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Ramsey interferometry for resonant Auger decay through core-excited states
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We theoretically investigate the electron dynamics in Ne atoms involving core-excited states through the
Ramsey scheme with a pair of time-delayed x-ray pulses. Irradiation of Ne atoms by the ∼1 femtosecond
x-ray pulse simultaneously populates two core-excited states, and an identical but time-delayed x-ray pulse
probes the dynamics of the core-excited electron wave packet which is subject to the resonant Auger decay. The
energy-integrated total Auger electron yield and energy-resolved Auger electron spectra in the time domain show
periodic structures due to the temporal evolution of the wave packet, from which we can obtain the counterpart in
the frequency domain through the Fourier transformation. The Auger electron energy spectra in the time as well
as frequency domains show the interference patterns between the two Auger electron wave packets released into
the continuum from the superposition of two core-excited states at different times. These spectra are important to
clarify the individual contribution of the different Auger decay channels upon core excitation by the x-ray pulse.
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I. INTRODUCTION

Recent advancements in the attosecond x-ray and XUV
pulse technology have opened widespread opportunities for
the real-time probing of ultrafast processes such as autoion-
ization and Auger decay. Establishing a method to probe
those processes has an undoubted scientific importance, since
they originate from one of the most important interactions
in physics and chemistry, i.e., electron-electron correlations.
However, the x-ray pump–x-ray probe experiment is still at
its early stage, since the attosecond XUV pulses generated
by the high-harmonic processes have very limited intensity,
while x-ray free electron lasers (FELs), which have sufficient
intensity, suffer from the lack of temporal coherence. As a
result, the popular probing method that is currently in use is the
x-ray pump-infrared (IR) probe scheme in which the electron
dynamics triggered by the x-ray pump pulse is probed by the
time-delayed IR probe pulse. Such a method was successfully
applied for the direct tracing of Auger electron dynamics with
attosecond time resolution, and the lifetime of the core-excited
state was accurately estimated [1]. Following the pioneering
work [1], several different experiments were performed for
the time-resolved probe of autoionization processes [2–6].
Note that the use of an IR pulse as a probe causes undesired
and unavoidable complications if the purpose is to study the
electron dynamics induced solely by the x-ray pump pulse.

Obviously, the use of an x-ray pump–x-ray probe scheme
would be more effective in probing the x-ray-induced ultrafast
processes, since there is no additional complication since the
intense IR pulse is absent. Among the various kinds of pump-
probe schemes the Ramsey interferometric scheme [7] is a
very powerful method applicable to a variety of processes such
as bound-free transitions [8], autoionization [9], and normal
Auger process [10]. In the time-domain Ramsey scheme a
pair of time-delayed identical pulses induces interference
between the time-delayed bound and/or free electron wave
packets launched at different times in atoms and molecules.
The interference pattern of the signal obtained as a function
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of time delay between the two pulses are termed as Ramsey
fringes. An important advantage of the Ramsey interferometric
scheme is that it is highly effective even at low laser intensity,
and therefore, can be implemented with attosecond pulses at
modest intensities. Recently, XUV pump–XUV probe studies
were experimentally performed to probe the electron dynamics
in atoms with a time resolution of ∼1 femtosecond [11,12].

The purpose of this work is to theoretically investigate
the dynamics of resonant Auger (RA) processes by the x-
ray pump–x-ray probe Ramsey interferometry scheme. Since
the employed x-ray pulses are necessarily short and hence
spectrally broad, it is natural to assume that the x-ray pulse
excites more than one core-excited state from which the RA
decay occurs. Different from the normal Auger process, the RA
process is initiated by the resonant excitation of core-excited
state(s), and it is classified into the Auger spectator and Auger
participator processes [13], and the recent advent of x-ray
FELs has opened opportunities to study various aspects of RA
processes [14–19]. Such a fundamental interferometric scheme
allows a high-precision measurement of the position of the RA
lines. Moreover, the strong dependence of the Ramsey fringes
on the quantum coherence of the system facilitates the probing
of coherence and measurement of decoherence time [10], in
the case of RA processes. The x-ray Ramsey interferometric
scheme can also be implemented for the measurement of any
field induced Stark shifts [20–22].

