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Manipulation of resonant Auger processes using a strong bichromatic field
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We theoretically investigate the effects of strong couplings in resonant Auger processes under the combination
of strong resonant x-ray and nearly resonant optical pulses. The x-ray field couples the ground state with a
core-excited state, while the optical field couples the core-excited state with another core-excited state of opposite
parity. The Auger electron spectrum changes its shape as the intensities of the x-ray and/or optical fields increase,
and at sufficiently high intensities we observe that the splitting, which is induced by the optical field, is superposed
on the asymmetric splitting induced by the x-ray field in the Auger electron spectra. The asymmetric splitting
itself, which is induced by the strong x-ray pulse, is persistent but modified due to the presence of the strong
optical field. Moreover, through the systematic study by including or excluding the individual photoionization
processes from the core-excited states and the direct photoionizaton process from the ground state, we clarify the
contribution of the respective processes to the total electron yield and the Auger electron spectra. These results
show that we can manipulate the resonant Auger processes through the introduction of the second core-excited
state and the strong optical field.
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I. INTRODUCTION

The study of the dynamics of core-excited states induced by
short-wavelength radiation has been attracting a lot of interest
in recent years. Since the core-electron dynamics usually occur
in an ultrafast time scale and synchrotron radiation was the
main light source to excite the core electrons, time-resolved
detection of such processes was a difficult task for many years.
However, the advent of x-ray free-electron lasers (XFELs)
enables us to undertake a thorough study from both an
experimental and a theoretical point of view.

The exposure of an atom to x-ray radiation at the appropriate
wavelength resonantly creates a core-excited state with a
lifetime of a few femtoseconds. Upon creation of the core-
excited state, the outer valence electron immediately fills up
the vacancy in the inner shell, and the excess energy coming
out of this process results in the electron emission from the
outer valence shell (Auger decay). This Auger process is
specifically called spectator Auger decay, because the electron
excited from the core to the outmost shell is not involved in
the Auger decay [1]. Another type of Auger process is called
participator Auger decay, in which the electron excited from
the core to the outmost shell also participates in the Auger
decay [1]. However, the participator Auger decay is generally
much weaker than the spectator Auger decay. In particular,
the Auger (spectator/participator) process that follows the
resonant excitation to the core-excited state is called a resonant
Auger (RA) process [1]. In addition to the RA process, an
exposure to x-ray radiation also induces direct nonresonant
photoionization by promoting one electron into the continuum
and other electron into an excited state. The excited ionic
state formed this way is a common final state for both the
direct photoionization and spectator Auger processes. This
means that the two processes, the core-excitation followed by
the RA process and the direct nonresonant photoionization
process, can interfere with each other, in principle. However,
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the interference is usually extremely weak, since two electrons
must be involved for the direct nonresonant photoionization to
occur and accordingly, the probability of such a process is
usually much smaller than that of the core excitation followed
by the RA process. Nevertheless, a signature of interference
between these two processes in the Auger electron spectra
has been reported in earlier studies [2–5]. The evidence of
such interference has been more clearly observed in the angle-
resolved Auger electron spectra [6,7]. The use of an intense
x-ray field has opened an opportunity to study new aspects of
RA processes [8–11]. In particular, such an intense x-ray field
can induce more significant interference [9–12], because the
probability of the RA process does not further increase once
the Rabi oscillation sets in under a sufficiently intense x-ray
field [8,11], while that of the direct photoionization process
continuously increases until complete ionization takes place.

In addition to the studies related to RA decay [2–13]
under the single-color field as mentioned above, several
investigations have been performed to study the RA process
under the two-color (x-ray + optical) field [14,15]. For the
two-color scheme there are a few different ways to utilize the
optical field. One way is to induce two-photon ionization from
the core-excited state to control the product ratio between the
singly and doubly charged final ionic states through resonant
and normal Auger decays [16]. Another way is to resonantly
couple the two core-excited states with opposite parity so that
the population transfer is induced between them, resulting in
the significant change in the RA spectra [17]. The other way
is to strongly couple two core-excited states with opposite
parity to induce electromagnetically induced transparency in
the x-ray wavelength region [18,19]. We should also mention
that, irrespective of the primary objective to employ the
two-color scheme for the RA process, an introduction of the
strong optical field results in the formation of sidebands around
the Auger peak in the RA spectra [14,15,17,20–25]. This is
known as laser-assisted Auger decay.

