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Abstract

We study a two-colour pump—probe scheme of x-ray absorption accompanied by core-hole
hopping in the field of a strong IR laser. The process is exemplified for fixed-in-space and
randomly oriented homonuclear diatomic molecules N» near the 1oy, — 1y x-ray absorption
transition. The laser field mixes the core holes of opposite parities and causes Rabi splitting of
the core-excited states. The IR field results in spectral broadening and shifts of the x-ray
resonances as well as decrease of x-ray photoabsorption. The Stark broadening of the x-ray
absorption spectrum depends on the orientation of the molecule and the angle between the
polarization vectors of the x-ray and IR fields. The spectral changes caused by the IR field are
weaker for randomly oriented molecules in comparison with fixed-in-space molecules.

1. Introduction

X-ray absorption (XA) spectroscopy of randomly oriented
[1] and fixed-in-space molecules [2] is a powerful and
widely used investigation technique with numerous scientific
applications. By measuring the absorption of x-ray photons as
a function of the incident x-ray energy, one can obtain element-
specific structural information about density of states, nature
of chemical bonds, surrounding environment, molecular
orientation, etc [3]. Owing to the development of the
synchrotron-radiation and laser sources, the XA spectroscopy
can be utilized further to provide unique and valuable
information on electron dynamics that is often difficult to
access by other experimental means. Indeed, the combination
of brilliant x-ray sources and harmonic generation with strong
infrared (IR) or visible laser light gives a new tool in the x-ray
spectroscopy—namely, the x-ray pump—probe spectroscopy
[3-6]. In the typical x-ray pump—probe schemes, the laser
field plays the role of a pump acting on the ground state and
triggering dynamics whose evolution is probed and detected
by the x-ray field [7-10]. One of the great achievements of

0953-4075/08/145601+07$30.00

this new tool is the attosecond resolution obtained in real-time
X-ray pump—probe spectroscopy measurement [6].

In this paper, we describe a conceptually different scheme
of two-colour pump—probe spectroscopy: x-ray absorption by
homonuclear diatomic molecules accompanied by core-hole
hopping in the field of a strong IR laser. In contrast to the
typical x-ray pump—probe scheme, the weak x-ray field here
is used to create core holes in the lowest ungerade molecular
orbital of the ground state by exciting the core electrons to the
lowest unoccupied gerade molecular orbital, as determined
by the dipole selection rules. Simultaneously with the core
excitation, the IR radiation that is sufficiently strong to promote
the ungerade core holes into the upper gerade core level mixes
the two core-excited states of opposite parities and in that way
changes the profile of the XA spectrum. The study of the
XA spectrum modification by IR-induced core-hole hopping
constitutes the main aim of our paper.

To exemplify the process studied, we have chosen a
physical system in which the IR field with moderate intensity
(=102 W cm™2) has time to promote the short-living core
hole in another core level. Such a system is the homonuclear

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. (A) Scheme of x-ray absorption accompanied by IR-induced transition between the ungerade and gerade core-excited states.
(B) Potential energy curves of the ground state and the two close-lying core-excited states: |lo, ! lngl) (solid), o, ! lng]) (dashed).

diatomic molecule N, with a large dipole moment of the
charge-transfer (CT) transition [11] between the core holes
of opposite parities. We explore here the XA spectrum of
the nitrogen molecule near the 1o, — 17, resonance. It
is worthwhile noting that the IR-laser-induced population of
the symmetry forbidden core-excited state opens symmetry
forbidden scattering channels and modifies the resonant
inelastic x-ray scattering (RIXS) spectrum of the nitrogen
molecule as well [12, 13].

The paper is organized as follows. The basic theory of XA
accompanied by IR-induced core-hole hopping is presented in
section 2.1. To give an insight into the physics of XA in
the strong laser field, we solve the problem analytically for
rectangular x-ray and laser pulses in section 2.2. The XA cross
section of fixed-in-space molecules is shown in section 2.3.
The orientation averaging for randomly oriented molecules
is performed in section 2.4. The numerical simulations are
discussed in section 3. Our findings are summarized in
section 4.

