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X-ray transient absorption spectroscopy by an ultrashort x-ray-laser pulse
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X-ray transient absorption spectra (XTAS) of molecules are theoretically investigated in a femtosecond
x-ray pump and continuous-wave (cw) infrared (IR)-control scenario. The scheme is exemplified by a CO
molecule resonantly pumped into carbon and oxygen core-excited 1s — 7* states by a weak femtosecond x-ray
pulse, while dynamic Stark shifts are induced by the cw IR-control radiation. As a result, significant shoulder
structures appear in XTAS showing strong dependence on the phase of IR radiation relative to the envelope
of the x-ray pulse. Due to a significant difference in the frequencies of the two pulses, the present XTAS
scheme provides much clear interpretation of the dynamic Stark effects as compared to the attosecond UV
transient absorption scenario. Within the suggested two-level model, where the total spectrum is decomposed as
incoherent superposition of contributions from different vibrational excitations weighted by the Franck-Condon
Factors, all spectral structures can be well identified and interpreted in a good agreement with the full-scale
molecular simulations. Well-characterized XTAS in the proposed IR-control scheme can be applied for fine phase
synchronization between IR and x-ray pulses, highly demanded in modern experiments on x-ray free-electron

lasers.
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I. INTRODUCTION

In the past decades of attosecond science [1-4], attosec-
ond transient absorption spectroscopy (ATAS) has become a
general versatile tool to investigate the electronic and nuclear
dynamics of atomic and molecular systems [5—20]. In the sce-
nario of ATAS, the system pumped by a femtosecond infrared
(IR) field is probed by measuring the absorption spectrum
of the time delayed attosecond ultraviolet (UV) pulse; the
spectral shape exhibiting emission and absorption is precisely
manipulated by the relative phase between the two pulses
through fine variation of the time delay [21]. Well-known
applications of ATAS include manipulating the autoionization
state of argon [13] and the doubly excited state of helium
[10], emerging the signature of conical intersections [5] and
the attosecond band-gap dynamics of silicon [22], as well as
many others [8,12,17,19,23].

Recently, the technique of ATAS has been extended into
the x-ray region to investigate the inner shell dynamics of
molecules pumped by femtosecond x-ray pulses [24-27].
Thanks to the advanced development of x-ray free-electron
laser (XFEL) facilities [28-30] and tabletop attosecond

“kimberg @kth.se
fsong-bin.zhang @snnu.edu.cn

2469-9926/2020/101(2)/023401(14)

023401-1

sources [31-33], ultrashort x-ray pulses with pulse duration
down to the femtosecond and even subfemtosecond range are
experimentally achievable [27,34-36]; x-ray transient absorp-
tion spectra (XTAS) shed light on inner shell wave-packet
dynamics, complemented with Auger electron spectroscopy
by ultrashort x-ray pulses [24,37,38]. Due to high spatial
localization of core orbitals addressed by x ray, XTAS be-
come a unique element and sight specific spectroscopic tool,
contrary to ATAS where a delocalized valence excitation is
employed. Note that recent femtosecond transient absorp-
tion experiments on the carbon K-edge of CF, [25] and
1,3-cyclohexadiene [26] were mainly focused on the slow
nuclear-rearrangement dynamics, and hence did not strongly
rely on the ultrashort time resolution of the x-ray pulses.
Similar applications for slow chemical reaction processes
have been proposed and investigated by ultrashort x-ray pulses
in chemical physics [39,40]. However, XTAS has a great
potential to imprint ultrafast physical processes such as Auger
decay, as it was shown in transient absorption experiments at
the argon L, 3 edge (=250eV), which has been successfully
performed by subfemtosecond x-ray pulse in the presence of
an IR control pulse [27]. Theoretically, investigation of the
nonlinear nuclear dynamics of the core-excited CO molecule,
using the femtosecond x-ray pump and strong x-ray control
scenario [24], has clearly shown that XTAS depend dramat-
ically on varying the time delay between the two pulses,
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FIG. 1. Schematic representation of the x-ray pump (w,y.;) and
cw-IR control (wr) scenario; the IR pulse phase ¢ relative to
the peak intensity of the pump pulse (centered at #, = 10fs) is
shown (b); the prealigned CO molecule is resonantly pumped by
the ultrashort x-ray pulse from the ground |X'X*) state into the
|Cls~'7*!'IT) core-excited state with decay rate I'r; simultaneously,
cw IR radiation induces dynamic Stark shifts on both electronic
states, giving rise to x-ray transient absorption spectra studied here
(a); atwo-level simplified model is presented to reveal the vibrational
contributions of the molecular spectra (c). Please refer to the text for
details of the models. The molecular parameters in plot (a) are taken
from Ref. [44].

allowing one to retrieve the nonlinear nuclear wave-packet
dynamics.

In the present paper we consider XTAS of molecules
employing femtosecond x-ray pump and continuous-wave
(cw) IR-control pulses. The studied XTAS scheme provides
much simpler interpretation, as compared to ATAS technique.
Indeed, due to large difference between IR and x-ray frequen-
cies, the couplings between the control and pump fields are
negligibly small, which allows for clear observation of the
IR-induced effects in the x-ray absorption spectra and allows
one to neglect the IR contribution on the x-ray transitions.
Moreover, many cycle oscillations of the x-ray field during the
pulse duration allow one to neglect the carrier-envelope phase
(CEP) effect, and the dependence of the IR phase is measured
relative to the intensity peak of the x-ray pulse. Theoretically,
it makes the rotating wave approximation for x-ray radiation
a robust technique, as it was shown previously [24]. Using
the prealigned CO molecule as a prototype, CO is resonantly
pumped by a weak femtosecond x-ray pulse from the “initial”
(1) ground |X 'E7%); to the carbon (oxygen) K-edge core-
excited “final” (F) state |C Ls~'7*!' TT) (|O 1s~'7*' TT)p) (see
Fig. 1); simultaneous dynamic Stark shifts induced by the
IR-control radiation on both ground and core-excited states
are also taken into consideration. It is found that the dynamic
Stark effect is exhibited as significant shoulder structures in
XTAS, and these XTAS structures can be efficiently manipu-
lated by varying the time delay or, equivalently, the IR phase
relative to the peak of the x-ray pulse envelope. These shoul-
der structures were observed previously in ATAS for a polar
molecule [16], where the absorption to a dissociative valence
excited state is considered. In the present case however, we
consider excitation to the bound core-excited state with a

