��Lt + 	L�a2,

ȧ2 + �a2 = ıeı�21t cos��Lt + 	L�G21
L a1, G20

X1 = 0,

ȧf + � faf =
ı

2
�eı��X2−�1f�tGf1

X2a1 + eı��X2−�2f�tGf2
X2a2� . �3�

Here Gij
� = �e� ·dij�E� /� are Rabi frequencies of the x-ray ab-

sorption and emission transitions ��=X1,X2� and of the la-
ser transitions between the core-excited states ��=L�. We
have taken into account in Eq. �3� that G20

X1=0 because the
transition 0→2 is dipole forbidden. It is worth noting that,
according to the dipole selection rules, for each scattering
channel, one of the Rabi frequencies �Gf1

X2,Gf2
X2� is equal to

zero,

Gf1
X2 = 0, f = u; Gf2

X2 = 0, f = g , �4�

because the core-excited states have opposite parities: the
upper state 
2 is gerade, while the lower state 
1 is ungerade
�see Fig. 1�.

The RIXS cross section is calculated through the final-
state population � f = �af�2,

� = �
f

� f, � f = 	
−



� f�t�dt . �5�

The constant prefactor is neglected at the right-hand side of
this equation.

The time of the Rabi flopping 1 /G12
L must be faster than

the lifetime of the core-excited state 1 /� in order to promote
significant population transfer from the symmetry-allowed
core-excited state 
1 to the symmetry-forbidden state 
2.
This happens when the intensity of the laser field exceeds the
threshold value
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g 1π 1

g Π1
g

( )
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u 1π 1
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u
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1π 1
g1π −1
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FIG. 1. �Color online� Scheme of RIXS transitions in the ir-laser
field.
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IL � Ith, Ith = 2c�0
��

d12
�2

. �6�

A simple calculation gives a reasonable value of the thresh-
old intensity Ith�1012 W /cm2, attributed to the large dipole
moment �d12�2.6379 D� of the charge-transfer transition
between the ungerade 
1��1�u

−11�g
1 and the gerade 
2

��1�g
−11�g

1 core holes �20�,

d12 = e�1�u�r�1�g =
e

2
	 r�1s2�r − R1� − 1s2�r − R2��dr

�
eR

2
. �7�

Here R is the interatomic radius vector, which is assumed to
be along the z axis.

C. Core-hole promotion by a rectangular laser pulse

To get insight into the dynamics of the population of core-
excited states, it is instructive to write down the solution of
Eq. �3� for overlapping rectangular x-ray and laser pulses
with � f =0. In this section, the rotating wave approximation
is also used for the ir-laser pulse by assuming in Eq. �3� that

e�ı�21t cos��Lt� �
1

2
e�ı��L−�21�t, 	X1 = 	L = 0. �8�

Though the RWA breaks down in strong laser fields �see Sec.
V�, this approximation is useful for qualitative analysis. The
RWA solution of Eqs. �3� and �8� inside the pulses �0� t
��� is straightforward,


a1

a2
� =

ıGX1e−ı�X1t

4�
�
 �L + �

− G21
L e−ı�Lt �

�
 1 − e−�teı��X1+�L/2−�/2�t

� − ı��X1 + �L/2 − �/2�
� + 
 � − �L

G21
L e−ı�Lt �

�
 1 − e−�teı��X1+�L/2+�/2�t

� − ı��X1 + �L/2 + �/2�
��, 0 � t � � ,

�9�

where �X1��X1−�10 and �L��L−�21 are, respectively,
the detuning energies of the incident x-ray and laser fields
from the resonances, and � is the duration of the rectangular
pulses. One can see that the x-ray absorption resonance ex-
periences a Rabi splitting

� = ��G21
L �2 + �L

2 , �10�

caused by the laser-induced transitions between the core-
excited states. To see the role of the laser field, let us write
the ratio of populations for �L=�X1=0 and �t�1,