2. Theory

2.1. X-ray absorption accompanied by core-hole hopping

In this section we present the general theory of interaction of
a homonuclear diatomic molecule with strong low-frequency
radiation (L) and weak high-frequency x-ray radiation (X):

E,(t) = ey Eq (1) cos(wut + @), a=1L,X. (1)

Here e, E,(¢) and w, are respectively the polarization vector,
the amplitude and the frequency of the fields; ¢, is the phase
of the fields and is assumed to be zero. We use the SI system
of units. The theory is illustrated with the process of core-hole
hopping in the nitrogen molecule. Thus, it is convenient to
define the notation used in the general equations directly in
terms of the electronic states of N».

The ground-state (GS) electronic configuration of the N,
molecule is

(1op)%, (10)%, (209, (204)%, (1my)*, (Boy)?, X'z

The lowest unoccupied molecular orbital in N» is the 17,
orbital followed by two Rydberg orbitals: 3so, and 3pm,.
Here it is assumed that the frequency of the x-ray radiation is
tuned near the strongest XA resonance loy, — 1m,. The weak
x-ray field excites the molecule from the gerade GS = |0)
to the ungerade core-excited state ‘lau’llrrgl) = |1), while
the strong laser (IR) field resonantly populates the close-lying
upper gerade core-excited state | 1o, ' 1)) = |2). The crucial
point here is that the direct XA transition to |2} is forbidden by
the dipole selection rules, whereas, as we will see below, the
laser-induced CT transition 1o, — 1o is very strong. The
scheme of the transitions is shown in figure 1(A).

It is worth noting that the strong laser field, in principle,
is able to promote the 1m, electron to any of the diffusive
Rydberg states when the laser frequency is tuned in resonance
with this transition (hwp > 1 eV). In this case one can expect
significant Stark and ponderomotive shifts of the energy of the
core-excited state [14, 15].

The symmetry allowed XA band lo, — lm, has an
extensive vibrational structure, since the potential energy
curves of the ground |0) and the core-excited |1) states are
shifted with respect to each other (figure 1(B)). In contrast, it
is not difficult to see that the potential energy curves of the
close-lying core-excited states |1) and |2) are almost parallel
to each other. These potential energy curves are taken as
strictly parallel in the numerical simulations. Apparently, the
IR-induced transition between the two core-excited parallel
potentials occurs without a change of the vibrational state v
because

(L v]2,v) = 8u,p. @

In these terms the simultaneous interaction of the molecule
with the radiation fields (1) is equivalent to x-ray-induced
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mixing of the GS |0, 0) and the vibrational core-excited states
|1, v) on one hand, and IR-induced mixing of the core-excited
states |1, v) and |2, v) on the other hand. In other words,
the external fields create an electron-nuclear wave packet
¥ =apol0,0)+)_ (a1, v)+az,|2, v)), where ag o ~ 1 can
be assumed because the weak x-ray radiation almost does not
alter the GS population. Let us denote the frequencies and the
dipole-moment magnitudes of the transitions |0, 0) — |1, v)
and |1, v) — |2, v) as w1,4:0.0, dio and w1, dy;, respectively,
and assume that the lifetime broadening of the core-excited
states, which is defined as half-width at half-maximum
(HWHM), is the same (I' = I'y = TI';). By applying the
rotating wave approximation (RWA) to the weak x-ray field,
but not to the strong laser radiation, we can describe the
dynamics of the excited-state populations with the well-known
amplitude equations

l A
. 0:0.0— t ~X
ay+Tla, = Eel(wl' 00=e%) G7p00(ex - dy)

+1e7'2' G, cos(wit)aa,,

o Gé( 00="0
V50, '

(3)
Here we introduce the Rabi frequencies of the x-ray and the
laser fields
Ex(t)dp(1,v]0,0 E; (1)d
Gfu;O,O = X ]O;l id >, Gy, = %cos@,
4

and denote with d, the unit vector along the direction of
the transition dipole moment. Evidently, the Rabi frequency
Gi(.u;O,O of the x-ray transition is different for each final
vibrational state because of the different Franck—Condon (FC)
amplitudes (1, v|0, 0). The Rabi frequency G5, of the laser-
induced transition | 1) — |2) depends on the angle & = Ze;, R
between the polarization vector of the laser field and the vector
of the internuclear distance.

The linearity with respect to the x-ray field allows us
to extract the orientation factor (ex - d,) in the amplitude
equations (3) by replacing

ary+Tlay, =1¢€ cos(th)Glz“lal,v,

n=1,2. )

The new amplitudes a; ,, and a, , obey the same equations as
(3) except that the orientation factor can be eliminated as

(ex - d) — 1. (©6)

Thus, the amplitude equations (3) depend now only on the
angle 0 through the Rabi frequency G%, of the laser-induced
transition.