discrete vibrational spectrum, which allows one to consider-
ably simplify the physical picture of the dynamic Stark effect
separating the contributions from different vibrational levels
in the core-excited state. This, together with other advantages
of XTAS discussed above, allowed us to use a simplified two-
level model to predict the behavior of the full molecular sys-
tem with good accuracy. In the constructed two-level model
system for levels |0); and |vp)r of the ground and core-excited
states, respectively, the total XTAS spectra can be efficiently
decomposed as the incoherent sum of different vibrational
contributions weighted by the Franck-Condon factors and thus
most important spectral features can be well identified and
interpreted. The observed effect of the phase dependent XTAS
shoulder structures can be used to solve an inverse problem of
the fine phase synchronization of the ultrashort x-ray pulse to
the “comb” of the cw IR radiation using experimental XTAS,
an important task in many modern XFEL applications. The
generalization of the present scenario and theoretical analysis
to more complex systems is also possible, as it is outlined in
the paper.

The paper is organized as follows. The numerical methods
for the diatomic molecule are briefly introduced in Sec. II;
the simplified two-level model and its approximate analytical
solution are presented in Secs. Il A and II B, respectively;
the details of the numerical simulations are summarized in
Sec. II C. Section III is devoted to discussions of the numerical
results for the two-level model (Sec. III A) and a real molecule
at carbon K- (Sec. III C) and oxygen K- (Sec. IIID) edges;
a scheme for possible experimental phase synchronization is
also proposed and discussed (Sec. III B). A summary of our
findings is given in Sec. IV. Unless otherwise stated, atomic
units (a.u.) are used throughout the paper.

II. THEORETICAL METHODS

The theory of transient absorption spectra has been com-
prehensively presented in Refs. [21,41,42]; here we will
briefly summarize it. The intensities of the transient absorp-
tion spectra are proportional to the response function S(w),
representing the absorption probability cross section at a given
frequency w, defined as [21]

S(w) = =2Im[d(0)E*(w)], (D

where d(w) and E(w) are the Fourier transforms of the
time-dependent induced transition dipole moment d(¢) =
(W()|d|W(t)) and the electric field E(¢), respectively. In
what follows we study absorption and emission of the x-ray
radiation by the prealigned ensemble of diatomic molecules
with their transition dipole moment parallel to the polarization
vector of the x-ray field. |\W(¢)) is the total time-dependent
wave function of the system in the electric field. For the
quasiresonant interaction with an x-ray-laser pulse studied
here (see Fig. 1), the wave function involved in the absorption
process can be well expanded by the ground one |¢;) and
the resonant core-excited one |¢) within the frame of Born-
Oppenheimer approximation as [38,43]

[W(g, 1)) = ci(q, Dlr) + crlg, DIdF), 2)

where g represents the nuclear degrees of freedom, and
ci(g,t) and cp(q,t) are corresponding time-dependent
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expansion coefficients for the electronic states |¢;) and |¢F),
respectively. The nuclear Hamiltonian of the system can be
written as [38,43]

H(R9 tv t07 ‘/’)
Vi(R)

1 82 D-I-(a)xfel’ t, IO)
- — I+ . (3
2u IR D(wytel, t, to)

Vr(R) — 5TF

where the first term describes the kinetic energy of the nu-
clear motion, i and R are the reduced mass and internuclear
distance, respectively; the second term includes the potential-
energy curve Vy(R) of electronic state |¢x)(X =1, F'), and
I'r is the decay rate of the core-excited state. Off-diagonal
terms of the Hamiltonian in Eq. (3) describe quasiresonant

J

H(R,t,ty, o) = TR

where the IR electric field er = g cos[wr(# — 7o) + ¢rR]
with amplitude & aligned parallel to the permanent dipole
moments of the molecule in the ground and core-excited
states, dr and dj, respectively. We neglect the IR field con-
tribution to the off-diagonal terms in Eq. (4), which is a rea-
sonable approximation due to a very large energy difference
between the IR field frequency and x-ray transitions consid-
ered in our paper. In the case of UV ATAS, the effect of IR
field contribution to the off-diagonal elements can be observed
as formation of a “ladder structure” [16] with energies equal
to the multiple of IR photon energy nwr, n=2,3, .... The
XTAS window, however, covers a much higher energy range
(near 300 eV in our case), which corresponds to an order of
1000 wir (with wg = 0.3 eV). Such high-order multiphoton
process has negligibly small contribution to the electronic ex-
citation. The Hamiltonian of Eq. (4) defines fully the evolution
of the expansion coefficients in Eq. (2) with the solution of the

J

H(R, 1,1 ) = 182I~|—
’ 707¢IR - 2M8R2

which is used in the simulation performed in the present paper.

