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Resonant Auger spectra (RAS) of core-excited N, are theoretically investigated by implementing an ultrashort
x-ray pump and strong continuous-wave (CW) IR-control scheme. A femtosecond weak x-ray pump resonantly
excites the nitrogen core-excited 1s — 7* of the N, molecule; a strong CW IR control induces dynamic Stark
shift of the core-excited level. With the pulse duration of the ultrashort pump comparable to or even shorter than
the period of the IR control, the time overlapping between the pump and control pulses reduces into a subcycle
of the IR pulse; the efficient pumping process strongly depends on the dynamic Stark shift and the relative phase
between the two pulses, resulting in a great manipulation of the core-excited wave-packet dynamics and the
subsequent RAS. The results are numerically illustrated for the N, molecule by a 2-fs x-ray pulse. The RAS also
show a strong dependence on the bond-distance-dependent Auger decay probability.
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I. INTRODUCTION

With the development of the x-ray free-electron laser
(FEL) facilities [1-6], it turns out to be possible to study the
radiation-matter interaction under extreme conditions, such as
unprecedented high intensities with the peak irradiance level
up to 10'® W/cm? [7-10], and ultrashort pulse durations down
to subfemtosecond [11-15]. With such a unique ultrashort
and ultraintense x-ray FEL [16], Auger electron spectroscopy
has burst into an increasing number of studies in atomic and
molecular systems [17-27]. Taking only one ultrastrong pump
pulse (maybe with a further weak probe pulse), both Rabi
splitting and direct photoionization could also appear in the
resonant Auger electron spectra (RAS), resulting in totally
nonlinear RAS in the atomic and molecular cases [17,28-32];
the interference between Auger decay and direct photoioniza-
tion and the light-induced nonadiabatic effect by the strong
pump can totally distort the spectra [20,28,29,33-36]. How-
ever, with proper selections of the pulses, as shown in the
recent works, these nonlinear Auger spectra can also be
partially manipulated. Chatterjee and Nakajima [37] proposed
the combination of strong resonant x-ray and nearly resonant
optical pulses to investigate the effects of strong couplings
in resonant Auger processes of the Ne atom; they showed
that the shape of RAS can be changed by the intensities of
the x-ray and/or optical pulses. Zhang et al. [38] proposed
an all x-ray pump-control scheme for molecules, a weak
pump creating the core-hole state and time-delayed strong
control coupling the valance state and the core-hole state. The
numerical results in the CO molecule were discussed and the
core-excited vibrational dynamics and the subsequent Auger
spectra can be efficiently manipulated by varying the time
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delays between the two pulses. In this work we proposed
an alternative scheme to manipulate the RAS for a molecule
with an ultrashort x-ray pump and CW IR control by the
relative phase between the two pulses, using the advantages
that the techniques of IR are very successful and the time
synchronization between the pulses would be much easier to
achieve; this scheme turns into a more practical candidate to
be realized in FEL in the near future.

A prealigned N, molecule is chosen as the example to
present this scheme, as shown in Fig. 1. The ultrashort
and weak x-ray pump is executed within the CW IR pulse;
Auger decay to the ionic state |B) is studied. The x-ray
pump is chosen with central frequency wy = Ejg), — Ejp), =
400.88 eV that it can resonantly excite the ground state |0);
into the core-excited state |0)r without the IR field. CW
IR induces a dynamic Stark shift on the core-excited state
|R), and it could alter the pumping process. Note that the
core-excited system is a strong polar molecule with a big
dipole moment, the peak intensity of the IR is supposed to
be ~10'* W/cm?, and the Keldysh parameter [39] would be
~0.1 or less. The multiphoton effect [40,41] can be assumed
not significant [42]; tunneling ionization for high-harmonic
generation (HHG) [43,44] is also weak and will not affect
the present Auger process too much either. With IR intensity
down to TW /cm?, the Keldysh parameter would be >1.0,
and we would expect important multiphoton effects, while
the measurements can easily differentiate the electrons by
their kinetic energies from different processes. With a proper
selection of the pulse duration so that the ultrashort pump
is comparable to or even shorter than the period of the IR
control, the time overlapping between the pump and CW IR
pulses reduces into a subcycle of the IR pulse, and the efficient
pumping process will strongly depend on the dynamic Stark
shift and the relative phase between the two pulses. As pre-
sented in the numerical results of prealigned N, the dynamics