Let us now show that strong population transfer from
the symmetry allowed core-excited state |1) to the symmetry
forbidden core-excited state |2) is possible within the short
lifetime 1/ T" for moderate laser intensities I . The laser field
leads to comparable populations of the two core-excited states
(]1) and |2), see figure 1(A)) when the time of the Rabi flopping
1/ G%, is faster than the lifetime of the core-excited states 1/ T".
This is fulfilled when the intensity of the laser field exceeds

the threshold value
A\ >
IC = 2060 - . (7)
day

Ap,y - (eX : dﬂ)an,\n

IL > Ic’

We pay attention to the large dipole moment dp; of the CT
transition [11] between the ungerade |1) and the gerade |2)
core-excited states

dy; = e(loy|r|log)= gfr[lsz(r—Rl) — 1s%(r — Ry)]dr

~ R —Ry)= R ®)
~ SR —Ro] = —-.

Here R, and R, are the radius vectors of the individual atoms
and e is the electron charge. Inserting the value thus obtained
dy; = |dp;| = eR/2 = 2.6379 D in (7), we get a reasonable
value for the threshold intensity I, ~ 10'> W cm™2.

2.2. X-ray absorption in the field of rectangular IR pulse

To get an insight into the dynamics of the excited-state
populations, it is instructive to write the solution of (3) for
fully overlapping rectangular x-ray and laser pulses. Here,
we define the detuning of the x-ray and the laser fields
relative to the resonant frequencies as Qx, = wx — ®1.1:0.0
and Q. = wp — wy;, respectively. For simplicity, let us
consider only one vibrational level of the core-excited states,
i.e. Qx, — Qx. One can get an analytical solution by using
the RWA for both fields:

a\ _1Gxe™ [ +A
a - 4A _Glzdl eleLt

| — o Tt ol @x+QL/2-A/2)1
(r —(Qx + Q)2 — A/Z))
A—Q 1 — o Tt ol @+ QL/2+A /20t
+ L —i1Qut s
<Gzle )(F—Z(QX+QL/2+A/2)>}

0<r<r, ®

where t is the duration of the strictly overlapping rectangular
x-ray and laser pulses. We see that the XA resonance
experiences Rabi splitting

A =,/(Gy) + 22, (10)

caused by the laser-induced transitions between the core-
excited states.

When the detuning of both the x-ray and the laser field is
zero (2 = Qx = 0), the ratio of the excited-state populations
(on = |ay|?) in the steady-state limit (I't > 1) is

2
&:(M) _ L

L1 r Ic '

When the intensity of the laser field I, exceeds the threshold
value I., more than 50% of the population of the ungerade
core-excited state |1) is promoted to the gerade core-excited
state |2). It is noteworthy that the laser-induced population
of state |2) depends resonantly on the frequency of the laser
field p, (G%l)z/[(a)L —wn)+ (G%l)z], where the Rabi
frequency results in a field broadening.

Y

2.3. X-ray absorption cross section of fixed-in-space
molecules

Firstly, let us consider x-ray absorption of molecules having
defined orientation. In practice, such kind of measurements are
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Figure 2. (A) Angles between the polarization vector ey of the incident x-ray pulse and the direction of the transition dipole moments d, of
the core excitation 1oy, — 17, in the molecular frame. (B) Angle between the polarization vector ex of the x-ray pulse and the molecular

axis R in the laboratory frame when e, L ex.

performed through detecting the fragments of the dissociation
caused by XA [1, 2] (see figure 3). The XA spectrum of
fixed-in-space molecules is given by the population of the first
core-excited state |1) which can be computed using equation
(3). We only have to take into account the double degeneracy
of this state (1o, 171(’“) and lo,! 1ngV)) The transition dipole
moments of the core exc1tat10n into these two states are equal
|dr | = |dz,| = dio. Thus, replacement (5) results in the
following expression for the populations of the core-excited
states ., (0, 0x, 1) = [(ex - a,,x)z +(ex - (Alﬂy)z]|a,,,vlz, where
Ox = /ex, Ris the angle between the polarization vector of the
x-ray field and the molecular axis (see figure 2(A)). Finally,
the populations of the core-excited states of fixed-in-space
molecules are factorized into a product of two functions:

onv(0, 0x, 1) = sin? Oxp,., (0, w/2,1);
pn,v(evn/z»t)z |an,v|2» n = 17 27

which show explicitly the dependence on the angles 6x and
6. These populations approach maximum when the molecular
axis is perpendicular to the polarization vector of the x-ray
field, R L ex (0x = 7/2).