It is worth noting that the present model neglects resonant
vibrational excitation of the molecule by the IR field. Indeed,
within the approximation of the R-independent permanent
dipole moment, used here, |0); — |1); vibrational transition
is dipole forbidden. Moreover, the cw IR field is supposed
to be monochromatic (e.g., with extremely narrow spectral
bandwidth), that does not overlap with the |0); — [1); vi-
brational transition. This makes IR excitation negligible even
considering a weak R dependence of the permanent dipole
moment in the Franck-Condon region. Furthermore, the inten-
sity of the IR field used in our paper (Sec. I1 C) is sufficiently
small for any field broadening and multiphoton effects. All the
above allows one to neglect IR field coupling on vibrational

102 L (ViR) = dpew (. 10, pw)
D(wxfel, 1, 1)

Vi(R)
D(wxfelv t, tO)

interaction with the weak x-ray pulse. Note that in the case of
the bound ground and core-excited states discussed here the
nuclear wave packet is normally located in the Franck-Condon
region around the molecular equilibrium, so it would be a
reasonable approximation to suppose the electronic transition
dipole moment dir = (¢;|d|¢F) is not sensitive to the internu-
clear distance. We can define the dipole coupling matrix el-
ement D(wxfel, £, 1) = dirgog(t, ty) cos[wxgel (t — ty)] induced
by the x-ray pulse with electric-field intensity, envelope, and
central frequency being go, g(t, %) = e~ ~"/7 and wygel,
respectively.

In the presence of a strong cw IR-control field, the Hamil-
tonian of the system should be modified by including the
additional dynamic Stark shift of the ground and core-excited
electronic states as

D (el 1, 10) >’ @)

Vr(R) — dper(t, to, pr) — sTr

(

following time-dependent Schrédinger equation:

.0 ci(R, 1) ~ ci(R, 1)
lg(cj:(R,t)) =H(thvt07 (pIR)(CF(R,t)). (5)
With the molecule initially populated at its ground vibra-
tional state |0);, Eq. (5) can be fully solved and the transient
absorption spectra can be computed using Egs. (1) and (2). It
is worth noting that the only difference in the dynamic Stark
shift for the two electronic states, defined as

Asr(t, 10, ir) = AQr cos[or(t — 1) + er],  (6)

is observable in XTAS; here AQr = eo(dr — d;) is the dif-
ference in Rabi frequency of the cw IR field arising from the
difference in the values of the permanent dipole moment of
the ground and core-excited states. Due to this, the Hamil-
tonian of Eq. (4) can be written in an alternative form using
Eq. (6) as

D (el 1, 10) ) o

Vr(R) — ASr(t, fy, PIR) — %FF

(

transitions and thus consider separation of the vibrational
excitations applying the two-level model described in the
following section.

A. Two-level model

The conventional x-ray-absorption spectrum of CO at the
carbon K-edge consists of three well-resolved vibrational
peaks [44]. Tuning the frequency of the weak x-ray pump,
different vibrational states of the core-excited electronic state
|¢r) can be excited independently with the amplitude defined
by the value of the corresponding transition dipole moment
and the x-ray pulse frequency detuning from the resonance.
Taking this into account, the expansion coefficients of Eq. (2)
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used for the solution of Eq. (5) could be approximated as
cr(R. 1) 2= ¢y(1)10);

IF _F —iAET]
cr(R, 1) = Zwovcv H)e P v) g,
v

®)

where |0); and |v)F are the vibrational eigenfunctions of the
ground and core-excited states, respectively, and AET] is the

|
o o 0
o1 cf (e 2Ext | T\ D(wxger, 1, 10)

Note that within the weak-field limit ¢/() ~ 1 and the total
induced dipole moment d(¢) could be approximated as

d(t) =) fordey (),

' (10)
d(l)l;(t) = 2dIFRe[cf)r (t)e—’AEféfL

where the summation is taken over all vibrational levels of
the core-excited state with sufficient contribution to the x-
ray-absorption cross section. Here d(¢) is expressed as the
incoherent sum of the time-dependent induced dipole mo-
ments for each vibrational level in the core-excited state d_} (1)
weighted by the Franck-Condon factor fj-. The evolution
of the induced dipole moment is defined by the evolution
of the core-excited wave packet cf (1) e~*E4" multiplied by
the transition dipole moment (dir) between the ground and
core-excited electronic states. The two-level approximation
introduced above neglects the lifetime vibrational interference
(LVD) in the core-excited state, which is shown to be rather
small for the excitation of the CO molecule at the carbon K-
edge due to rather large vibrational energy difference of about
0.3 eV, as compared to the lifetime broadening of 0.08 eV at
the carbon K-edge [44]. This effect is, however, significant at
oxygen K-edge absorption, as discussed below (Sec. III D).
To compute the XTAS cross section of Eq. (1), we need
to compute the Fourier transform of the induced transition
dipole moment from Eq. (10) as d(w) = Y, fordif (w), where
dif (w) is the Fourier transform of dj\ (). The time depen-
dence of the core-excited wave packet has contribution from
cf(t) and e "2E' terms, with low and high frequencies,
respectively. Due to this the central frequency of the Fourier
transform dlf (w) will be located around the resonant energy
AET, with some shoulder structures correspondent to the
cl(t) frequency component. Finally, the XTAS profile for
a molecular system interacting with the weak x-ray pump
field could be approximated as a superposition of the XTAS
profiles for two-level systems So,(w) = —2 Im[dp, (w)E*(w)]
computed for each core-excited vibrational level separately as

S(@) =) fobSou(®). (11)

The present model allows one to avoid the complex so-
lution of the nuclear dynamic equations for molecules of
Egs. (1)—(5) using sufficiently cheaper numerical simulation
schemes when all vibrational contributions can be computed
independently in a parallelized algorithm. Moreover, the

energy difference between them; w{t, = ;(0|v) is the overlap

integral between the two vibrational states, and its module
square corresponds to the Franck-Condon factor fif' = |wlF'|2.
Introducing Eq. (8) into Eq. (5) the R dependence vanishes,
and the problem is reduced to a set of the following simplified
two-level model equations [see Fig. 1(c)] for R-independent
expansion coefficients as

I
(") ) ©)

D(wxer, 1, 1) )
AES — Asir(t, 10, o) — 5Tr )\ cF (£)e 72!