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.99.033404&domain=pdf&date_stamp=2019-03-05
https://doi.org/10.1103/PhysRevA.99.033404

BIAN, WU, WANG, AND ZHANG

PHYSICAL REVIEW A 99, 033404 (2019)

— T T T T T
400 - R:'TI,
~
%
= 390 |
@
E Auger ! {
3 380k decay pump 5 10 15 E
= B: 822; Time (fs) ]
5 20 —~— N — 1 .
o 4
~ R a) ]
0F Ly (a)
\&
0F 1 N T T 1 1 1 —
S 0.005
g
2
£ 0.000
g
2
(]
= 70.005
=i
<
= 0010 L . L . ! . . . ,

1.8 2.0 22 2.4 2.6 2.8
Bond distance R(a.u.)

FIG. 1. Shown are the potential energy curves of the three
involved electronic states (upper panel), and the bond-distance-
dependent Coulomb matrix elements [45,46] V rr/dx (R) for the ionic
state B2} (lower panel). The schematic of the x-ray pump and CW
IR are illustrated in the inset of the upper panel.

J

of the core-excited wave packet and RAS can be efficiently
manipulated by the CW IR pulse. Furthermore, Auger decay
probabilities to the ionic state |B) show strong dependence on
the nuclear bond distance [45,46], which is also carefully stud-
ied. The numerical method is briefly introduced in the next
section together with the parameters used in the calculations,
followed by a discussion of the numerical results in Sec. III
and a conclusion in Sec. IV. Unless otherwise stated, atomic
units (a.u.) are used throughout the paper.

II. THEORETICAL METHODS

The time-dependent wave-packet propagation method
[47-50] is applied to study the dynamics of the vibrational
resolved RAS spectra by a pump-control scheme. Bearing
in mind that three electronic states (the ground state |/), the
core-excited state |R), and the final ionic state |B) with the
electronic wave functions ®;, ®r, and @}, respectively) are
involved in the present study, within the Born-Oppenheimer
approximation, the total wave function W(r) can be well
expanded as

W(t) = a;(1)®; + ag(t)e ™ dg + / ay (e, t)e " Dhde + / ad™ (e, 1)e " dide, (1)

where a;(t), ag(t), and agﬂ/dﬂ

electron energy corresponding to the ionic state |B). The rapidly evolving phase factor e

(t) are the time-dependent amplitudes of the states |I), |R), and |B), respectively. ¢ is Auger

—iet js explicitly separated, where @ is

generally chosen to be the central frequency w, of the x-ray pump. By inserting the total wave function into the time-dependent
Schrodinger equation, and implying the rotating wave approximation [51-53] and the local approximation [54,55], and supposing
the laser pulses are much shorter than the molecular rotational period of N, and N; is prealigned, we can achieve the following

working equations for the time-dependent amplitudes for a specific Auger electron energy ¢ of aligned N, as

i%cb(s, t)=HR,1)P(e, 1), )
where
O(e, 1) = [ar(t) ar@t) af(e.0) af(e,n], 3)
and
Vi(R) — ST p(t, to) D.(t, 1) 0 0
AR. 1) = T®R) + z’f’((t;,tfo)) Vkr(R) — éFAufi/;nC(UI);)_ sr(t, 1o, QIR) " fs o 8 @
di (1, 1) VIT(R) 0 Vu(R) + & — wy

Here, T(R) is the kinetic operator; Vx (R)(X =1, R, B) is
the potential energy curve of the corresponding electronic
state X (see Fig. 1); and the final ionic state |B) can be
obtained by emitting electrons of pm/dm via Coulomb ma-
trix elements (Auger decay) yPr/4T (R) between the core-
excited and final ionic state, or via direct photoionization
AP (¢ 1) = dpr jax 8081, 10)/2 between the initial and fi-
nal ionic states. D, (¢, f9) = dirgog(t, t0)/2 is the dipole cou-
pling term between the ground and core-excited states; I"aug
is the total Auger decay width of the core-excited state;