�2

�1
= 
G12

L /2
�

�2

=
IL

Ith
. �11�

When the intensity of the laser field is high enough, G12
L

=2�, the symmetry-forbidden core-excited state 
2 has the
same population as the state 
1. The laser-induced popula-

tion of state 
2 depends resonantly on the frequency of the
laser field �2� �G12

L �2 / ���L−�21�2+ �G21
L �2�, where the Rabi

frequency results in a field broadening.
The laser-induced population of the symmetry-forbidden

core-excited state 
2 and the Rabi splitting of both core-
excited states affect the RIXS profile �5� strongly, as one can
see from the expression �9� of the final-state amplitude,

af =
ı

2
	

−

t

�eı��X2−�1f�t1Gf1
X2a1�t1�

+ eı��X2−�2f�t1Gf2
X2a2�t1��e−�f�t−t1�dt1. �12�

III. CORE-EXCITED AND FINAL STATES

The N2 molecule has two doubly degenerate core-excited
states �see Fig. 1�,

�c
x,y�1�u� = �1�u

−11�g
1�x,y�, �c

x,y�1�g� = �1�g
−11�g

1�x,y� ,

�13�

and five final states, of which one gerade state is obtained by
promotion of an electron from the highest occupied molecu-
lar orbital �HOMO� �3�g� to the LUMO �1�g�,

�x,y�1�g� = �3�g
−11�g

1�x,y� , �14�

and four ungerade states are generated by electron excitation
from HOMO-1 �1�u� or HOMO-2 �2�u� to the LUMO
�1�g�,

�x,y�1�u� = �2�u
−11�g

1�x,y� ,

��1�u�1,2, ��1�u
+�, ��1�u

−�: 1�u
−11�g

1. �15�

The states ��1�g�, ��1�u�, and ��1�u� are doubly degen-
erate. The origin of the splitting of the �1�u

−11�g
1 final states

is the difference of the electron-hole interactions 1�u
−1�x�

−1�g
1�x� and 1�u

−1�x�−1�g
1�y�. To compute the transition di-

pole moments we need the wave functions of the final states,

��1�u�1 =
1
�2

��1�u�x�1�g�y� − �1�u�y�1�g�x�� ,

��1�u�2 =
1
�2

��1�u�y�1�g�y� + �1�u�x�1�g�x�� ,

��1�u
+� =

1
�2

��1�u�y�1�g�y� − �1�u�x�1�g�x�� ,

��1�u
−� =

1
�2

��1�u�x�1�g�y� + �1�u�y�1�g�x�� . �16�

We have the following nonzero transition dipole moments of
x-ray absorption and emission transitions:

��c
x,y�1�u��r�0 = dc0 · �x̂, ŷ� ,

��c
x,y�1�g,u��r��x,y�1�u,g� = dcf · ẑ, f = 1�u, 1�g,
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��c
x,y�1�g��r�f = dcf · �x̂, ŷ�, f = �1�u�1,2, 1�u

+, 1�u
−.

�17�

Here the unit vectors �x̂ , ŷ , ẑ� show the directions of the tran-
sition dipole moments in the molecular frame �see Fig. 2�. It
is worth noting that the final states f = �1�u�1,2 , 1�u

+ , 1�u
− have

the same dcf. The absolute values of the dipole moments �17�
are collected in Table I.

IV. AVERAGING OVER MOLECULAR ORIENTATIONS

The RIXS depends on the orientations of the polarization
vectors relative to the transition dipole moments through the
Rabi frequencies. It is convenient to extract this orientational
dependence from the Rabi frequencies of x-ray transitions,

G10
X1�eX1 · d̂10�, Gfc

X2�eX2 · d̂ fc� . �18�

Here d̂=d /d is the unit vector along d. Now the Rabi fre-
quencies

G10
X1 = EX1d10/�, Gfc

X2 = EX2dfc/� �19�

do not depend on the molecular orientation. Let us extract
the orientational dependence from the amplitudes

a1,2 = ã1,2�eX1 · d̂10�, af = ãf�eX1 · d̂10��eX2 · d̂ fc� . �20�

It is easy to see that the new amplitudes ã1,2 and ãf obey the
same equation as Eq. �3� except that the Rabi frequencies
G10

X1 and Gfc
X2 are defined for parallel orientations between the

polarization vectors and the corresponding transition dipole
moments �see Eq. �19��. Now Eq. �3� depends only on the
angle �= �eL ,R between the molecular axis and the polar-
ization vector of the laser field.