(

proposed two-level model helps to distinguish the dynamic
Stark effect from the nuclear dynamics, targeting its physical
meaning clearly. Fitting the theoretical spectrum of the two-
level system to the experimental XTAS profile can also help to
extract the parameters of the IR pulse (see Sec. III B) as well
as some molecular constants. The theoretical-experimental
fitting of the solution of the full molecular system of Eq. (5)
is quite complex and thus impractical in real implementation.
In Sec. ITA we will analyze the behavior of the two-level
system and corresponding XTAS properties with respect to
variation of the pump frequency detuning from the resonance
A= AE% — wyfel, decay rate of the core-excited state I'g, IR
pulse intensity AQr and frequency wig, as well as the phase
¢ of the IR field.

B. Analytical solutions for the two-level model

The simplified two-level model, discussed above, can also
be solved analytically with some reasonable approximations.
Making use of the rotating wave approximation for the x-ray
field by neglecting the fast oscillating terms ~e/(AEsnt@xa)l jp
Eq. (9) we can write the expression for the core-excited wave
packet cf (1) as

dck (1)
dt

r
+ Cf(ﬂ(% — iAsR(2, 1o, <PIR)>

i .
= =5 ¢ gt 10). (12)

Here we assumed that the weak x-ray field does not create
any sufficient change of the population of the ground state,
so that ¢{(t) ~ ¢} (0) = 1; Qi = dirgo is the Rabi frequency
of the field on x-ray transition. Let us consider the case of
resonant excitation A = 0 by the pump x-ray pulse with the
duration much shorter as compared to the other characteristic
times of the system v < 1/T'y, 27 /wr, fo. In that case the
Gaussian function can be approximated by the delta function
g(t, ty) =~ 8(t — ty) allowing for easy integration of Eq. (12).
Our analysis of the numerical solution has shown that for the
parameters discussed in the present paper this is a reasonable
approximation, while for 7 < 0.5fs this condition is fully
satisfied. For ¢ > 1y, the induced wave packet reads

i C .
() = _EQIF " 1002 exp(ik {sin[wr (t — to) + @r]

— singRr}), (13)
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where the ratio x = AQr/wr describes the intensity and
frequency of IR-induced effects. With the help of Eq. (13),
we can get the induced dipole moment of Eq. (10) in the time
domain as

db(t) = dipQup ™72 sin { AEt — ke sin[wr( — 19)
+ @] + Kk singr}. (14)

The structure of the above equation is quite clear. The first
term dipQp describes the amplitude of the core-excitation
process. The second, time-dependent, term describes nonra-
diative decay of the core-excited state by Auger process with
the time scale I'f, resulting in a lifetime broadening of all
spectral resonances. The third, periodic, term describes all
resonances in XTAS appearing in the present model. The
first term under sin function corresponds to the main peak
in the frequency domain, that is, |0); — |v)F core-excitation
transition of energy AEL}. The second term under sin function
describes the effects of the IR field; obviously, it vanishes
when the IR field is off (x = 0). This term shows periodic
behavior with the frequency of the IR field wig and its relative
value is proportional to the IR field intensity and inversely
proportional to the IR frequency. Moreover, the amplitude
of the IR term is also affected by the IR phase through the
constant « sin ¢r. Note that numerical Fourier transformation
of the analytical solution of Eq. (14) nearly coincides with
the full numerical solution of the two-level model of Eq. (9)
at the range of parameters discussed in detail in Sec. IITA.
The Fourier transform of the XFEL field E(w) defines a
spectral window of XTAS [Egs. (1) and (12)]. For derivation
of Eq. (14), we supposed an extremely short XFEL pulse
corresponding to the broadband spectral function E (w).

C. Simulation details

In Sec. III, the XTAS simulation for the two-level model
will be studied and compared to the full solution for the
CO molecule. In the simulation we use an ultrashort x-ray
pump laser pulse (t = 2 fs) with its electric-field polarization
vector parallel to the molecular transition dipole moment and
the central frequency wyge = AE(% =287.4 eV (533.4 eV),
resonant to the lowest vibrational level of the carbon (oxygen)
ls — 27* core-excited state of CO, respectively. The Rabi
frequency of the x-ray field on the resonant transition is
chosen to be sufficiently weak Qr = dipgo = 10~*a.u. to
avoid any nonlinear effects. Due to large x-ray frequency and
quasiresonant conditions the rotating wave approximation was
used for description of the interaction of the x-ray pulse with
molecular system. The core-excited state decay rates I'p =
0.08 eV (decay lifetime of 1/I'r = 8.2 fs) and I'r = 0.18
eV [38] were used for the carbon K- and oxygen K-edges,
respectively. The potential-energy curves of the ground and
core-excited states are modeled with the Morse function using
spectroscopic constants from Ref. [44]. The polarization of
the cw IR pulse is chosen parallel to the permanent dipole
moment of the molecule and its period Tir = 27 /wir is much
longer than the ultrashort x-ray pump pulse duration t =
2 fs. As we will show, the XTAS depend strongly on the
dynamic Stark shift Asir (%, t, ¢r ) and the relative phase ¢
of the IR pulse with respect to the x-ray pulse envelope. In

what follows, we used the IR field with typical frequency
wr < 0.5 eV (Tir > 8 fs) and a moderate Rabi frequency
of AQgr ~0.1,...,0.3 eV. In the present paper we focus
on the dynamic Stark effects and avoid using larger IR
intensities, when additional contribution from multiphoton
processes becomes strong. The permanent dipole moments
of the CO ground and core-excited states are about 0.04
and 0.3 a.u., respectively, resulting in a peak intensity of
the IR field of about 10'* W/cm?, which is experimentally
achievable [45,46]. The weak dependence of the perma-
nent molecular dipole moment and transition dipole moment
on the internuclear distance is neglected in the present paper.
The time-dependent propagations of Eq. (5) are solved by
the multiconfigurational time-dependent Hartree [24,47,48]
method.