The purpose of this work is to theoretically investigate the
dynamics of the RA process involving the two core-excited
states with opposite parity under the strong bichromatic
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(x-ray + optical) field. More specifically, we investigate in
what way the strong optical coupling between the two core-
excited states under the simultaneous presence of the strong
x-ray pulse influences the Auger electron spectra. In addition
to the strong coupling effects, the x-ray and optical pulses
also induce significant photoionization from the core-excited
states. Through the systematic calculations by including or
excluding the individual photoionization processes from the
core-excited states, we clarify the contribution of the respective
photoionization channels on the Auger electron spectra.
Related to our work we note that a similar process has been
studied in Ref. [17] with a bichromatic field to demonstrate the
efficient manipulation of population in the core-excited state.
However, the direct nonresonant photoionization process,
which is essential to see the interference effect [2–7], is not
included in their model, and moreover, the employed x-ray
pulse is weak. In contrast, our model incorporates the direct
nonresonant photoionization process and the employed x-ray
pulse is intense enough to induce a strong interference effect
[9–12], which can be confirmed by the appearance of an
asymmetric profile in the Auger electron spectra [11].

II. THEORY

In order to theoretically describe the RA processes under the
bichromatic field, we solve the time-dependent Schrödinger
equation for the neon atom. Figure 1 depicts the relevant
atomic energy levels along with the associated radiative and
nonradiative couplings. This model contains the ground and
two core-excited states. The ground state, |g〉 (1s22s22p6 at
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FIG. 1. (Color online) Level scheme under consideration. A res-
onant x-ray pulse couples the ground state |g〉 and a core-excited state
|a〉, and an optical pulse couples the core-excited state |a〉 and another
core-excited state with opposite parity |b〉. Auger decay takes place
from the core-excited states |a〉 and |b〉 into the continuum states
|f1,ε1〉 and |f2,ε2〉, respectively. A direct ionization pathway, which
plays a very important role in this work, is also explicitly shown.
Processes (A)–(C) describe photoionization, as explained in the text.

0 eV), is resonantly coupled to the core-excited state, |a〉
(1s−13p at 867.1 eV), by the x-ray pulse (photon energy 867.1
eV). The core-excited state, |a〉, is further coupled to another
core-excited state with opposite parity, |b〉 (1s−13s at 865.2
eV), by the optical pulse (photon energy 1.55 eV). The two
core-excited states, |a〉 and |b〉, decay into the continuum states
|f1,ε1〉 (Ne+2p4 3p at 55.8 eV + free electron) and |f2,ε2〉
(Ne+2p4 3s at 52.1 eV + free electron), respectively, through
the RA decay. Here, εk (k = 1,2) is the energy of the free
electron emitted into the continuum, and fk (k = 1,2) stands
for the states of ion, Ne+, left after the Auger decay from states
|a〉 and b〉, respectively.

Processes (A) and (B) described in Fig. 1 are the pho-
toionization processes into the continuum (Ne+ 1s−1 at
870.1 eV + free electron) from |a〉 by the optical pulse and
from |a〉 and |b〉 by the x-ray pulse, respectively. The third pro-
cess (C) depicted in Fig. 1 is the direct photoionization into the
continuum (Ne+2p4 3p at 55.8 eV + free electron) from |g〉
by the x-ray pulse. We often refer to these processes in Sec. III.

The time-dependent wave function �(t) of the system
shown in Fig. 1 can be written as

�(t) = cg(t)|g〉 + e−iωx t ca(t)|a〉 + e−i(ωx−ωopt)t cb(t)|b〉

+
∫

e−iωx t cf1 (ε1,t)|f1,ε1〉dε1

+
∫

e−i(ωx−ωopt)t cf2 (ε2,t)|f2,ε2〉dε2, (1)

where cj (t) (j = g,a,b) and cfk
(t) (k = 1,2) are the time-

dependent amplitudes of the states indicated by the subscripts.
The central frequencies of the x-ray and optical laser pulses are
represented by ωx and ωopt, respectively. The time-dependent
dynamics of the system under the bichromatic field is described
by the following set of coupled differential equations obtained
under the rotating-wave approximation. Since we are not
concerned with the Auger electron profile associated with state
|b〉, we have omitted the equation for the state |f2,ε2〉. The
equations read

iċg(t) =
[
Eg − i

2
γg(t)