II. THEORY

A. Model

Figure 1 shows the scheme we study. An x-ray pump
pulse with ∼1-fs duration excites Ne atoms in the ground
state, |g〉 (1s22s22p6 at 0 eV), to two core-excited states,
|a1〉 (1s−13p at 867.1 eV) and |a2〉 (1s−14p at 868.7 eV),
respectively. The core-excited states decay into the continuum
states, |f1,ε1〉 (Ne+ 2p43p at 55.8 eV + free electron) and
|f2,ε2〉 (Ne+ 2p44p at 59.8 eV + free electron), through the RA
process within the time scale of a few fs, as a result of which
Auger electrons are produced. Here fk (k = 1,2) represents
the ionic states of Ne+ which are formed upon the RA decay
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FIG. 1. Level scheme. A resonant x-ray pump pulse couples the
ground state |g〉 to two core-excited states, |a1〉 (1s−13p) and |a2〉
(1s−14p), simultaneously. After the core excitation the RA decay into
the continuum states, |f1,ε1〉 (Ne+ 2p43p + free electron) and |f2,ε2〉
(Ne+ 2p44p + free electron), takes place. The electron dynamics after
the pump pulse is probed by the identical x-ray probe pulse with a
variable time delay.

from states |a1〉 and |a2〉, respectively, while εk (k = 1,2) is
the energy of free electrons emitted into the continuum. The
channels where the core-excited electrons remain unchanged,
1s−13p-2p43p and 1s−14p-2p44p, are usually the dominant
channels, since they involve two electron Coulomb decay
matrix elements. The two cross channels, 1s−13p-2p44p

and 1s−14p-2p43p involving three electron matrix elements,
described as shake up or down spectator decays, are less
probable. Since we are using relatively weak pulse the x-ray
induced direct photoionization from the ground state will
be negligible and hence have been neglected in our model.
The dynamics induced by the pump pulse are probed by the
time-delayed identical probe pulse. This is a so-called Ramsey
scheme in the time domain at the x-ray wavelength with two
core-excited states as upper states. As mentioned above, the
use of a resonant x-ray pump pulse with very short duration can
excite more than one core-excited state, and as a prototypical
example, we assume two core-excited states as upper states.

Theoretical calculations of the above RA processes subject
to the resonant x-ray pump and probe pulses are based on the
solution of the time-dependent Schrödinger equation for the
Ne atom.

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

�(t) = cg(t)|g〉 + e−iωt
[
ca1 (t)|a1〉 + ca2 (t)|a2〉

]
+

∫
e−iωt cf1 (ε1,t)|f1,ε1〉dε1

+
∫

e−iωt cf2 (ε2,t)|f2,ε2〉dε2, (1)

where ω is the central frequency of the x-ray pump and probe
pulses, and cm(t) (m = g,a1,a2) and cfk

(t) (k = 1,2) denote
the time-dependent amplitudes of the states indicated by the
subscripts. After the standard procedure which includes the
rotating-wave approximation we arrive at the following set of
coupled differential equations. It reads

iċg(t) = Egcg(t) +
∑
i=1,2

Daig
†cai

(t), (2)

iċa1 (t) =
[
Ea1 − ω − i

2
�a1

]
ca1 (t) + Da1gcg(t)

− iπ

⎡
⎣ ∑

j=1,2

Vfj a1Vfj a2

⎤
⎦ca2 (t), (3)

iċa2 (t) =
[
Ea2 − ω − i

2
�a2

]
ca2 (t) + Da2gcg(t)

− iπ

⎡
⎣ ∑

j=1,2

Vfj a2Vfj a1

⎤
⎦ca1 (t), (4)

iċfj
(εj ,t) = [

Efj
+ εj − ω

]
cfj

(εj ,t)