III. RESULTS AND DISCUSSIONS

A. Analysis of the two-level model

Let us start with the comprehensive analysis of the XTAS
of the two-level system, before presenting the numerical re-
sults for the CO molecule. The following typical set of pa-
rameters for the ultrashort x-ray pump pulse, the core-excited
state, and the cw IR laser is chosen: A = 0 (wgfe) = 287.4€V),
I'r =0.1eV, AQr =0.1eV, wr =0.3eV, and ¢gr =0.
The XTAS of the two-level system with respect to variation of
these parameters are summarized in Figs. 2—6. Note that the
central frequency wyse is fixed and tuned to resonance with the
lowest vibrational level |0)r of the core-excited state; cases of
A # 0 correspond to the off-resonant excitation to the higher
vibrational states |v)F in a molecule by the broad bandwidth
of the ultrashort pump pulse. In the present subsection we
analyze behavior of the numerical solution of Egs. (9)—(11),
however the main features can be fully understood from the
discussion of the analytical solution of Egs. (13) and (14),
employing the sudden pump approximation.

Figure 2(a) shows the XTAS as a function of the relative
photon energy Aw = @ — wyg for the x-ray pump with de-
tuning A varying from —0.4 eV to 0.4 eV. The absorption
spectra without cw IR pulse presented in the plot Fig. 2(b)
clearly show a single absorption peak located at the reso-
nance w = EJ}, equivalent to Aw = A. The peak profile has
an asymmetric shape typical for XTAS of the system with
a fast decay channel [24] and its intensity reduces in the
off-resonant pump cases following the resonance common
denominator. Note that within the picture of Fano [49-51]
the core-excited state and Auger-decay state are the “bound”
and “continuum” channels, respectively, and the profiles of
the absorption spectrum come from the interferences between
these channels. In the present model, the presence of the
Auger continuum is modeled phenomenologically by the
presence of imaginary decay terms in Hamiltonian Eqgs. (7)
and (9), as broadly employed in Refs. [24,38,43,51]. Turning
on the strong cw IR field [Fig. 2(a)] does not change the
character of the main spectral peak resulting from the x-ray
pump field absorption, but it develops additional redshifted
and blueshifted shoulder structures due to dynamic Stark shift
of the resonance according to the ¥ (¢) evolution, perturbed
by the IR field [see Eqgs. (9) and (13)]. The effect of the
IR field consists of an absorption feature in the left spectral
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FIG. 2. (a) XTAS with respect to the relative photon energy Aw = @ — wy of the two-level model system for different energy detunings
of the ultrashort (r = 2 fs) weak x-ray pump pulse from the resonance A = AE&{ — wyse1- The decay rate of the core-excited state ['r = 0.1eV,
IR frequency wir = 0.3 eV, relative Rabi frequency AQg = 0.1eV, and phase of the IR field ¢ = 0 relative to the maximum of the envelope
of the x-ray pump pulse centered at f, = 10 fs are shown. (b) The same as (a) but with IR field turned oftf AQr = 0.

shoulder and a symmetric emission feature in the right spectral
shoulder of the main absorption resonance. The positions of
these additional structures are determined by the frequency of
IR radiation, as it will be discussed in detail below. Similar
features were also predicted in the ATAS of LiF in the XUV
region [16]. The main difference of the present scheme from
the one considered in Ref. [16] is a very large difference in
the pump and IR frequencies wyfe/wR ~ 10* (this relation
equals to 5 in the ATAS case [16]), which makes all contri-
bution from the multiphoton IR excitation negligibly small,
providing clear signatures of the dynamic Stark effect that is
the main topic of our paper. Moreover, in the present paper
the phase of the IR field is defined relatively to the maximum
of the XFEL pump pulse envelope. The pump pulse duration
contains hundreds of the x-ray field cycles, allowing one to
neglect the CEP effect of the XFEL pulse, which is very
difficult to define in experiment.

The XTAS profiles for the decay width I'r varied from 0.05
to 0.3 eV are shown in Fig. 3 for the resonant pump excitation
A = 0, where the cases of the IR field with AQr = 0.1 and
0.2 eV, wr =0.3eV, and gr = 0 [Figs. 3(a) and 3(b)] are
compared against the case without IR radiation [Fig. 3(c)].
Similar to Fig. 2, the spectra are featured by the dominant
absorption peak of the x-ray pump pulse, while the IR field
raises the shoulder structures, the energy positions of which
are not sensitive to the IR intensity in the present intensity
range. Increase of the decay width I'r shortens the lifetime of
the core-excited state so that the dynamics in this state become
less and less significant, resulting in a gradual smearing
out of the spectral features. The top of the main absorption

peak is slightly shifted from Aw = 0 due to the interference
between the bound and continuum channels interpreted in
Fano’s model of resonance [49-51]. The hypothetical increase
of the lifetime broadening discussed here illustrates the XTAS
formation for the cases when core excitation of other elements
and edges are involved (e.g., I'r = 0.05 eV corresponds to the
L edge of S, I'r = 0.30eV corresponds to the K-edge of Na
[52], etc.). It is worth noting that the intensity of the IR field
does not change the energy position of the induced shoulder
structures, but just affects their relative intensity [Figs. 3(a)
and 3(b)] in full agreement with Eq. (14), where increase of
parameter k = AQgr/wir results in a larger relative contribu-
tion of IR field effect not changing its oscillation frequency.
Figure 4 shows the XTAS [panel (a)] and the real part of
the wave packet Re[cﬁ ()] [panel (b)] with variation of the IR
field frequency wir from 0.1 to 0.5 eV; the other parameters
are A =0, Tr =0.1eV, AQr =0.1¢eV, and gr = 0. All
spectra show the main absorption peaks (resulting from x-ray
pump field absorption) of the same character near Aw = 0,
while the shoulder structures (absorption peak and emission
valley), appearing due to the effect of the IR field, vary
strongly depending on the IR frequency. Figure 4(a) shows
clearly that the values of energy shifts between the main
absorption peak and the shoulder structures are the multiples
of the value of the IR frequency, related to the dynamic
Stark shift [Eq. (6)], modulating the energy of the electronic
states with the frequency wir. Indeed, for wg = 0.1eV one
can see clearly IR-induced structures at Aw = £0.1 and
40.2 eV. For the larger IR frequencies (0.3 eV and higher)
we can observe only one symmetric XTAS shoulder structure
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FIG. 3. XTAS profile in the two-level model simulations for the resonant case (A = 0) with variation of the decay rate I'r from 0.05 to
0.3 eV and relative Rabi frequency AQr = 0.2, 0.1, and 0.0 eV in the plots (a), (b), and (c), respectively. The other parameters are the same

as in Fig. 2.