]
cg(t)

+ [Dag
† − iπDf1g

†(t)Vf1a]ca(t), (2)

iċa(t) =
[
Ea + Sa − ωx − i

2
(�a + γa(t))

]
ca(t)

+ [Dag − iπVf1a
†Df1g(t)]cg(t)

+ Dba
†cb(t), (3)

iċb(t) =
[
Eb + Sb − (ωx − ωopt) − i

2
(�b + γb(t))

]
cb(t)

+ Dbaca(t), (4)

iċf1 (ε1,t) = [
Ef1 + ε1 − ωx

]
cf1 (ε1,t) + Df1g(t)cg(t)

+ Vf1aca(t), (5)

which is an extended version of the equations derived for
the system consisting of the ground and single core-excited
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states coupled by the x-ray pulse [11]. In the above equations
Ej are the energies of states |j 〉(j = g,a,b), and Ef1 is the
energy of the final ionic state after the Auger decay. �k

are the total Auger decay rates of the states |k〉 (k = a,b).
γg(t) is the direct photoionization width from the ground state
by the x-ray field, while γk(t) are the photoionizaton widths
from the core-excited states |k〉 (k = a,b) by the bichromatic
field. The stark shifts of state |k〉(k = a,b) induced by the
optical field are given by Sk . The Rabi frequencies, Djk

(j = a,b and k = g,a), between states |j 〉 and |k〉 are defined
by

Dag = 1
2μagEx(t), (6)

Dba = 1
2μbaEopt(t), (7)

in which μjk (j = a,b and k = g,a) are the transition dipole
matrix elements between state |j 〉 and |k〉, and Ex(t) and
Eopt(t) are the time-dependent amplitudes of the x-ray and
optical fields, respectively. In this paper we assume that both
laser pulses have Gaussian temporal profiles, i.e.,

Ex(t) = E0,x exp

[
−4 ln 2

(
t

τx

)2
]

, (8)

Eopt(t) = E0,opt exp

[
−4 ln 2

(
t

τopt

)2
]

, (9)

where τx (τopt) is a duration of the x-ray (optical) pulse defined
by the FWHM for the envelope of the field amplitude. E0,x and
E0,opt are the peak amplitudes of the x-ray and optical fields,
respectively. The transition moment from states |g〉 to |f1,ε1〉
induced by the x-ray pulse as a result of the direct ionization
into the continuum defined by |f1,ε1〉 can be expressed as

Df1g(ε1,t) = 1
2μf1g(ε1)Ex(t), (10)

where μf1g is the transition matrix element between the
continuum states |f1,ε1〉 and the ground state |g〉.

Finally, the Vf1a and Vf2b terms which appear in Eqs.
(2)–(5) represent the Coulomb matrix elements between the
core-excited states, |a〉 and |b〉, and the associated continua,
|f1,ε1〉 and |f2,ε2〉, respectively, as a result of the Auger decay.
According to the Wigner-Weisskopf theory [26,27], Vf1a and
Vf2b can be connected to the partial Auger decay rates, �

(a)
f1

and �
(b)
f2

, i.e.,

�
(a)
f1

(ε1) = 2π
∣∣Vf1a(ε1)

∣∣2
, (11)

�
(b)
f2

(ε2) = 2π
∣∣Vf2b(ε2)

∣∣2
. (12)

The Coulomb matrix elements, Vf1a and Vf2b, vary slowly
with εk (k = 1,2) [1] because of the high kinetic energy of the
Auger electrons. As a result, we can safely assume that Vf1a

and Vf2b are constant over the continuum energies, ε1 and ε2,
respectively.

In deriving Eqs. (2)–(5), we have neglected, for simplicity,
the continuum-continuum couplings induced by the optical
pulse. Such couplings modify the dynamics of the free elec-
trons emitted through the Auger processes [14,15,17,20–25].
However, the modifications in the Auger electron spectrum
primarily appear as sidebands around the main Auger peak. In

this work, we neglect the continuum-continuum couplings,
since the main objective of our work is to investigate the
modification of the main Auger peak under the presence of
the bichromatic field. The effects of the optical field on the
final ionic states after the Auger decay are expected to be very
small [17], and accordingly, we have not included it in our
theoretical model.