A. Cross section for fixed-in-space molecules

According to Eq. �20�, � f = �ãf�2�eX1 · d̂10�2�eX2 · d̂ fc�2. Tak-
ing this into account and the dipole moments of core excita-
tion and emission transitions as expressed in �17�, we get the
following RIXS cross section �5� for fixed-in-space mol-
ecules:

���� = sin2 �X1�cos2 �X2��3�g
��� + �2�u

����

+
1

2
sin2 �X2��1�u

1
�u

−

��� + �1�u

1
�u

+

��� + 2�1�u

1
�u����� ,

�21�

summed over all final states. Here �X1= �eX1 ,R and
�X2= �eX2 ,R. The partial RIXS cross sections

θX1

X1
e

ϕ
X1

xd c0

yd c0

R

FIG. 2. �Color online� Angles between the polarization vector
eX1 of the incident x-ray pulse and the transition dipole moments of
core excitation 1�u→1�g in the molecular frame.

TABLE I. Core-excited and final states of N2. �cf are the resonant emission frequencies of the symmetry-
allowed emission transitions �1= �c�u�→ �f�g� and �2= �c�g�→ �f�u� for �L=�X1=0. Asterisks mark
parameters that are used in simulations. The dipole moments dcf and dc0 are normalized to 1 for the strongest
transition. �=0.0575 eV �18�.

� f0 �eV� �cf
� �eV� dcf

Final state Expt.a �theory� Expt. Expt.b �theory*�

1�g �3�g
−11�g

1 9.31 �9.38� 392.1b 1 �1�
1�u

− �1�u
−11�g

1 9.92 �9.99� 391.587a,b 0.559 �0.625�
1�u �1�u

−11�g
1 10.27 �10.43� 391.237a,b 0.559 �0.625�

1�u �2�u
−11�g

1 12.78 �13.25� 388.727a,b 0.433 �0.426�
1�u

+ �1�u
−11�g

1 14.35 �16.37� 387.157a,b 0.559 �0.625�
Core-excited state - �c0

� �eV� �expt.� dc0
1�u �1�u

−11�g
1 - 400.88b 1

1�g �1�g
−11�g

1 - 400.977b,c 0

ir transition �21
� �eV� �expt.� - d21

� �theory�
1�u→1�g 0.097c - 2.6379 D

aExperimental data from Refs. �24,25�.
bExperimental data from Ref. �13�.
cExperimental data from Ref. �18�.
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�3�g
, �2�u

, �1�u

1
�u

−

, �1�u

1
�u

+

, �1�u

1
�u �22�

correspond to the decay transitions with a degeneracy factor
equal to 1. The subscript marks the occupied MO from
which the emission transition occurs. The partial cross sec-
tions � f �22� are calculated using Eq. �5� for eX1 �d10 and
eX2 �d fc as is described in the first paragraph of this section
�Sec. IV�.