at Aw = £Awr, since at larger relative photon energies the
XTAS cross section becomes small due to a limited bandwidth
of the used x-ray pump pulse (=1 eV).

The formation of the shoulder spectral structures is fully
defined by the dynamics of the induced core-excited wave
packet, shown in Fig. 4(b). Indeed, the XTAS profile is defined
by the Fourier transform of the induced dipole moment of
Eq. (10), so the absorption or emission character of the
spectral features (peak or valley) results from the interference
between the dominant absorption peak contribution and the
induced wave packet cUF () [see Egs. (13) and (14)], which is
fully characterized by the intensity, frequency, and phase of
the IR field. With the parameters used in Fig. 4 for all IR
frequencies, the first left and first right shoulder structures
have the character of peak and valley, respectively, corre-
sponding to the constructive and destructive interference. As
we will see below, the variation of IR phase ¢r changes the
interference character drastically. Variation of wr changes
both the position and shape of the shoulder structures. For the
weak IR field approximation « < 1, the oscillating term of
the real part of the wave packet reads

Re[cg(t)] x k sin [wR({ — 1) + or] — ksingr,  (15)

where one can see the double effects of wr: (1) to change
the period of oscillation or corresponding frequency shift
of the IR-induced shoulder structures in XTAS and (2) to
change the amplitude of the IR-induced oscillations of the
wave packet [Fig. 4(b)] via parameter k = AQr/wr. This

explains why the intensities of the shoulder structures increase
with decreasing of wir at the same value of AQ g [Fig. 4(a)].
The exponential decay term with I'r = 0.1eV in Egs. (13)
and (14) results in the fast attenuation of the wave-packet
amplitude [Fig. 4(b)], limiting the observation time and thus
the sharpness of the spectral structures.

Figures 5 and 6 show details of the XTAS with respect to
the changes of the relative phase ¢r, the other parameters
chosen as A =0, I'r =0.1eV, AQRr =0.1eV, and wr =
0.3 eV. The most significant feature exhibited in Fig. 5 is the
periodic variation of the shoulder structures with changing
of pr from zero to 2w, where the left and right shoulder
structures experience the evolutions peak-valley-peak and
valley-peak-valley, respectively. The dashed line at Aw =
—0.29 eV corresponds to the maximal change in the XTAS
intensity with the phase change and will be analyzed in
the following subsection in connection to the technique of
synchronization of the IR envelope with XFEL pulse. Figure 6
presents the results for six specific values of ¢r together with
the corresponding evolutions of Re[cOF (t)], allowing for better
understanding of the XTAS formation. Figure 6(a) clearly
shows the evolutions of the shoulder structures with respect
to the relative phase ¢, which correlates fully with the
evolutions of Re[cOF (t)] induced by the IR field [Fig. 6(b)].
As it was already discussed above, the absorption or emission
character of the IR-induced shoulder structures is defined by
the interference between the wave-packet term and the main
x-ray-absorption term, and thus can be fully controlled by
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FIG. 4. (a) XTAS profile for the two-level system for the resonant case (A = 0) with IR frequency wr varying from 0.1 to 0.5 eV and
relative Rabi frequency AQpr = 0.1eV. (b) Time dependence of the real part of the induced wave packet Re[cf (t)]. The other parameters are

the same as in Fig. 2.

controlling the phase of the IR field [Fig. 6(a)]. Note that in
the case of A # 0 (not shown here) the XTAS possess quite
similar features as for the case of A = 0. Variation of gg only

] Io.e
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FIG. 5. 2D XTAS map with respect to the changes of the rel-
ative phase difference ¢ in the two-level model system for the
resonant case (A = 0); the other parameters are as in Fig. 2. The
vertical dashed line shows a cut of the 2D map at Aw = —0.29
eV—the maximum of the left-sided IR-induced structure (Figs. 6
and 7).

changes the shape of the shoulder structure but not its position.
One can also see small change of the peak position of the main
absorption resonance [Figs. 5 and 6(a)], which was previously
observed in the Fano absorption profile of double-excited He
[53] and attributed to the laser-induced phase effect of the
time-dependent induced dipole moment.

B. Mapping the IR field profile using dynamic Stark
shift in XTAS

Recent development of XFEL facilities opens new possi-
bilities for various IR-pump x-ray-probe techniques [54-56],
where an accurate synchronization of the x-ray pulse on the
IR electric-field profile is of crucial importance. The dynamic
Stark effect studied here within the XTAS scheme can be
considered as a promising tool for fine synchronization of the
IR field “comb” with the ultrashort x-ray pulse. The proposed
realization is based on our observation of the strong phase
dependence of the IR-induced shoulder structure. Indeed, the
cut of the two-dimensional (2D) XTAS map (Fig. 5, dashed
line) at the maximum of the left shoulder structure S(¢r)
at Aw = —0.29¢eV is a periodic function of the phase ¢
[Fig. 7(a)], which mimics the profile of E(¢) with period
Tir = 27 /wr plotted in Fig. 7(b). Apparently, the change
of IR phase ¢ relative to the peak of the x-ray pulse is
fully equivalent to the change of the x-ray peak position
(“observation time” fy) relative to the comb of the IR field.
Indeed, one can express the total phase of the oscillating
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term in Eq. (15) as ¢ = ¢ir — wr?y, which can be altered by
variation of either ¢ or f.