+Vfj a1ca1 (t) + Vfj a2ca2 (t). (5)

In the above equations Em are the energies of neutral atomic
states |m〉 (m = g,a1,a2), while Efj

(j = 1,2) are the energies
of ionic states after the RA decay. �k are the total Auger decay
rates of states |k〉 (k = a1,a2). Vfj ai

are the Coulomb matrix
elements between the core-excited states, |ai〉 (i = 1,2), and
the associated continuum states, |fj ,εj 〉 (j = 1,2), coupled
by the RA decay, and they are connected to the partial Auger
decay rates, �

(ai )
fj

, through the relation of [23,24]

�
(ai )
fj

(εj ) = 2π
∣∣Vfj ai

(εj )
∣∣2

. (6)

The Coulomb matrix elements Vfj ai
would vary slowly

with εk (k = 1,2) [13], because the kinetic energy of the Auger
electrons is high. As a result, we can safely assume that Vfj ai

is
practically constant over the continuum energies εj of interest.
Daig (i = 1,2) are the Rabi frequencies between states |ai〉 and
|g〉, and they are expressed as

Daig = 1
2μaigE(t), (7)

where μaig (i = 1,2) are the dipole matrix elements between
states |g〉 and |ai〉(i = 1,2). Finally, E(t) is a field amplitude
of the x-ray pump and probe pulses, and we assume that both
pulses have Gaussian temporal profiles with time delay τ .
Namely,

E(t) = E0 exp

[
−4 ln 2

(
t

σ

)2
]

+E0 exp

[
−4 ln 2

(
t − τ

σ

)2
]
, (8)

where σ is the duration of x-ray pulses defined by the full
width at half maximum (FWHM) for the field envelope. E0 is
the peak field amplitude of the x-ray pulse, which is assumed
to be the same for both pump and probe pulses. The total Auger
electron yield Ptot, calculated after a sufficiently long time after
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the probe pulse to allow complete decay of the core-excited
states into the continuum, can be calculated using

Ptot(τ ) = 1 − lim
t→∞ |cg(t,τ )|2, (9)

while the Auger electron energy spectra P (εj ,τ ), into the two
continuum states |fj ,εj 〉 (j = 1,2) through the RA decay by
the pump and probe pulses with time delay τ can be calculated
by

P (εj ,τ ) = lim
t→∞ |cfj

(εj ,t,τ )|2. (10)

B. Analytical expression for the Auger electron energy spectra

Under the weak excitation regime we can derive a simple
analytic expression for the Auger electron energy spectra for
the two time-delayed x-ray pulse scenarios. In our derivation
we neglect the non-Hermitian terms involving the Coulomb
matrix elements [last terms in Eqs. (3) and (4)] of the
respective core-excited states, because these terms make
almost negligible contributions. We formally integrate Eq. (5)
to obtain

cfj
(εj ,t) = −i

∑
i=1,2

Vfj ai
exp

[ − i
(
Efj

+ εj − ω
)
t
]

×
∫ t

−∞
exp

[
i
(
Efj

+ εj − ω
)
t ′
] ∑

i=1,2

cai
(t)dt ′.

(11)

After invoking the RWA and recalling that cg ∼ 1 under a
weak excitation regime, we obtain

P (εj ,τ ) =
∣∣∣∣∣
∑
i=1,2

Vfj ai
μaig

Efj
+ εj − Eai

− i
2�ai

∣∣∣∣∣
2

× ∣∣E(
τ,Efj

+ εj − ω
)∣∣2

, (12)

where E(τ,Efj
+ εj − ω) is the spectral envelope of the time-

delayed x-ray pulses expressed as

E
(
τ,Efj

+ εj − ω
)

= E0σ√
8 ln 2

exp

[
−(

Efj
+ εj − ω

)2 σ 2

16 ln 2

]

× {[
1 + exp

[ − i
(
Efj

+ εj − ω
)
τ
]}

. (13)