(

and T (1, 10) = 2 [|dX™ (¢, 1) + |d9™ (1, 10)|"] stands for
the leakage of the ground state caused by the direct photoion-
ization. Note that multiphoton effect is weak in the present
case; the theory of Eqs. (1)—(4) does not include channels to
evaluate its effects. dir and dpr 4 are the dipole transition

matrix elements; the Gaussian envelope g(t, fy) = e~ (t—10)/7?
with electric field intensity go, pulse duration 7, and pulse
center f, is employed in the calculations. sg(t, fo, PIr) =
Qg cos[or( — 19) + ¢r] is the dynamic Stark shift on state
|R), induced by the CW IR laser with center frequency wig,
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Rabi frequency Qg, and phase ¢ relative to the envelope
peak of the pump pulse. Note that there is no permanent
dipole or Stark shift for the ground state |I) of N,. Finally
the electron spectra pertaining to the ionic state |B) can be
computed as the norm of the wave packet ®p(e,t) at long
times as

op(e) = ll_i)rgo<d>3(8,t) | Pple,1)). )

In the present calculations, the three involved electronic
states are modeled as Morse potentials with the spectroscopic
constants from Refs. [45,46]. The bond-distance-dependent
Coulomb matrix elements V”7/47(R) from Refs. [45,46]
shown in Fig. 1(b) for the ionic state |B) are employed;
they are calculated within the framework of the one-center
approximation describing the final states with a CI approach,
and only two channels /m with pr and dm symmetry con-
tribute to the decay amplitudes [45,46]. The ratios between
the transition dipoles are considered constant and optimized
to best fit the synchrotron experimental RAS spectra [45,46]
as dpy /dir = 0.2, dgr /dir = 0.35. Note that the Coulomb
matrix elements at the equilibrium are V77 (R,) = 0.001 a.u.
and V97 (R,) = 0.0014a.u. The molecule is pumped by
weak ultrashort x-ray laser pulses with t = 2fs, Rabi fre-
quency QUr = dirgo = 0.0001 a.u. and central frequency
wy = Ejy, — Ejp, = 400.88 eV, which resonantly excites the
molecule from the ground state |[v = 0); to the core-excited
state |[v = O)g.

The vibrational energy spacing of state |R) is about 0.24 eV
[45,46,56], much larger than the total Auger decay width
Caug = 0.123eV [57] (decay lifetime of 1/Iay, = 5.3515),
so the lifetime vibrational interference (LVI) effect is not sig-
nificant in the present case and the vibrational structures can
be resolved from the Auger spectra. With such a short pump
pulse of T = 2fs, the pumping process strongly depends on
both the pump pulse and the dynamic Stark shift of state |R); a
quantity incorporating both the pump envelope and the struc-
ture of the CW IR dynamic Stark shift could be introduced
as sp(t) = g(t, to) cos[wr (t — ty) + @r]. Only in the efficient
region of s%(¢) # 0 do both the pump and CW IR pulses co-
operate together. The bigger the [s§(7)], the stronger for both
pumping and Stark shift; the positive and negative values of
s%(t) indicate Stark lower and upper shifts of state |R), corre-
sponding to the positive and negative off-resonant pumping of
|0); — |0)g, respectively. The core-excited wave packet is to-
tally related to the positive and negative oscillation structures
of s(¢). In this work, we choose the typical IR so that when
the relative phase ¢gr = 0, the pumping can always excite
more populations to |[v = 1) than the case without IR control.
Such a pulse can be determined as mid-IR with wavelength
AR = 27 /wr 2 S um—only one broad peak structure for
s5(t) or always positive off-resonant pumping of |0); — [0)z
in the whole efficient time region, and together with IR Rabi
frequency Qg = 0.24eV. In the following work, Ajg = 5 um
will be used as an example of CW IR to perform the numer-
ical results with respect to different phases ¢r. The nuclear
dynamics of Egs. (2)—(5) is numerically solved by the well-
known multiconfiguration time-dependent Hartree (MCTDH)
[38] method.