Since the time of XA measurement is much longer than
the lifetime of the core-excited states, the XA probability has
to be integrated over time. The XA probability is given by the
time integral of the populations of the symmetry allowed core-
excited states times the lifetime broadening I'. Therefore, the
XA cross section of fixed-in-space molecules is

o (0, 0x) = sin® Oxo (0, 7/2);

12)

", (13
o7/ =¢ [ Y puna,

where the prefactor ¢ contains all unessential for our
investigation constants as well as the inverse flux of incident x-
ray photons. We compute below the XA cross section of fixed-
in-space molecules (13) in two cases: (fx = /2,0 = 7 /2)
and (0x = /2,0 = 0), shown in figure 3.

2.4. Orientation averaging of the x-ray absorption cross
section

Quite often x-ray absorption is measured for randomly oriented
molecules. In this case, the XA cross section (13) has to be

ion
detector

0=n/2 —

6=0 --
E’:(

0 X:Tt/ 2

R

Figure 3. Scheme of x-ray absorption of fixed-in-space molecules

(2].
averaged over all molecular orientations with respect to the
polarization vectors er, and ex

1 [T——
o= E/ sin2 Oxo (6, 7r/2) sin @ db. (14)

0
Here

sin20x = 2 [1 — Py(ey - ex) Pa(cos 6)] (15)

is the expectation value of sin’@x under rotation of the
molecular axis around e with fixed angle 6 (figure 2(B)),
and P,(x) is the Legendre polynomial. We investigate below
two distinct geometries of the x-ray and IR fields: parallel
(ex || er) and perpendicular (ex L e ) ones with

- sin 6, Il (ex [l eL)

sin? Ox — {1 —Lsin20, 1, (ex Lep).

In fact, our assumption about the random orientation of the
ground-state molecules is not valid in the general case, because
the strong IR field aligns the rotationally cold molecules along
the laser polarization vector [18]. This occurs also for the
N, molecule due to anisotropy of its molecular polarizability.
The IR-induced alignment of N, in the ground state has the
order of magnitude [19] 10% for T = 50 K and I, = 2.5 x
10'2W cm™2. Atfirst sight it seems that the resonant alignment
of core-excited molecules can also be considerable. However,
the IR field has no time to align the excited molecules due to

(16)
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Table 1. Spectroscopic parameters of the core-excited states of Nj.

Core-excited state

haw (eV) [exp.]

dco Rl (eV) [17]

1l'[u|l<7l;117rg1) 400.88 [16]
1l'lgllcvg’llztgl)
IR transition

—111 111
lo, IJTg — lcrg 17'rg 0.097 [17]

400.977 [16,17] 0
hwy (eV) [exp.]

1 0.0575
0.0575
dy [theory] -
2.6379 Debye -

Table 2. Relative Franck—Condon factors

P, = (1,v]0,0)2/(1, 0|0, 0)? and transition energies for the
symmetry allowed 1o, — 1, x-ray absorption vibronic transitions
computed for Morse potential parameters from [20].

Vibronic state v hiw; .00 (€V)  FC factorP,
0 400.88 1

1 401.12 0.927

2 401.36 0.500

3 401.59 0.208

4 401.82 0.0742

5 402.04 0.0242

their short lifetime (1/I" = 11.4 fs) in comparison with the

time of the laser-induced alignment (\/Trot/|GY,| > 0.1 ps).

Here Tiot = /1/2B and B is the rotational constant.