III. NUMERICAL RESULTS AND DISCUSSIONS

Before presenting the numerical results we state the important
assumptions and specify the parameters employed for the
numerical calculations. We perform the calculations using
three different photon energies, 867.6, 867.9, and 868.7 eV,
for the x-ray pulses. The peak intensity and the duration of
the x-ray pulses for the field envelope are 1017 W/cm2 and
1.2 fs, respectively, unless otherwise mentioned. The duration
of the x-ray pulses for the intensity envelope is around 0.6 fs.
Generation of such sub-fs x-ray pulses at the Ne-K edge should
be feasible by selectively spoiling the transverse emittance of
the electron beam and applying such a system to the Linac
Coherent Light Source (LCLS) [25,26]. The use of such
sub-fs x-ray pulses, due to their large spectral bandwidth, can

FIG. 2. Variation of the total Auger electron yield as a function
of time delay between the pump and probe pulses. Employed photon
energies are (a) 867.6, (b) 867.9, and (c) 868.7 eV, respectively.

excite several core-excited states simultaneously. However,
the transition dipole moment from the ground state to the
core-excited state, 1s−1np, becomes smaller as n increases.
In our specific case, the dipole matrix elements for the Ne
atom are μa1g=0.0096 (a.u.) [18] and μa2g=0.0059 (a.u.)
[27], respectively, where |a1〉 = 1s−13p and |a2〉 = 1s−14p.
Together with the detuning consideration of x-ray pulses from
resonances, we can say that the third state such as 1s−15p

can be safely neglected to investigate the core excitation by
sub-fs x-ray pulses. As additional information we note that
the lifetimes of the core-excited states are ∼2.41 fs for both
states, |a1〉 and |a2〉, and the Coulomb matrix elements Vfj ai

are calculated using the partial width values reported in [27].
Figure 2 shows the variation of the total Auger electron

yields Ptot as a function of time delay between the pump and
probe pulses at three different photon energies, 867.6, 867.9,
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FIG. 3. Fourier transform of Fig. 2.

and 868.7 eV. In each panel of Figs. 2(a)– 2(c) we plot three
curves for the three different computational conditions: The
curves of “1s−13p” (“1s−14p”) in Fig. 2 imply that only
one core-excited state, 1s−13p (1s−14p), is assumed as an
upper state, while the curve of “Superposition” implies that
both core-excited states are assumed as upper states. Now
we look into the detail of the results in Fig. 2. For the
photon energy of 867.6 eV which is close to the transition
frequency to 1s−13p from the ground state [Fig. 2(a)], the
Auger electron yields exhibit modulations at the frequencies
given by |Ea1 − ω|−1. Indeed, Fourier transform of Fig. 2(a),
which is shown in Fig. 3(a), reveals two major frequency
components corresponding to |Ea1 − ω|−1 and |Ea2 − ω|−1.
At this photon energy, the Auger electron yield from state
1s−13p is much larger than that from state 1s−14p, because
the dipole moment from the ground state to the former state is
much larger than that to the latter state. For the photon energy

of 867.9 eV, falling midway between the two core-excited
states, Ea1 − ω = Ea2 − ω, and accordingly the modulation
frequencies of the three Auger electron yields are exactly
the same [Figs. 2(b) and 3(b)]. Next we choose the photon
energy of 868.7 eV, which is on resonance with state 1s−14p

from the ground state [Fig. 2(c)]. For this case the Auger
electron yield from state 1s−14p is appreciably increased, and
becomes comparable to that from state 1s−13p. Obviously,
the Auger electron yield from 1s−14p does not show a
modulation, since Ea2 − ω = 0, while the modulation period
of the Auger electron yield for the case of 1s−13p as an
upper state [Fig. 2(c)] corresponds to the energy difference
between 1s−13p and 1s−14p, which we rediscover in Fig. 3(c).
What we can learn from Figs. 2 and 3 is that the energy
difference of the core-excited states, which lie very high in
energy from the ground state, can be precisely obtained from
the (energy-integrated) modulation period of the total Auger
electron yield as a function of time delay between the pump
and probe pulses.