Note that the mid-IR peak intensity required is assumed
to be ~10"W/cm?. For the mid-IR with pulse duration
much longer than 2 fs (that of the ultrashort x-ray pump),
for example, ~50 fs, such a mid-IR could be well considered
as a “quasi” CW IR compared with the ultrashort x-ray
pump. There are many reports of such lasers; for example,
Wolter et al. [42] have reported 3.1 um radiation with peak
intensity 4 x 10'>W/cm? and pulse duration of 71 fs, and
von Grafenstein et al. [58] have reported 5-um pulse with
pulse duration of 160 fs and 7.7 GW peak power [if the
laser focus was typically (10 wm)?, peak intensity would be
~10'* W /cm?]. The IR laser required should be experimen-
tally achievable, at least in the near future.

III. NUMERICAL RESULTS

Before presenting the numerical results of the
pump-control scheme, RAS for only the weak pump pulse
of w, = Ej, — Ejp), = 400.88eV with respect to different
pulse durations are studied and shown in Fig. 2. Both the
effects of direct photoionization [d™/“"(¢)] and bond-
distance-dependent Coulomb matrix elements [V P/ (R)]
are included in the calculations. The spectra for long pulses
(r =200fs) after convoluting the experimental resolution
agree well with the synchrotron experimental results [45,46].
The spectra for different pulses are normalized to the main
peak around 382.1 eV, corresponding to Auger electron
energy from state |0)g into state |0)p. Note that this peak
is mainly contributed by direct photoionization [45,46].
This peak shows a blueshift from the energy Ejg), — Eo,.
due to the interference between Auger decay and direct
photoionization (the peak is exactly at Eyy, — Ej, for
calculations with only Auger decay or direct photoionization),
and such an effect of blueshift is more significant for short
pulses. With the decreasing of pulse duration, the spectra
smear out the peaks and valleys and keep the main structures,
but when 7 is shorter than 20 fs, the vibrational period, new
peak structures appear at the higher-energy region, which
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FIG. 2. Shown are RAS by resonant weak x-ray laser pulses with
different pulse durations 7 = 2, 4, 20, and 200 fs, corresponding to
ultrashort pulse, the lifetime of total Auger decay, the vibrational
period of core-excited state, and very long pulse, respectively.
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FIG. 3. Shown is the distribution of relative intensities of RAS
as a function of the Auger electron energy ¢ and the relative
phase ¢ir between the two pulses. The effects of bond-distance-
dependent probabilities are illustrated in different calculation
models, VP7/47(R) (lower panel) indicates the calculations with
R-dependent Coulomb matrix elements, and V?*/9"(R,) (upper
panel) indicates the calculations with only the Coulomb matrix
element at equilibrium position R,.

comes from the fact that the bandwidths of such short pulses
are bigger than the vibrational energy difference. The pump
pulse with w, = Ej), — E|g), can also largely excite |0); into
|1, 2, ...)g; subsequent Auger decays of |1)g — |0)g, |2)g —
|0), and |3)g — |0)p reproduce the peaks around 382.4,
382.6, and 382.8 eV, respectively. Note that the anharmonicity
of these three peaks is not significant, since w, x, = 14.9cm™!
for the core-excited state |R). With more vibrational states
|v)g excited, the peaks in the lower-energy region can be
contributed by different decay channels; while the vibrational
energy difference of state |R) is smaller than that of the final
ionic state |B), these properties directly result into the small
redshift of the peaks in the lower-energy region for ultrashort
pulses. Furthermore, with more vibrational states |v)g excited,
the wave packet can evolve in a more broad region; bearing
in mind that |V»7/97 (R)| is large for large R, their cooperated
effect will enhance the Auger decay into the lower and
higher regions, which is consistent with the features shown
in Fig. 2—the relative intensities of the spectra at lower- and
higher-energy regions become significant for short pulses.
Within the field of the CW IR pulse, RAS by the ul-
trashort x-ray pump can be totally changed. It is presented
in the following with v =2fs and Ajg =S5 um (see last
section for details of the parameters) with respect to the
relative phase ¢r, shown in Fig. 3. The effects of bond-
distance-dependent probabilities are illustrated in the models
VPr/AT(R) or VPT/4T(R,), indicating calculations with R-
dependent Coulomb matrix elements or only the values at
equilibrium position R,, respectively. As Fig. 3 shows, the
electron spectra are very sensitive to the varying of phase
ORr, With g increasing from 0 to 27; the intensities of the
whole spectra are enhanced to the “peak” and attenuated to
the “valley” at about gr = 0.4 and 1.47, respectively. The
dynamic changes of the spectra to ¢r should be directly
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FIG. 4. Shown are the maximum values of vibrational occupa-
tion probabilities p;_, = of the core-excited state with respect to the
relative phase ¢r between the two pulses.