After a sufficiently long time the population in the core-
excited states will completely decay into the continuum states,
and hence we can calculate the total electron yield Ptot from
the following relation:

Ptot = 1 − lim
t→∞ |cg(t)|2. (13)

The Auger electron spectra P (ε1) associated with state |a〉 is
calculated from the relation of

P (ε1) = lim
t→∞

∣∣cf1 (ε1,t)
∣∣2

. (14)

III. NUMERICAL RESULTS AND DISCUSSIONS

Prior to presenting the numerical results, we describe the
assumptions and specify the parameters under which we
perform the calculations. The photon energy and the durations
of the x-ray and optical pulses are, respectively, 867.1 eV
(resonant with the |g〉 – |a〉 transition) and 1.55 eV (off-
resonant with the |a〉 – |b〉 transition), and 2.4 fs (comparable
to the lifetime of the core-excited states) and 20 fs, unless
otherwise mentioned (see Fig. 2). The employed dipole matrix
elements for the relevant states of Ne atom are μag = 0.0096
(a.u.) and μba = 2.8 (a.u.), respectively [17], and the lifetimes
of the core-excited states are 2.41 fs for both |a〉 and |b〉.
The partial widths of the two core-excited states are assumed
to be constant over the continuum energies, ε1 and ε2, and
�

(a)
f1

= �
(b)
f2

= 0.086 eV [17]. The direct ionization width for
the ground state γg is calculated using the value reported in
Ref. [11]. The ionization widths for the x-ray and optical pulses
γa and γb, respectively, and the Stark shift induced by the
optical pulse for the core-excited states Sa and Sb are calculated
using the values reported in Ref. [17]. The ionization width
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FIG. 2. (Color online) The temporal profiles of the x-ray (solid)
and optical (dashed) pulses. They have Gaussian shapes with FWHM
of 2.4 and 20 fs, respectively.

043413-3



SOUVIK CHATTERJEE AND TAKASHI NAKAJIMA PHYSICAL REVIEW A 91, 043413 (2015)

809 810 811 812 813 814 815
0.00

0.04

0.08

0.12

0.16
P

R
O

F
IL

E

ELECTRON ENERGY(eV)

 No Optical Pulse
                     ((B) and (C))

 I
Opt

=1x1012 W/cm2

                    ((B) and (C))
 I

Opt
=1x1012 W/cm2

                    (All (A) - (C))

FIG. 3. (Color online) Auger electron spectra in the weak inten-
sity regime of the x-ray pulse. The optical pulse intensities are Iopt = 0
[solid, with processes (B) and (C)], Iopt = 1012 W/cm2 [dashed, with
processes (B) and (C)], and Iopt = 1012 W/cm2 [short-dashed, with
all processes (A)–(C)], respectively.

and the Stark shift of state |b〉 are assumed to be zero. Note that
the processes (A)–(C) we sometimes refer to in the following
discussions are the three photoionization processes shown in
Fig. 1.

Using the parameters described above, we numerically
solve Eqs. (2)–(5) by the fourth-order Runge-Kutta method to
study the dynamics of the RA processes under the bichromatic
field. We first consider the case in which the intensity of the
x-ray pulse is weak in a sense that a very small fraction of
the ground-state population is excited by the x-ray pulse. For
the fixed x-ray pulse intensity at 1015 W/cm2, we perform the
calculations without and with the optical pulse at 1012 W/cm2.
To clarify the influence of the ionization process from |a〉 by
the optical pulse [process (A)], we also carry out an additional
calculation by setting the ionization width from |a〉 by the
optical pulse to be zero. The results are shown in Fig. 3.
We notice that the introduction of the optical pulse results
in not only the shift of the peak position of the Auger electrons
(dashed and short-dashed lines in Fig. 3), but also the reduction
of the peak height itself (short-dashed line in Fig. 3). This is
because the optical pulse induces ionization [process (A)] from
state |a〉, which results in the reduction of population in state
|a〉 before the Auger decay takes place.