B. X-ray Raman scattering from randomly oriented molecules

We consider two geometries of the RIXS �Fig. 3�.
Geometry A �Fig. 3�a��. The polarizations of the incident

laser pulse and of the emitted x-ray radiation are parallel to
each other and they are perpendicular to that of the incident
x-ray pulse:

�eL � eX2� � eX1, � = �X2. �23�

In this case cos �X1=sin � cos 	. Averaging of the RIXS
cross section �21� over the rotation of the molecular axis
around eL �cos2 	=1 /2� results in the following expression:

���� =
1

2

1 −

1

2
sin2 ���2 cos2 ���3�g

��� + �2�u
����

+ sin2 ���1�u

1
�u

−

��� + �1�u

1
�u

+

��� + 2�1�u

1
�u����� . �24�

Geometry B �Fig. 3�b��. The polarizations of the two x-ray
fields are parallel to each other and they are perpendicular to
that of the ir-laser pulse:

eL � �eX2 � eX1�, �X1 = �X2. �25�

Now cos �X2=cos �X1=sin � cos 	. The RIXS cross section
�21� averaged over 	 reads

���� =
1

2

1 −

1

2
sin2 ���sin2 ���3�g

��� + �2�u
����

+ 
1 −
1

2
sin2 ����1�u

1
�u

−

��� + �1�u

1
�u

+

��� + 2�1�u

1
�u����� .

�26�

The orientational averaging over rotations of the molecular
axis relative to the polarization vector of the ir-laser field eL,
namely, the averaging over �, is performed numerically us-
ing the equation

� =
1

2
	

0

�

����sin � d� . �27�

V. COMPUTATIONAL ASPECTS

After extracting the orientational factors �20�, the ampli-
tude equations �3� are numerically solved for the amplitudes
ã1, ã2, and ãf with the angle-dependent Rabi frequency of the
core-hole transition

G12
L =

ELd12

�
cos � . �28�

The partial RIXS cross sections �22� are then evaluated using
Eq. �5�. Finally, the orientational averaging is performed
with Eqs. �24�–�27� following the procedure outlined in Sec.
IV.

The temporal shapes of the incident x-ray and ir-laser
pulses are modeled by Gaussians with the same peak posi-
tion t0,

E��t� = E�
�0� exp�− ��t − t0�/���2ln 2/2�, � = X1,L ,

�29�

where �� is the half width at half maximum �HWHM� of the
intensity profile of the pulse. The emission transitions are
triggered by weak time-independent spontaneous noise, and
due to this we put EX2=1.

The values of the excitation energies and of the transition
dipole moments relevant to the present simulations are col-
lected in Table I. The results of our ab initio calculations are
compared with available experimental data in Table I. The
data marked with asterisks are used as input spectroscopic
data in the numerical simulations, and the small lifetime
broadening of the final states is neglected. The theoretical
values for the transition energies �ij and the dipole moments
dij are obtained at the equilibrium geometry of the nitrogen
molecule using second-order N-electron valence-state pertur-
bation theory �NEVPT2� �21� and the single configuration
interaction �SCI� method, respectively. The NEVPT2 calcu-
lations are carried out employing an active space consisting
of the valence orbitals of interest, namely, 2�g, 2�u, 1�u,
3�g, and 1�g, in the augmented correlation consistent polar-
ized valence 5-� �aug-cc-pV5Z� basis set �22�. The transition
dipole moments are calculated using the SCI method in the
triple-� valence augmented with �2p ,2df� polarization func-
tion �TZV �2p ,2df�� basis set �23�. From the results pre-
sented in Table I one can see that our theoretical NEVPT2
transition energies � f0 of the 0→ f transitions are in good
agreement with the experimental ones �24,25�. The resonant
frequencies �cf of the x-ray decay transitions have been re-
calculated using the experimental peak position of the
1�u�1�u

−11�g
1→ 1�g�3�g

−11�g
1 symmetry-allowed x-ray Ra-

man resonance �13� and the absorption data �25� for � f0
�Table I�. The theoretical values of dcf are close to those
extracted from off-resonant x-ray fluorescence measurements
�13�.