3. Numerical simulations

We solve numerically the amplitude equations (3) for each
vibrational level of the core-excited electronic states after
extracting the orientation factor (5) from the amplitudes. The
RWA in (3) is used only to deal with the weak x-ray pulse,
while the strong IR-laser pulse is treated strictly. We call
the results so-obtained non-RWA (NRWA) solutions, in order
to distinguish from the case in which both the x-ray and the
IR fields are treated within the RWA. The populations of the
core-excited states and the XA cross sections of fixed-in-space
molecules are then calculated with formulae (12) and (13).
For randomly oriented molecules the orientation averaging is
performed with the help of (14) and (16) for both | and L
geometry. The incident x-ray and IR-laser pulses are assumed
to have Gaussian temporal shapes,

Eq(t) = EY exp(—[(t — 1) /7a]* In2/2), a=X,L,

a7

where 7, is the width (HWHM) of the intensity profile, and #y
is the peak position of the pulse. In the following numerical
simulations, we tune the frequency of the IR field in exact
resonance, Qp = wy, — wy; = 0.

The spectroscopic parameters of the core-excited states
used in the calculations are collected in table 1. The excitation
energy from the GS to the lowest (v = 0) vibrational level
of the first core-excited state 'IT, is 400.88 eV [16], and the
splitting between the molecular orbitals 1o, — 1oy is 0.097 eV
[17]. In fact, the cited value is the spacing between the core-
ionized |1o,') and |1o,) states. The splitting between the
studied core-excited states | 1o, ' 1)) and |10, '17})) of the
neutral N, molecule can be slightly different. The transition

4+ L B
3L A : 0=m/2 ]
- Total
2~ -
1F : ]
0 . . | e
’é\ L5 F T : T T T T 3
ZL5r® e T
'e: 1.0 - Total
< I . T
= 0.5 : —
Q - : 1
g 0.0 P bt
e [ T T T T T T 7 T T T T ]
© C .
1.0 © 6=0 -
——NRWA |
0.5 —e—RWA _|
0.0 ' dieadnninn]
400.0  400.5 401.0 401.5 402.0 4025 403.0

ho, (V)

Figure 4. X-ray absorption spectrum o (0, 7 /2) of fixed-in-space
N, molecules; 0 = Ze;,R,ex L R, I, =5 x 10> Wem™2,

x = 1. = 50 fs, 1o = 500 fs, 2, = 0. (A) and (B) show the strict
NRWA solutions obtained with (3). The total XA profile is marked
by stars, while the solid, dashed, dotted, etc lines display the partial
XA cross sections. (C) Comparison of the RWA and the strict
NRWA solutions of the partial XA cross sections (v = 0).

dipole moment d,; between the ungerade and gerade core-
excited states is estimated at the equilibrium N, geometry
(R = 1.09768 A). The transition dipole moment d, to the
ungerade core-excited state 'TI, is normalized to unity and
the transition dipole moment dy; to the gerade core-excited
state 'T1, is zero owing to the dipole selection rules. The
relaxationrate I is set to be 0.0575 eV (HWHM) [17]. Making
use of the Morse potential parameters [20], we computed the
relative FC factors and the transition energies to the symmetry
allowed XA electron-vibrational transitions 1oy, — 1, with
a time-dependent wave-packet code [21] (table 2). It is worth
recalling that the potential curves of the two core-excited states
are assumed to be parallel to each other.

The vibronic XA spectrum of fixed-in-space molecule
is shown in figure 4. The polarization direction of the x-
ray pulse is fixed to be perpendicular to the molecular axis,
ex L R, since then the absorption of x-ray photons is
maximal (12). When the polarization vector of the laser pulse
is also perpendicular to the molecular axis, 8 = Zer, R = /2,
the Rabi frequency of the laser-induced transition G2, is
zero (4). In this case, the IR-laser pulse does not induce any
core-hole hopping between the ungerade and the gerade core-
excited states and the conventional XA spectrum is obtained
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Figure 5. X-ray absorption spectrum o of randomly oriented N,
molecules for two geometries: || (ex || e.)—solid line and L

(ex L e;)—dashed line; tx = 7, = 50 fs, 1y, = 500 fs, Q2 = 0.
(A)—(C) show the XA spectrum modification for different intensities
of the laser field: I, = 1 x 102, 5 x 10"? and 1 x 10" W cm™?,
respectively. The solid and dashed curves in (C) are enlarged 2.3
times, and the dotted line marks the conventional XA spectrum
without the IR-laser field.

(figure 4(A)). However, when & = 0, one can see from
figure 4(B) that the spectrum profile of XA is broadened and
the resonant frequencies of all vibrational levels are shifted.
The field broadening results in decrease of the x-ray absorption
as one can see comparing figures 4(B) and (A). This is caused
by the Rabi splitting (see also equation (10)).