We now increase the intensity of the x-ray pulse under
the presence of an optical pulse at 1012 W/cm2. As the
intensity of the x-ray pulse increases from 1018 W/cm2 to
5 × 1018 W/cm2, the line splitting associated with the Rabi
oscillations induced by the x-ray pulse between |g〉 and |a〉
[8,11,12] gradually appear in the Auger electron spectra, as
shown in Fig. 4. The origin of the multiple peak structure
in Fig. 4 has been interpreted as dynamic interference of
electron wave packets of the same kinetic energy emitted at
different times during the x-ray pulse [28]. The reason such
high intensity for the x-ray pulse is necessary to observe the
line splitting is that, obviously, the dipole moment between
|g〉 and |a〉 is very small and the x-ray pulse duration we have
assumed is also very short, 2.4 fs. By the careful examination of
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FIG. 4. (Color online) Auger electron spectra in the strong in-
tensity regime of the x-ray pulse. The optical pulse intensity is
Iopt = 1012 W/cm2. The x-ray pulse intensities are Ix = 1018 (solid),
2 × 1018 (dashed), 3 × 1018 (short-dashed), 4 × 1018 (dotted), and
5 × 1018 W/cm2 (dot-dashed), respectively.

Fig. 4 we also notice another line splitting in the Auger electron
spectra at around 811.4 eV. This line splitting becomes more
subtle as the x-ray pulse intensity increases. Thus this line
splitting becomes more visible only when the intensities of
the x-ray and optical pulses are both appropriate, because the
sufficiently high intensities of the x-ray and/or optical pulses
result in rapid ionization from |a〉, which obscures the line
splitting buried in the shoulder of the peak at 811.4 eV.

In our study of the RA processes with two core-excited
states under the action of the bichromatic field, three different
photoionization processes [processes (A)–(C) in Fig. 1] are
also involved. But the respective contribution to the total
electron yield defined by Eq. (13) is not very clear. To
clarify their respective contributions we solve Eqs. (2)–(5)
by including processes (A)–(C) step by step. The results are
summarized in Fig. 5. We first look into the result for which
laser-induced ionization processes (A)–(C) are all excluded
[dot-dashed line in Fig. 5(a)]. Under this condition the total
electron yield is equal to the total Auger electron yield via
states |a〉 and |b〉. Interestingly, we notice that the total electron
yield decreases as the optical pulse intensity increases. This
is a kind of coherent population trapping (CPT) due to the
simultaneous presence of the coherent x-ray pulse and the
optical pulse to couple |g〉-|a〉 and |a〉-|b〉, respectively. By
comparing the temporal evolution of populations in states |g〉,
|a〉, and |b〉 at the x-ray pulse intensity of 5 × 1018 W/cm2

with the optical pulse off [Fig. 5(b)] and on [Fig. 5(c)]
with processes (A)–(C) all excluded in both figures, we can
ensure that CPT indeed takes place if the optical pulse is
sufficiently intense [Fig. 5(c)]. However, CPT in our case is
imperfect, as we can clearly see in Fig. 5(c), and there is an
appreciable population loss even at the optical pulse intensity
of 6 × 1012 W/cm2 [dashed line in Fig. 5(c)]. There are two
reasons for this. The first reason is that our system is very lossy
due to the presence of the Auger processes. The second reason
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FIG. 5. (Color online) Total electron yield and the population
dynamics for the system shown in Fig. 1 under different conditions.
(a) Variation of the total electron yield Ptot as a function of peak
intensity of the optical pulse under different conditions. Results by
taking into account all photoionization processes (A)–(C) (solid),
processes (B) and (C) only (dashed), processes (A) and (C) only
(short-dashed), process (C) only (dotted), and all processes (A)–(C)
excluded (dot-dashed) are presented. (b) Temporal dynamics of the
populations in states |g〉 (solid), |a〉 (dashed), and |b〉 (short-dashed)
with Ix = 5 × 1018 W/cm2 and optical pulse off. (c) Similar to panel
(b) but with optical pulse on at Iopt = 6 × 1012 W/cm2. Laser-induced
ionization processes (A)–(C) are all excluded in both (b) and (c).

is that the optical pulse is not at resonance with the |a〉 − |b〉
transition.