VI. DISCUSSION OF NUMERICAL SIMULATIONS

The RIXS spectra calculated with the two geometries A
�Fig. 3�a�� and B �Fig. 3�b�� are shown in Fig. 4 for different
intensities of the ir field. One can see that, when the ir-laser

e
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e
X2

e
X1e

X1

e
X2

e
L

θX1 θX2=
θX1

ϕϕ

θθ

RR

A) B)

FIG. 3. �Color online� Scheme of two different geometries. �a�
�=�X2, �eL �eX2��eX1; �b� �X1=�X2, eL� �eX2 �eX1�.
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pulse is weak, only the symmetry-allowed channel is ob-
served. However, when the intensity of the ir pulse exceeds
the threshold value �6� �1012 W /cm2, the symmetry-
forbidden channels are opened. When the Rabi frequency of
the ir transition exceeds the lifetime broadening of the core-
excited states, the ir field mixes, to a large extent, the unger-
ade �1�u� and the gerade �1�g� core-excited states. There-
fore, the emission transitions from the gerade core-excited
state to the ungerade final states are detected. Comparing

Figs. 4�a� and 4�b�, one can also see that the RIXS spectrum
depends on the relative polarization directions of the x-ray
and ir-laser fields.

The partial RIXS cross sections of different decay chan-
nels are presented as a function of the intensity of the inci-
dent ir pulse in Fig. 5. As is expected, the partial RIXS cross
sections of the symmetry-forbidden channels start to grow
from zero when IL increases. The maximum values are
reached when the Rabi frequency of the ir transition is com-
parable with or larger than the lifetime broadening of the
core-excited states ��G12

L �0.15 eV for IL=1012 W /cm2

and �=0�. However, the cross sections begin to decrease for
higher ir-pump levels. The suppression of the partial cross
sections for higher intensities is due to the Rabi splitting of
the core-excited states caused by the strong ir field. This can
be illustrated from the analytical RWA solutions �9� of the
amplitude equations for the overlapped rectangular incident
pulses. The Rabi splitting �10�, which is different for differ-
ent instants and �, leads to a broadening of the x-ray absorp-
tion profile and suppresses the resonant x-ray absorption
probability. In contrast, the symmetry-allowed peak �1�g�
decreases monotonically when the ir field intensity increases
�Fig. 5�. The reason for this is twofold. The first one is the

0

10

0

4

8

σ
(a

rb
.u

ni
ts

)

0

1

2

387 388 389 390 391 392
ωX2 (eV)

0

1

IL = 1×10
11

W/cm
2

IL = 1×10
12

W/cm
2

IL = 5×10
12

W/cm
2

IL = 1×10
13

W/cm
2

1Σ+
u 1Π u

1∆ u

1Σ-
u

1Π g

0

10

0

4

8

σ
(a

rb
.u

ni
ts

)

0

3

6

387 388 389 390 391 392
ωX2 (eV)

0

2

4

IL = 1×10
11

W/cm
2

IL = 1×10
12

W/cm
2

IL = 5×10
12

W/cm
2

IL = 1×10
13

W/cm
2

1Σ+
u

1Π u

1∆ u

1Σ-
u

1Π g

(b)

(a)

FIG. 4. �Color online� RIXS spectra for different peak intensi-
ties IL of the ir field. The symmetry-forbidden channels are opened
when IL exceeds the threshold intensity �1012 W /cm2. �X=�L

=1 ps. �X1��X1−�10=0. �L��L−�21=0. 	X1=	L=0. �a� Ge-
ometry A; �b� geometry B.

0 2 4 6 8 10

IL (10
12

W/cm
2
)

0.0

0.5

1.0

σ
(a

rb
.u

ni
ts

)

a
1Πg

a´
1Σ-

u, b´
1Σ+

u

w
1∆u

c
1Πu

×1/15

0 2 4 6 8 10

IL (10
12

W/cm
2
)

0.0

0.5

1.0

1.5

σ
(a

rb
.u

ni
ts

)

×1/15

(b)

(a)

FIG. 5. �Color online� Partial RIXS cross sections versus the
intensity of the ir field. �X1=�L=1 ps. The symmetry-allowed scat-
tering channel �a 1�g� is shown by the solid line. �X1=�L=0.
	X1=	L=0. �a� Geometry A; �b� geometry B.