The experimental realization of the proposed synchro-
nization scheme is based on the use of several sequential
x-ray pulses at times t = f, t, t, ... during the coherence
time of the IR pulse [see Figs. 7(a) and 7(b)]. The peri-
odic IR field er(#) ~ cos(wr?) induces periodic dynamics
of the core-excited wave packet with frequency wir and
relative phase shift of m via the dynamics of the Stark
shift [Egs. (13)—(15)]. The wave-packet dynamics is probed
by sequential x-ray pulses in the XTAS scheme as it is
illustrated in Fig. 7(b). Let us first consider the case when
the x-ray pulse at 7y coincides with the maximum of the
er(t) envelope, gir = 0 [Fig. 7(b)], resulting in the max-
imum XTAS shoulder structure [Fig. 7(a)]. This first mea-
surement at #y is used as the reference point. The second
x-ray pulse at time #; probes another point of the wave-
packet oscillatory profile corresponding to relative phase
¢ = wr(t; —tp). The delay time can be chosen in a way
that it probes the wave packet (and thus the IR field en-
velope) at different phase shifts, equivalent to introducing
¢oR = wrly (d=0,1,2,...). Measurement of the XTAS
shoulder structure at several delay times 7, [Fig. 7(a)] al-
lows one to reconstruct the IR field envelope and to per-
form an accurate phase synchronization with x-ray facil-
ity.

Measurements, in principle, can be performed with the
delay time longer than the period of the IR field At =1¢; —

to > Tir; however, a time shorter than the IR pulse coherence
time (with a good precision §(Af) K Tir) is required to
achieve high level phase synchronization. Another limiting
factor for the method’s accuracy is the short core-excited
lifetime 1/T'r (=10fs). It results in the fast decay of the
wave-packet amplitude [Figs. 6(b) and 7(b)], which reduces
the observation time and thus increases the broadening of
XTAS structures (Fig. 3). As one can see from Fig. 5, the
phase dependences of the IR-induced left and right shoulder
structures have the same period (they experience the phase
shifts at about 7). The use of the right shoulder structure
(Aw = 0.29¢eV) for the IR envelope reconstruction is, how-
ever, limited due to possible contamination from higher vibra-
tional transitions in molecules as it will be discussed in the
next sections.

C. XTAS from the IR-driven CO molecule

Now we are in the stage to discuss the formation of
the XTAS profile for the molecular case—a prealigned CO
molecule resonantly pumped by an ultrashort x-ray pulse
on the Cls — 7* transition (see Sec. IIB for details of
the parameters). Figure 8 shows the XTAS obtained without
IR control radiation, where the result of calculation using
the full molecular description of Eqgs. (1)—(7) is compared
against the sum of the individual vibrational components
fngOU(a))(v: 0,1,2) obtained from the two-level model
calculations in Egs. (9)—(11). According to the computed
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Franck-Condon factors fy = 0.874, f;i = 0.112, and fJ} =
0.012, only the two lowest vibrational levels of the core-
excited electronic state give a sufficient contribution to the
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FIG. 8. Carbon K-edge XTAS of the prealigned CO molecule
resonantly pumped by the x-ray pulse of 7 =2fs and wyp =
287.40eV, with the IR field turned off. Contributions of different
vibrational transitions |0); — |v)r, v =0, 1, 2 are singled out. The
sum of the vibrational contributions and the total XTAS profile
computed with the full solution of the molecular system using Eq. (5)
are fully overlapped.

absorption profile. Note that the profile S(w), computed as
the full solution for the molecular system, and the sum of
the vibrational contributions )", faF'S,,(w), computed in the
two-level approximation, are fully overlapped, justifying the
used approximation. The profile of each vibrational compo-
nent Sy, (w) without the IR field shows the same character
as discussed above for the two-level system [see Fig. 2(b)].
The emission valley around 287.26 eV is mainly due to
the transition |0); — |0)z, while the contribution from the
transitions |0); — |v = 1,2)r is about 8%, and the other
transitions are negligibly small. The main peak around 287.40
eV is not a pure absorption peak: though it is dominated by
the absorption transition |0); — |0)r the minor reduction of
about 1% is due to the emission on transition |1)g — |1);,
which becomes negligibly small for the photon energy above
~287.6 eV. The absorption peaks at 287.65 and 287.91 eV are
from transitions |0); — |1)F and |0); — |2)F, respectively.
The Franck-Condon factor for the transition to the second
vibrational level of the core-excited state f5 is rather small,
resulting in insignificant intensity of the absorption peak at
28791 eV.

Figure 9 shows XTAS of CO modified by the IR field with
the typical parameters wg = 0.3eV and AQr = 0.1eV and
with respect to different values of the phase ¢r. The sum of
partial vibrational contributions ) f&,}jSoU (w) and the total
XTAS molecular profile S(w) are almost coincident. In the
present case the partial vibrational contributions cannot be
easily separated as in the IR-free case, since the IR-induced
features of one vibrational component (v = 0) overlap with
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FIG. 9. Same as in Fig. 8, but in the presence of the cw IR field with typical parameters wr = 0.3eV and AQRr = 0.1eV. The effect of

the IR phase gr change is illustrated through plots (a)—(f).