We now include the ionization process from state |g〉
directly into the continuum [process (C)] by the x-ray pulse
but still exclude the laser-induced ionization from the excited
states [processes (A) and (B)]. In this case CPT becomes
more imperfect due to the loss of population from |g〉 directly
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FIG. 6. (Color online) Influence of optical pulse intensity on
the Auger electron spectra. The x-ray pulse intensity is Ix =
5 × 1018 W/cm2 for all cases, while the optical pulse intensity is
Iopt = 0 (dotted), 0.5 × 1012 (dashed), 0.8 × 1012 (short-dashed), and
1012 W/cm2 (solid), respectively.

into the continuum through process (C), and accordingly,
the total electron yield significantly increases [dotted line in
Fig. 5(a)] compared with the result with processes (A)–(C)
all excluded [dot-dashed line in Fig. 5(a)]. If we include
process (A) in addition to process (C) while process (B) is
still excluded, the total electron yield increases as the optical
pulse intensity increases [short-dashed line in Fig. 5(a)]. This
is simply because the inclusion of process (A) opens a new
channel which increases the electron yield through two-photon
ionization from |a〉 by the optical pulse. Instead, if we include
process (B) in addition to process (C) while excluding process
(A), we notice the slight monotonic decrease of total electron
yield as the optical pulse intensity increases [dashed line in
Fig. 5(a)]. This is because the channel for population loss
through process (A) is now closed, and accordingly CPT,
although it is still imperfect, improves. We can infer from
the above arguments, the processes (A) and (B) contribute to
the total electron yield in an opposite manner, as the optical
pulse intensity increases. This explains why the total electron
yield for the full calculations, including all processes (A)–(C),
remains almost constant as the optical pulse intensity is varied
[solid line in Fig. 5(a)].

Having understood how the electron yield and the popu-
lation dynamics are altered by the introduction of the optical
pulse (Fig. 5), we now investigate the changes in the Auger
electron spectra. For this purpose we vary the intensity of
the optical pulse, while that of the x-ray pulse is fixed at
Ix = 5 × 1018 W/cm2. The results are shown in Fig. 6. Even
for the case of the x-ray pulse alone (dotted line in Fig. 6), an
asymmetric splitting already appears in the Auger electron
spectrum, in which the asymmetry is a clear signature of
the interference via two pathways, |g〉 → |a〉 → |f1〉 and
|g〉 → |f1〉 (see Fig. 1), as reported in Ref. [11]. As the
optical pulse intensity increases, the electron peaks reduce
their heights and shift in opposite directions. Moreover, we
notice that the line splitting at around 811.4 eV is most
prominent at the optical pulse intensity of 1012 W/cm2, as
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FIG. 7. (Color online) Influence of population loss from state
|a〉 through photoionization by the optical pulse [process (A)] on
the Auger electron spectra. The x-ray pulse intensity is Ix = 5 ×
1018 W/cm2 for all cases. Iopt = 0 (dashed) with processes (B) and
(C) only, Iopt = 1012 W/cm2 with processes (B) and (C) only (solid),
and Iopt = 1012 W/cm2 with all processes (A)–(C) (short-dashed),
respectively.

we have mentioned before for Fig. 4. To clarify the origin of
this line splitting, we carry out the calculations without and
with the optical pulse. The results are shown in Fig. 7. Since
no such line splitting is seen in the absence of the optical
pulse (dashed line in Fig. 7), this small doubletlike structure
at around 811.4 eV can be identified as the ac Stark splitting
induced by the optical pulse. This interpretation is further
confirmed by the fact that the separation between the small
peaks is nearly equal to the Rabi frequency by the optical pulse.
Namely, the distortion around 811.4 eV seen in Figs. 6 and 7
is a result of the superposition of the small ac Stark splitting
induced by the optical pulse on the line splitting induced by the
x-ray pulse. From the comparison of the results without and
with process (A) (solid and short-dashed lines in Fig. 7), we
can say that the visibility of the distortion at around 811.4 eV
is slightly better if process (A) is excluded. In other words,
the additional broadening of state |a〉 due to ionization by the
optical pulse obscures the small structure at around 811.4 eV.