The time-dependent dynamics of the (energy-integrated)
total Auger electron yield and the corresponding results after
Fourier transform shown above give us a much simplified pic-
ture, and any possible interference effect that originates from
the release of Auger electron wave packets into the continuum
from the superposition of two core-excited states at different
times by the pump and probe pulses may have been smeared
out. This would be particularly true if the period of modulation
of the interference fringe in Auger electron energy spectra
varies with the kinetic energies of the emitted Auger electrons.
Moreover, the respective contributions of the different decay
channels, considered in our theoretical model, to the overall
Auger electron dynamics triggered by the x-ray pulses, cannot
be determined from the delay-dependent variation of the total
Auger electron yield we have shown in Fig. 2.

In order to obtain better understanding of the Auger electron
dynamics we now look into the Auger electron energy spectra
for different photon energies, 867.9 and 868.7 eV, as a function
of time delay between the pump and probe pulses. For clarity
we separately calculate the Auger electron energy spectra
into the two continuum states, P (εj ,τ ) (j = 1,2) associated
with the ionic states, 2p43p and 2p44p (Fig. 1), respectively,
and their Fourier transforms. The probability density of the
Auger electron is represented in logarithmic scale in the
Auger electron energy spectra and their Fourier transforms,
respectively. The results for the photon energy of 867.9 eV
are shown in Fig. 4 in which Figs. 4(a) and 4(b) are the
Auger electron energy spectra into the two continua, |f1,ε1〉
(Ne+ 2p43p + free electron) and |f2,ε2〉 (Ne+ 2p44p + free
electron), while Figs. 4(c) and 4(d) are the corresponding
Fourier transforms. The Auger electron energy spectrum
shown in Fig. 4(a) is dominated by the contribution coming
from the RA processes from state 1s−13p, and the contribution
from the 1s−14p state, is much weaker, as mentioned earlier.
A strong modulation with a period of 5.3 fs is visible at the
electron energy of 811.3 and 807.3 eV in Figs. 4(a) and 4(b),
respectively, which are the Auger electrons from state 1s−13p.
A much weaker modulation is visible for the Auger electrons at
the energies of 812.9 and 808.9 eV emitted from the 1s−14p

state. This is consistent with the results for the total Auger
electron yields shown in Fig. 2(b), but more informative in
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FIG. 4. Auger electron energy spectra as a function of time delay
between the pump and probe pulses. Auger electron energy spectra
into the continua associated with the ionic states of (a) 2p43p and (b)
2p44p. Fourier transformed results of graphs (a) and (b) are presented
in graphs (c) and (d), respectively. The photon energy is 867.9 eV.

a sense that the two well-separated beating patterns appear
at energies that can be directly correlated to the 1s−13p and
1s−14p core-excited states, respectively. It may be noted that
the peak at 812.9 eV is not so visible because the signal
from the interference fringes around this energy region are
comparatively stronger than that coming from the 1s−14p core
excited state. The Fourier transformed results, Figs. 4(c) and
4(d), of Figs. 4(a) and 4(b), also show the consistency with
Fig. 3(b).

The period of modulation for the Auger electron energies at
811.3 and 807.3 eV agrees well with the value of |Ea1 − ω|−1,
and hence the well-resolved peaks in this energy region can
be correlated to the |a1〉 core-excited state. A similar pattern
is found at the electron energies of 812.9 and 808.9 eV
in Figs. 4(a) and 4(b), respectively, and the Fourier trans-
formed counterparts, Figs. 4(c) and 4(d), which are associated
with the Auger electrons from state 1s−14p. However, the
Auger electron density in these energy regions are very
weak.