LIU et al. PHYSICAL REVIEW A 77, 043405 �2008�

043405-6



depopulation of the intermediate symmetry-allowed core-
excited state 1�u due to the ir transition to the upper core-
excited state 1�g �Fig. 1�. This mechanism dominates until
IL�2�1012 W /cm2. The second reason is the above-
mentioned Rabi splitting which starts to be important for
higher intensities.

It is known that the effective duration of the RIXS pro-
cess, �RIXS=1 /��X1

2 +�2, depends strongly on the detuning
of the incident x-ray radiation from the resonant absorption
transition �11,26�. The dynamical process can be controlled
by varying the duration of RIXS through tuning the fre-
quency of the incident x-ray pulse. On the other hand, the
time of Rabi flopping �R=� /G21

L determines the efficiency of
the core-hole hopping between the ungerade and gerade core
levels. Hence, the effect studied here depends on the compe-
tition of the time of Rabi flopping between the core holes �R
and the duration of the x-ray pulse �X1 or the scattering du-
ration �RIXS. The influence of the detuning �X1 on the ratio
of the cross section of the forbidden RIXS channel relative to
that of the symmetry-allowed one is shown in Fig. 6. One
can see that the symmetry-forbidden channels are strongly
suppressed with large detuning �X1 since �RIXS is shorter
than �R �inset of Fig. 6�. In this case, most of the ungerade
core holes have already decayed to the final state through the
symmetry-allowed channel before they have the opportunity
to be excited to the gerade core level.

The shortening of the incident x-ray pulse �X1 is expected
to suppress the symmetry-forbidden RIXS channels. In fact,
this is not true and the opposite trend is observed �Fig. 7�.
The relative peak intensities of the symmetry-forbidden
channels ��f� /��1�g� become stronger for shorter duration
of the x-ray pulse, although the absolute intensity of each
decay channel is decreased �dashed line in Fig. 7�. When the
relative intensity of the symmetry-forbidden channel takes
the maximum value, the duration of the x-ray pulse has the
same order of magnitude �4.5 fs� as the time of Rabi flopping
of the core holes. The shortening of the incident x-ray pulse
�Fig. 8� results in another effect, namely, additional spectral
features compared with the case of a long pulse �Fig. 4, IL
=5�1012 W /cm2�. The reason for this is the interplay of the
two resonant features of the scattering process �10,11,27�
�X2=�X1−� f0 and �X2=�cf,

� �
1

��X2 − �cf�2 + �2�„�X2 − ��X1 − � f0�,�… . �30�

To give a qualitative explanation of the extra spectral fea-
tures seen in Fig. 8, the cross section �30� is written here for
a three-level molecule. The spectral function of the incident
x-ray beam is very narrow ��1 /�X1��, when the duration
of the incident pulse �X1 is longer than 1 /�. In this case, the
RIXS spectral profile displays the Raman peaks �X2=�X1
−� f0 which do not depend on the energies of the core-
excited states �Fig. 4�. The picture changes qualitatively
when the x-ray pulse is short ��1 /�X1��. Now both Ra-
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man ��X2=�X1−� f0� and non-Raman ��X2=�cf� peaks are
seen in RIXS. The Rabi splitting of the core-excited states
c=1,2 �see Eq. �9�� explains the appearance of the extra
peaks in the RIXS profile shown in Fig. 8.

Previous calculations were performed for zero phases of
the weak x-ray and strong ir fields, 	X1=	L=0. It is natural
to expect a phase sensitivity of the RIXS when the pulses are
short �28�. To check the role of the phases, we calculated the
RIXS profiles for different phases of short x-ray and ir
pulses. The simulations shown in Fig. 9 display the phase
sensitivity of the RIXS. To shed light on the origin of the
observed phase effect, we calculated the spectra for two dif-
ferent sets of phases �	X1=0, 	L=� /2� and �	X1=� /4, 	L
=� /2� with the same phase of the ir field. These two sets of
phases give exactly the same profiles. This means that the
RIXS profile is sensitive only to the absolute phase 	L of the
few-cycle strong ir field and does not depend on the phase of
the weak x-ray pulse 	X1. One can see that the role of the
phase is stronger for the geometry A, where the phase affects
mainly the symmetry-allowed peak.