related to the manipulation of the core-excited wave packet by
the IR-control pulse through Stark shifts. The spectra for cal-
culations in the models V77/47 (R) or VP7/47 (R,) are also very
different, especially in the lower-energy region, indicating the
important effects of bond-distance-dependent probabilities.
Note that with R displaced from R,, |[V*/47 (R)| is generally
larger than |V7*/ am(R,)| [see Fig. 1(b)]; broad evolution of
the core-excited wave packet would directly result in different
results of the calculations with V77/47(R) or VP™/47 (R,).

To get more insights on the effects on the core-excited
wave packet by the control IR pulse, the vibrational occupa-
tion probabilities p,(t) of state |R) are studied for different
¢r. Excited from state |/) by the ultrashort (7 = 2 fs) weak
pump pulse, the occupation probability p,—,,(¢) increases to
the maximum about 2 fs apart from the pump pulse, then
decreases continuously due to Auger decay. The relative oc-
cupation probabilities for different vibrational states vy can be
exhibited by the values of the maximums as py_, . As shown
in Fig. 4, pij_, of state |[R) depend strongly on the relative
phase and experience oscillations with increasing of ¢z . Note
that py_, by only the same pump pulse are also labeled in
the figure as dotted lines; they are 0.001 12, 0.000 85, and
0.00026 for vy = 0, 1, and 2, respectively. Within the field of
the IR-control pulse, state |R) is shifted by the dynamic Stark
shifts, or the core-excited state is dressed as |R); the resonant
frequency wy, = Ejq), — Ejp, = 400.88eV for state |[R) will
surely displace from the resonant one Ej, — Ejg), for the
dressed state |R), resulting in pJ_, being always a little
smaller than 0.001 12. The variations of p/_, are only within
~10% for different ¢ir. When ¢r & 0 (or m), state |R) is
negatively (or positively) shifted during the whole pumping
process, w, = Ej, — Ejg), becomes close to (or far away
from) the resonant frequencies E\1y, — Ejo), and Ej), — Ejo),;
Dy, and p7'_, will simultaneously increase (or decrease) in
contrast to the case without IR control. Note that when ¢
are far from O and 7, s3(¢) could be positive and negative
in the pumping field; the changes of p;_; , cannot be easily
predicted. As it also shows, p%'_, , experience the similar
“up-down-up” structure with the ir{creasing of ¢r, and they
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FIG. 5. Shown are the typical RAS in models V""/4* (R,) (upper
panel) and V»7/47 (R) (lower panel) for the cases with relative phase
¢rr = 0.4 and ¢r = 1.47, corresponding to the spectra peak and
valley shown in Fig. 3, respectively.

change very significantly for different grg; the ratios between
the peak (at g ~ 0.477) and valley (at gr ~ 1.47) of p7_,
and p_, are about two and three times, respectively. Bearing
in mind that p’}_, and p/_, are comparable for 0 < gr < 7,
and p7'_, do not vary too much while pJ'_; vary a lot for
different @R, and p7'_, , are much larger than p_, for dif-
ferent R, the intensities of the electron spectra with respect
to gir would strongly depend on the variations of p}_, with
respect to ¢, which is consistent with the features revealed
in Fig. 3 for the electron spectra; i.e., both the electron spectra
and p)' | increase up to the peak until gr ~ 0.47, then
continuously decease down to the valley until ¢ ~ 1.47,
and finally increase until ¢ ~ 27. Note that the x-ray pump
is weak; the excitations to different |v)g should couple very
weakly with each other. The dynamics and oscillation periods
of py_, , ;3 with respect to ¢r could be directly related to the
x-ray frequency and the geometric properties of s (¥).