Interestingly, we can see a bending structure in the Auger
electron energy spectra [Figs. 4(a) and 4(b)], which is similar to
the one observed in the photoelectron spectra into the smooth
continuum [8]. This is because the time-delayed pump and
probe pulses launch the two electron wave packets, which
interfere with each other, and the way they interfere is different,
depending on not only the time delay but also on the electron
energy. For a certain time delay τ , the energy spacing between
the two adjacent fringes in the Auger electron energy spectra
is given by 2π/τ [8]. It is also interesting to note that the
period of modulation observed in the Auger electron energy
spectra [Figs. 4(a) and 4(b)] as a function of time delay is
also dependent on the Auger electron energy. The origin of
interference in the continuum and its dependence on time
delay at a particular electron energy E can be understood from
the simple expression, (E + Efj

− ω)τ = 2πn, where n is an
integer. Accordingly, the position of the interference fringes
in the continuum, E = ω − Efj

+ (2πn/τ ), is determined.

FIG. 5. Similar to Figs. 4(a) and 4(b) but calculated for the photon
energy of 868.7 eV.

For a particular electron energy E, the modulation frequency
of the interference fringes linearly varies with the electron
energy according to the relation (E + Efj

− ω)/2πn. As a
result, the modulation period increases as the Auger electron
energy increases [line 1 → line 2 in Figs. 4(a) and 4(c)],
and the modulation stops at the Auger electron energy of
E = ω − Efj

[lines 3 in Figs. 4(a) and 4(c)]. The periodic
oscillation reappears with an inverted pattern for even higher
Auger electron energies with the period of modulation showing
a decreasing trend as the Auger electron energy is increased
further [lines 4 in Figs. 4(a) and 4(c)]. All the above can
be clearly seen in the Fourier transformed spectra where the
two bending patterns merge to form a V-shaped structure
[Fig. 4(c)]. Similar structures are also found in the Auger
electron spectrum associated with the ionic state of 2p44p

[Fig. 4(b)] and its Fourier transform [Fig. 4(d)].
Similar calculations are performed for the photon energy

of 868.7 eV, which is resonant with the ground–1s−14p

transition, and in Fig. 5 we present the Auger electron energy
spectra as a function of time delay. Since the x-ray pulse
resonantly excites state 1s−14p and hence Ea2 − ω = 0, there
occurs no modulation in the Auger electron energy spectrum
at 808.9 eV which is associated with state 1s−14p, while
the modulation at 807.3 eV, associated with state 1s−13p,
is clearly seen. The trend of bending and inverted bending
patterns observed at two different regions of Auger electron
energy observed in Fig. 4 is also visible in the spectra displayed
in Figs. 5(a) and 5(b). What we can see from the result shown
in Figs. 4 and 5 is that the modulations which appear in the
Auger electron energy spectra have two different origins. One
is the modulation which originates from the temporal evolution
of the core-excited state wave packet prior to its decay into
the ionic continuum, and the other is the modulations which
originate from the Ramsey interference.

For a better understanding of the involved physics in the
time delay dependent Auger electron energy spectrum, we
also compute the spectrum using the analytical expression
shown in Eq. (13). The result is shown in Fig. 6. Note that
the parameters employed for this computation are the same
with those for Fig. 4(a) obtained by numerically solving
Eqs. (1)– (5) together with Eqs. (8) and (10). It is evident from
Fig. 6 that the analytical expression, which is simply a product
of the stationary Auger electron spectrum and the squared
modulus of the spectrum of the x-ray pulses, can reproduce the
essential features of the numerically obtained spectra shown in
Fig. 4(a). By inspecting the analytical expression we notice that
the coherence of the x-ray pulses is imprinted on the resonant
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FIG. 6. Auger electron energy spectra as a function of time delay
between the pump and probe pulses, similar to Fig. 4(a), calculated
using analytical expression.

Auger electron dynamics of the core-excited state wave packet,
which manifest themselves as interference patterns observed
in the Auger electron energy spectrum as a function of time
delay.