We have investigated RIXS in a strong ir field under core
excitation into an unoccupied 1�g molecular orbital. It is
worth noting that the studied effect takes place also when the
x-ray photon is tuned above the ionization threshold near the
shape resonance. This expectation is based on both theoreti-
cal �9� and experimental �13� investigations of ordinary
RIXS under core excitation near the �u shape resonance in
the N2 molecule.

A few words about the possibility for experimental obser-
vation of RIXS accompanied by laser-induced hopping of
core holes are in order. The observation can be done with
different molecules like N2, O2, or C2H2. The main require-
ment is the intensity of the laser pulse. It should be large
enough to make the time of Rabi flopping of core holes
comparable with the lifetime of the core-excited state. Cal-
culations show that a far-ir laser with peak intensity about

1012 W /cm2 is needed for the N2 molecule. Other molecules
�O2 and C2H2� need approximately the same intensity due to
the similar values of the charge-transfer transition dipole mo-
ments and lifetimes of the core holes. The effect discussed
can be observed in a rather wide range of pulse durations �
�1 fs�. In principle, one can use a continuous-wave laser as
well. An appropriate laser system could be a terawatt �TW�
CO2 laser �29�. The Accelerator Test Facility �ATF� at
Brookhaven National Laboratory is constructing a tabletop
TW picosecond CO2 laser system which will be synchro-
nized with the electron bunches �30� and will in our view
provide an excellent tool for the observation of RIXS in-
duced by core-hole flopping.

VII. SUMMARY

We have investigated theoretically a scheme for RIXS
accompanied by core-hole hopping induced by a strong laser
field. The dynamics of RIXS has been exemplified in detail
with the N2 molecule. This scheme of RIXS provides a pow-
erful tool for probing the dynamics of Rabi flopping of short-
living core holes. A weak x-ray pulse is used to create the
core hole by exciting an electron from the lowest ungerade
core molecular orbital to the unoccupied gerade molecular
orbital. Meanwhile, a synchronized strong ir-laser pulse
drives the core holes from the ungerade to the gerade core-
excited states, and opens the symmetry-forbidden RIXS
channels. Therefore, symmetry-forbidden spectral compo-
nents are observed in the RIXS spectrum. The effective four-
level model is used to describe the RIXS process. In the
amplitude equations, the rotating wave approximation is ap-
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plied to both the incident and the scattered x-ray radiation,
while the strong laser field is treated strictly. Expressions for
the RIXS cross sections for both fixed-in-space and ran-
domly oriented molecules are derived. The RIXS spectrum
depends on the relative polarization directions of the x-ray
and ir-laser fields. Two different scattering geometries are
used to investigate the RIXS. It is found that the symmetry-
forbidden components of the RIXS spectrum become observ-
able when the Rabi frequency of the ir-laser transition is
comparable with the lifetime broadening of the core-excited
states. On the other hand, the Rabi splitting of the core-
excited states induced by the stronger ir pulse results in a
broadening of the x-ray absorption profile and decreases the
RIXS probability. The strength of the symmetry-forbidden
channel strongly depends on the competition of the time of
Rabi flopping between the core holes and the effective RIXS
duration or the duration of the x-ray pulse. The shortening of
the incident pulses gives rise to a broadening of the RIXS

spectrum. Moreover, the resonant positions are shifted due to
the interplay of the Raman and non-Raman components of
the scattering process. When the incident pulses are short,
the RIXS profile is sensitive to the absolute phase of the
few-cycle strong ir field and is independent of the phase of
the weak x-ray pulse. It is argued that these findings can be
verified by available laboratory equipment.
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