the main peaks of another vibrational component (v = 1).
The most significant IR-induced features arise around photon
energies 287.10 and 287.70 eV. General phase g dependence
of these shoulder structures has been comprehensively dis-
cussed for the case of the two-level model (Figs. 5 and 6).
With the help of the vibrationally separated XTAS profiles
foESou(@)(v=0, 1, 2), all the main features can be carefully
identified. The left shoulder structure at 287.1 eV is solely
contributed by the transition |0); — |0)g, which allows one
to clearly identify its relative phase ¢r dependence in the
experiment, while the right shoulder structure is contaminated
by the main absorption peak at 287.65 eV on the transition
|0); — |1)r. The incoherent sum of these two contributions
produces the peak near 287.70 eV. The main absorption peak
around 287.40 eV is dominating and the relatively small
contribution from the left shoulder of the transition |0); —
|1)F is not visible in the total profile. The peak around 287.91
eV appearing from transition |0); — |2)r has rather small
intensity, giving a tiny contribution to the total profile. It is
worthwhile to note that the IR field frequency in the present
case is rather similar to the vibrational frequency of the core-
excited state ~0.26eV [44], which results in partial overlap
between the IR-induced shoulder structures and the main vi-
brational peaks, sufficiently modifying the core-excited wave-
packet dynamics monitored by the XTAS. A change of the IR
frequency can separate spectrally the contribution of conven-
tional vibrational structure from the IR field induced struc-

tures. Moreover, the IR-induced structure in the left shoulder
of the main absorption peak of the lowest vibrational level
(~287.10¢eV) is free from the other vibrational contributions.
Due to this, for the possible experimental observation of the
dynamic Stark effect in XTAS, described in the present paper,
measurement of the XTAS profile below resonance with the
frequency detuning equal to the frequency of the IR field is
advised. As discussed above (Sec. III C), this effect can be
used for the fine tuning and phase synchronization between
the cw IR field and an x-ray pulse, which is highly demanded
in various modern x-ray nonlinear applications.

D. XTAS on the oxygen K-edge of CO

The x-ray-absorption spectra of the CO molecule on the
carbon K-edge are dominated by the lowest vibrational transi-
tion |0); — |0)r, which makes the two-level scheme a robust
approximation. In a general case many vibrational transitions
can contribute and overlap with each other, breaking down
the two-level approximation. Such a situation happens at
the Ols—m* core excitation in the CO molecule analyzed
in Fig. 10. Due to a large shift of the equilibrium inter-
nuclear distance of the core-excited state as compared to
the ground state, the conventional x-ray-absorption profile
is strongly broadened due to vibrational excitation with the
maximum corresponding to the |0); — |4)F transition [44].
Moreover, larger lifetime broadening at the oxygen K-edge
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FIG. 10. XTAS on oxygen K-edge excitation of the prealigned CO molecule with IR field wr = 0.3eV and AQr = 0.3eV. (a) The
formation of the deep XTAS valley in the IR field-free case and the case of ¢r = 7. (b) Dependence of the XTAS profile on the IR phase

variation.

(I'r = 0.18eV) and a smaller vibration frequency of the core-
excited potential 0.18 eV results in a much stronger LVI
effect as compared to the case of carbon K-edge excitation.
Due to this the two-level model cannot be used as a valid
approximation in the present case.

The XTAS profile without IR field is shown in Fig. 10(a),
where the positions of the two lowest vibrational levels are
shown with dashed vertical lines. The deep emission valley of
XTAS near 533.2 eV is formed by contribution of many vibra-
tional transitions and these contributions cannot be separated
in the present case due to strong overlap and LVI. The IR-field
effects can be obviously observed by comparison of the two
profiles in Fig. 10(a). The left IR-induced shoulder structures
of the vibrational transitions |0); — |0)F and |0); — |1)F, the
positions of which are shown by the dashed lines, clearly give
a sufficient contribution to the XTAS profile. Variation of the
IR phase, as it is illustrated in Fig. 10(b), results in drastic
change of the XTAS profile. In particularly, the deep valley at
533.2 eV observed in the IR-field-free case and IR field with
phase gir = m [Fig. 10(a)] is completely quenched when the
phase of the IR field equals to zero [black curve in Fig. 10(b)].
Such a strong modification of the XTAS profile is the result of
collective contribution from several vibrational transitions and
their interference. Although it is impossible to isolate a shoul-
der structure corresponding to the individual vibrational tran-
sition at present, the total XTAS profile shows strong depen-
dence on the IR phase and thus, in principle, also can be used
for fine phase synchronization with an ultrashort x-ray pulse.

IV. CONCLUSIONS

A scheme of x-ray transient absorption spectra for pre-
aligned molecules by implementing a femtosecond x-ray
pump and cw IR-control scenario is investigated using the
CO molecule as a prototype. CO is resonantly pumped into
carbon- and oxygen-edge core-excited 1s — 7* states by a
weak femtosecond x-ray pulse; simultaneously, IR-control
radiation induces dynamic Stark shifts on the ground and core-
excited states and modulates the wave-packet dynamics. It is
shown that the dynamic Stark effect contributes significantly
to XTAS forming shoulder structures of the main absorption
resonance; these structures can be efficiently manipulated by
varying the time delay or relative phase between IR field
and x-ray pulse. Large energy separation between the IR-
control and x-ray pump photons used in the proposed scheme
allows one to observe clearly dynamic Stark effect free from
multiphoton contribution, nonlinear, and off-resonant effects.
A simple two-level model system is constructed to identify
and interpret the emission and absorption structures appearing
in the complex XTAS. In this framework the total spectra can
be efficiently decomposed as an incoherent sum of the profiles
of different vibrational components obtained from the simple
two-level model and weighted by the Franck-Condon factors,
providing deeper insight in the IR-induced XTAS features.
Due to its high sensitivity to the IR frequency and phase,
the predicted effect can be used for controlled manipulation
of the nuclear dynamics in molecules, as well as for the fine

023401-12



X-RAY TRANSIENT ABSORPTION SPECTROSCOPY BY ...

PHYSICAL REVIEW A 101, 023401 (2020)

phase synchronization of the x-ray pulse to the comb of the
IR field, required in various modern applications of ultrashort
x-ray free-electron laser pulses.
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