Needless to say, the contrast of Ramsey interference is
maximum when the x-ray pulse is perfectly stable, as we have
assumed so far. However, the currently available x-ray laser is a
SASE-FEL type, from which the x-ray pulse is not very stable
in terms of pulse spectrum. Therefore, it would be of practical
interest to know how much interference survives for such
fluctuating x-ray pulses. The numerical calculations of electron
energy spectra with chaotic x-ray pulses are quite elaborative,
and it is beyond the scope of the present work. Nevertheless, to
obtain some insight, we employ a simple alternative approach:
The x-ray pulses are still assumed to be transform limited with
a Gaussian temporal envelope, but their central photon energies
change from shot to shot by obeying the normal distribution
function with a certain width for the central photon energy.
The actual calculations are performed using the analytical
expression [Eq. (12)] with the pulse parameters used for
Figs. 4(a) and 6. The electron energy spectra obtained for x-ray
pulses with different central photon energies are then averaged
at each delay time after multiplying with appropriate weighting
factors. The results are represented in Figs. 7(a) and 7(b) for
the different widths of shot-to-shot photon energy fluctuations,
which are 0.4 eV [Fig. 7(a)] and 0.2 eV [Fig. 7(b)], respectively,
around the central photon energy of 867.9 eV. It is evident
from Figs. 7(a) and 7(b) that the shot-to-shot fluctuation of
the x-ray photon energy smears out the Ramsey interference
fringes, as expected. It is to be noted that the beatings at
around 811.4 eV due to temporal wave-packet evolution are

FIG. 7. Auger electron energy spectra, after averaging over
different photon energy shots, as a function of time delay between the
pump and probe pulses for a photon energy range of (a) 0.4 eV and
(b) 0.2 eV, respectively. The pulse parameters are similar to Figs. 4(a)
and 6.

visible in this Auger electron spectra. The feasibility for real
time observation of any beating effect due to temporal wave-
packet evolution on delay time variation, under the present
x-ray facilities [28–31], has been stated in [32]. This further
substantiates our findings. Moreover, the visibility of the
beats and fringe pattern show significant improvements if the
fluctuation range of central photon energy is narrowed 0.4–0.2
eV, as shown in Fig. 7(b). This gives a feeling of how precise
the central photon energy has to be to observe the interference
fringes.

IV. CONCLUSIONS

In this work we have theoretically investigated the electron
dynamics in an atomic system involving two core-excited
states through the time-domain Ramsey interferometry with
a pair of x-ray pulses. Specific results have been presented
for the Ne atom. We have found the periodic modulation
in the (energy-integrated) total Auger electron yield as a
function of time delay between the pump and probe pulses.
The modulation simply arises from the temporal evolution of
the core-excited state wave packet, and Fourier transform of
the Auger electron yield as a function of time delay helps
to clarify the origin of modulation. We have also studied the
variation of Auger electron energy spectra as a function of
time delay between the pump and probe pulses, and found the
modulations, whose periods are different not only at different
time delays but also at different electron energies. Importantly,
there are two different origins of modulations, i.e., time
evolution of the core-excited state wave packet and Ramsey
interference, and only the modulation originating from the
wave-packet evolution prior to Auger decay survives after the
integration of the Auger electron signals over energy. The
core-excited electron wave packets launched by the pump and
probe pulses become the two Auger electron wave packets after
the resonant Auger decay, and they interfere with each other
in different ways at different electron energies, which results
in the bending structure in the Auger electron energy spectra
as a function of time delay, and these are essentially Ramsey
fringes. The computed Auger electron spectra as a function
of time delay show the periodic modulation in the region
around 811.3 and 812.9 eV associated with the continuum
belonging to the ionic state 2p43p, and also around 807.3 and
808.9 eV associated with the continuum belonging to ions in
state 2p44p, respectively. This periodic modulation is a clear
signature of the spatio-temporal evolution of the core-excited
state wave packet before decaying into the continuum. Thus,
we have shown that the Ramsey interferometric probing of
atomic systems using a pair of time-delayed x-ray pulses is a
powerful method to probe the detailed electron dynamics in a
system subject to the resonant Auger decay.
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