If the broadening of state |a〉 is the main cause of obscuring
the subtle structure around 811.4 eV, ionization by the optical
pulse [process (A)] is not the only mechanism for that. The
short lifetime of state |a〉, 2.4 fs, due to the fast Auger decay,
would be another cause of not being able to see the clear
splitting structure by the optical pulse. To test this argument,
we hypothetically change the lifetime of state |a〉 and calculate
the Auger electron spectra. The results are shown in Fig. 8. As
we expected, the structure at around 811.4 eV is less (more)
visible if the lifetime of state |a〉 is set to be shorter (longer).

As we have described in Fig. 1, not only the interference
via two pathways [due to the presence of process (C)] but
also the additional photoionization processes from the core-
excited states [processes (A) and (B)] play important roles
in the magnitude and shape of the Auger electron peaks. To
clarify the contribution of the respective processes (A)–(C)
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FIG. 8. (Color online) Influence of lifetime of state |a〉 on the
Auger electron spectra. Ix = 5 × 1018 and Iopt = 1012 W/cm2 for
all cases. The lifetime of state |a〉 is hypothetically varied from the
original value, 2.4 fs (solid) to 1.2 fs (dashed) and 5.0 fs (short-
dashed), respectively.

to the Auger electron spectra, we include processes (A)–(C)
step by step again and study the changes in the Auger electron
spectra. The results are summarized in Fig. 9. If we include
only processes (A) or (B) (short-dashed and dot-dashed lines
in Fig. 9) we observe the double peaks with similar shapes but
different heights. The difference in their heights mainly arises
from the different populations in state |a〉 through ionization by
the optical and x-ray pulses. If we include both processes (A)
and (B), but still without process (C), the Auger electron profile
becomes less. This occurs due to reduction of population in
state |a〉, through ionization by both x-ray and optical pulses,
as a result of which a lesser fraction of the population in state
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FIG. 9. (Color online) Modification of the Auger electron spectra
due to the interference between two competing pathways, |g〉 →
|a〉 → |f1〉 and |g〉 → |f1〉 (in Fig. 1). Ix = 5 × 1018 W/cm2 and
Iopt = 1012 W/cm2 for all cases. To highlight the interference effect,
the included photoionization processes are all processes (A)–(C)
(solid), processes (A) and (B) only (dashed), process (A) only
(short-dashed), and process (B) only (dot-dashed), respectively.
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|a〉 experiences the RA decay. Interestingly, if we include the
direct ionization process [process (C)] in addition to processes
(A) and (B), the height of the Auger electron profile becomes
even less. Not only that, the height of the left peak of the
double peaks becomes smaller and the distortion in the shape
of the left peak becomes more significant than that of the right
one (solid line in Fig. 9). This is very different from the other
three curves presented in Fig. 9. These results clearly show
that the interference induced by the strong x-ray pulse via
the two competing pathways [11] is persistent but somehow
modified through the coupling of the two core-excited states
by the strong near-resonant optical pulse.

IV. CONCLUSIONS

In conclusion, we have theoretically investigated the
effects of strong couplings in resonant Auger processes
under the strong bichromatic (x-ray + optical) field. There
are two kinds of strong couplings involved in the processes.
The one is the coupling between the ground and core-
excited states by the strong x-ray pulse, and the other
is the coupling between the two core-excited states by
the strong optical pulse. We have shown that the Auger electron
spectrum changes its shape as the intensities of the x-ray and/or
optical pulses increase, and at the sufficiently high intensities

for both pulses the strong couplings manifest themselves in the
emergence of the two splittings superimposed on the Auger
electron spectra. However, if the x-ray pulse intensity is too
high, the splitting associated with the optical pulse becomes
more subtle due to the broadening of the core-excited state as
a result of rapid photoionization (by both x-ray and optical
pulse). We have also shown that the interference between the
two competing pathways by the strong x-ray pulse, which
has been recently investigated for the case of the strong x-ray
pulse alone [11], is persistent but altered by the simultaneous
presence of the strong optical pulse. Through the systematic
study by including or excluding the different photoionization
processes from the core-excited as well as ground states, we
have also clarified the contribution of the respective processes
to the total electron yield and the Auger electron spectra. Our
results indicate that we are able to control the resonant Auger
process through the introduction of the second core-excited
state and the optical pulse.

ACKNOWLEDGMENT

This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Culture, Sports,
Science and Technology of Japan.
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