Apparently, the RWA approximation for strong IR field
is too crude when the Rabi splitting exceeds the IR frequency
Gy > wr. This we see clearly from figure 4(C) where the
RWA and NRWA solutions are compared for the partial XA
cross section (v = 0). One can see that the RWA solution
fails to reproduce the asymmetry of the strict (NRWA) x-ray
absorption profile because of hG;fO) ~ 0.34 eV > hw,; for
[? =5% 102 Wem™2,

The XA spectra of randomly oriented molecules for
different intensities of the incident IR-laser pulse are shown
in figure 5. One can see the broadening of the spectra and
the shift of the resonances comparing with the conventional
XA spectrum obtained without the IR field (dotted line in
figure 5(C)). The effect becomes more pronounced
(figure 5) with the increase of the IR-field intensity due to
the enlargement of the Rabi splitting (10). However, in
comparison with the XA spectrum of fixed-in-space molecules
(figure 4(B)), the broadening and shift effects on the XA
spectrum of randomly oriented molecules are softened. This
owes to the orientation factor cosf in (4) which decreases
the Rabi frequency of the IR transition Glz‘l. Apparently,
the anisotropy of the Stark broadening is exactly opposite

for the core excitation in the o* unoccupied molecular orbital
in comparison with the 1o, — 1m, excitation. This means
that the discussed effect gives direct information about the
symmetry of the involved unoccupied molecular orbital. The
IR-induced change of parity of the core hole opens symmetry
forbidden channels of RIXS [12, 13]. The Stark broadening of
XA resonances results in nonlinear dependence of the RIXS
spectrum on the IR intensity [12, 13].

Let us comment briefly on the possibilities for
experimental observation of the modifications of the XA
spectrum caused by laser-induced hopping of core holes. In
fact, such kind of measurement can be conducted with various
symmetric molecules such as N,, O, or C;H;. The main
requirement is that the intensity of the IR pulse must be strong
enough to make the time of the Rabi flopping of core holes
comparable with the lifetime of the core-excited states. The
estimations showed that a far-IR laser with a peak intensity
I, ~ 10" W cm™? is sufficient for N, (7). Other molecules
(O, and C;H;) need approximately the same intensity due
to similar values of the CT transition dipole moments and
the lifetime of the core holes. The effects discussed can
be observed in a rather wide range of pulse durations
(~100 ps—1 fs). One can expect phase sensitivity of the x-ray
absorption when the IR pulse is short enough [13] (z < 10 fs).
In principle, one can use a continuum-wave laser as well. An
appropriate laser system would be the terawatt-power (TW)
CO; laser [22]. The Accelerator Test Facility at Brookhaven
National Laboratory is constructing a tabletop TW picosecond
CO; laser system which will be synchronized with the electron
bunches [23] and will provide a tool for observation of the XA
spectrum modification caused by the Rabi flopping.

4. Summary

In this paper, we investigated theoretically a new two-colour
pump—probe scheme of x-ray absorption accompanied by a
strong IR-laser field. The laser field induces hopping of the
core holes between the excited states of opposite parities, and
changes the profile of the x-ray absorption spectrum. The
effect of the IR-1aser field on the x-ray absorption spectrum was
studied in detail for the N, molecule. By applying the rotating
wave approximation to the weak x-ray field and treating the
strong IR field strictly, we solved the amplitude equations
for each vibrational level of the core-excited states and got
the vibronic x-ray absorption spectra for both fixed-in-space
and randomly oriented molecules. It was found that the total
profile of the vibronic x-ray absorption spectra is broadened
and the resonances are shifted because of the Rabi splitting of
the core-excited states caused by the strong IR pulse. The Rabi
broadening leads to decrease of x-ray absorption. The rotating
wave approximation for strong IR field fails to reproduce the
asymmetry of x-ray absorption profile. The Stark broadening
of the x-ray absorption spectrum depends on the orientation of
the molecule and the angle between the polarization vectors
of the x-ray and IR fields. The x-ray absorption of fixed-in-
space molecules is a proper tool to detect the laser-induced
core-hole hopping by an appropriate choice of the orientation
of the IR polarization vector relative to the molecular axis.
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The broadening and the spectral shifts of the XA spectrum
are weakened for randomly oriented molecules in comparison
with the fixed-in-space molecules because the Rabi frequency
is different for different molecular orientations.
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