The typical electron spectra for the spectra peak and val-
ley are shown in Fig. 5, corresponding to ¢ir = 0.4 and
1.47, respectively. The spectra intensities of g = 0.4 are
about two times stronger than that of ¢ = 1.4w, which
are mainly determined by different pumping excitations in
the IR-control field [p_,(pr = 0.47) = pi_ (pr = 1.47),
Pr_i(or = 0.47m) =2 x p¥'_ (pir = 1.47)]. Note that inter-
ference from different channels should exhibit effects in the
spectra; while the results show that the ratios of changes for
the spectra intensities and the vibrational populations (p}_,)
are very similar, it indicates the interference effect is not so
significant in the present case. The spectra in the models
VPr/dT(R) and VP7/47 (R,) are very similar for g = 1.4,
but differ a lot for g = 0.4 in the lower-energy region,
which can be easily understood from the cooperation of p,(t)
and the R-dependent Coulomb matrix elements V77/47 (R);
ie., when ¢r = 1.4m, p,—o(t) dominates the occupation
probabilities in state |R) (p_, > p,_,,), the core-excited
wave packet mainly evolves in the small spatial region around
R., and the spectra in models V?7/47 (R) and V""/4"(R,) will
surely be similar. When g = 0.4, the excitation to |v = 1)g
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FIG. 6. Shown are the typical RAS [model V?7/47 (R)] for the
cases with relative phase ¢r =0.157 and ¢r = 0.577 (upper
panel), and the time-dependent vibrational occupation probabilities
(lower panel); the ultrashort x-ray pulse is centered at 10 fs.

dominates the core-excited wave packet; let us bear in mind
that the Franck Condon region from the |[v = 1) to the state
|v")p locates mainly in the lower-energy region, and Auger
decay with more wave packets from |v = 1) will surely
enhance the spectra in the lower-energy region. The spectra
differences of the model V»7/47 (R,) shown in Fig. 5(a) below
382 eV should be mainly attributed to this effect. In addition,
the spatial density distribution of |v = 1)g is much broader
than that of |[v = 0)g in the small spatial region around R,;
note that |VP7/47 (R)| is much bigger than |V /47 (R,)| in the
region far away from R,, and the spectra in the lower-energy
region will be further and significantly enhanced by Auger
decay with more wave packets from the state [v = 1)g. Such
an effect mainly results in the big differences of the spectra of
the models V»7/4™ (R) and VP7/9 (R,) for gir = 0.47 below
382 eV shown in Fig. 5.

Figure 6(a) shows the typical spectra for ;g = 0.157 and
0.577 with the “same” py_,,. As it shows, the spectra
of these two cases are also quite different, although the
occupation probabilities for each vibrational states are almost
the same [see Fig. 6(b) for the occupation probabilities for
different vibrational states]. It indicates the phases induced
by the present pump-control scheme for the vibrational states
of these two cases are different, and such phases also play
important roles in the Auger electron spectra.

IV. CONCLUSIONS

The scheme of ultrashort x-ray pump and CW IR control
is proposed to study resonant Auger spectra (RAS) of core-
excited Np. A femtosecond x-ray pump resonantly excites
the nitrogen core-excited 1s — 7* of the N, molecule within
the field of a CW IR-control pulse, which induces dynamic
Stark shift of the core-excited level and changes the pumping
excitations. With the pulse duration of the ultrashort pump
comparable to or even shorter than the period of the IR
control, the time overlapping between the pump and control
pulses reduces into a subcycle of the IR pulse, and the efficient
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pumping process strongly depends on not only the dynamic
Stark shift but also the relative phase ¢r between the two
pulses, resulting in a great manipulation of the core-excited
wave-packet dynamics and the subsequent RAS. The results
are numerically illustrated for a N, molecule by a 2-fs x-ray
pulse with w, = Ejg), — Ejg), = 400.88¢eV and an IR pulse
with Alg = 5 um. It shows the spectra depend strongly on
the relative phase ¢, and the spectra variations with respect
to ¢r are mainly determined by the relative occupation
probabilities of the vibrational state |[v = 1)g. RAS also show

a strong dependence on the bond-distance-dependent Auger
decay probability.
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