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Interference through the resonant Auger process via multiple core-excited states
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We theoretically investigate the resonant Auger process via multiple core-excited states. The presence of
multiple core-excited states sets off interference into the common final continuum, and we show that the degree
of interference depends on the various parameters such as the intensity of the employed x-ray pulse and the
lifetimes of the core-excited states. For the specific examples we employ the double (1s~!3p and 1s~'4p)
core-excited states of Ne atom and numerically solve the time-dependent Schrodinger equation to demonstrate

that the energy-resolved electron spectra clearly exhibit the signature of interference.
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I. INTRODUCTION

The recent availability of x-ray free electron lasers (FELs)
has opened up the opportunities to scrutinize some of the
inner-shell processes, which have been studied earlier using
synchrotron radiation, for deeper understanding of the inner-
shell electron dynamics. The decay of a resonantly produced
core-excited state into the continuum, called the resonant
Auger (RA) process, is one of the inner-shell processes [1]
that have been under the intensive study using the recently
developed x-ray laser sources [2-7]. If a weak laser pulse
or synchrotron radiation is employed to induce the resonant
core-excitation, the RA process dominates far over the direct
photoionization processes from the ground state. This means
that the interference does not occur during the RA process
under such conditions. However, the latter process can be
of a magnitude comparable to that of the former one if the
laser pulse becomes intense, and, accordingly, interference can
occur. Obviously, the RA processes induced by the intense
x-ray pulse have a new aspect and can lead to the new realm
of rich physics.

As mentioned above, the RA and direct photoionization
processes starting from the ground state into the common
final (continuum) state can interfere, and the degree of
interference becomes stronger as the x-ray laser pulse becomes
more intense [2,3,8—13]. The intense x-ray pulse for the
resonant excitation of core-excited state also induces the Rabi
oscillation between the ground and core-excited states. This
Rabi oscillation manifests itself as the line splitting in the RA
electron spectrum, and this is another interesting phenomenon
in the high-intensity regime [2-7]. Similar line splitting
was observed previously in the autoionization [14], resonant
fluorescence [15], and resonant multiphoton ionization [16,17]
processes, respectively.

Beyond the simplest use of the single-color x-ray pulse,
the RA processes are also studied using a two-color (x-ray +
optical or x-ray + x-ray) laser field to deeply probe the
inner-shell processes [18-31]. Recently, theoretical studies
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using the ultrashort x-ray pulses have been extended for
the RA processes involving more than single core-excited
states [30,31]. Such a study is realistic, because the ultrashort
x-ray pulse, which necessarily has a broad bandwidth, can
excite more than one core-excited state. In this paper we
theoretically investigate the RA processes via multiple (two)
core-excited states and demonstrate that the RA process under
such situations can exhibit an interference pattern in the
energy-resolved electron spectra.

II. THEORY

We employ the time-dependent Schrodinger equation to
describe all the different processes which are triggered upon
exposure of the Ne atom to a strong ultrashort x-ray laser pulse.
Figure 1 shows the relevant levels. We consider the ground
state |g) (15s%2s22p% at 0 eV) and two core-excited states, |a;)
(1s7'3p at 867.1 eV) and |a) (1s~'4p at 868.7 eV). Upon
exposure to the resonant x-ray pulse, the RA process as well as
direct photoionization process from the ground state (Process
A) take place. Additionally, photoionization from the two core-
excited states (Process B) also occurs. All these processes
are depicted in Fig. 1. More precisely, after the promotion of
inner electrons to the two core-excited states, |a;) and |a;), the
produced core-excited states decay through the RA process
into the two continua, |fi,e;) (Ne™2p*3p at 55.8 eV + free
electron) and | f>,61) (NeT2p*4p at 59.8 eV + free electron),
where ¢; (k = 1,2) denotes the energy of the free electron
ejected into the continuum and f; (k = 1,2) denotes the final
ionic states, Ne™, formed after the RA decay from states |a;)
and |ay), respectively. Although both core-excited states can
decay into both continua, the dominant channels are |a;) —
| f1.€1) and |az) — | f2.€2).

The total time-dependent wave function of the system, W(z),
shown in Fig. 1 can be expanded as [2,3,6,30]
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FIG. 1. Level scheme of the theoretical model. Upon exposure
of the Ne atom to a resonant x-ray laser pulse the RA process via
two core-excited states, |a;) (1s7'3p) and |as) (1s~'4p), as well as
direct photoionization process (Process A) from the ground state, |g)
(2p%), take place, and both processes bring atoms into the common
continuum states, | fi,&;) (Ne™ 2p*3p + free electron) and | f>,&;)
(Net 2p*4p + free electron). Although Process A is usually very
weak and may be even negligible, it can become as strong as that of
the RA process when the incident x-ray pulse is very strong, which
is our case. The interference between the two processes can be seen,
for example, in the energy-resolved electron spectra, as we will show
in this paper. For completeness, we also include the photoionization
process from the core-excited states (Process B). Note that Process
B is not negligible either when the incident x-ray pulse is strong,
and it can affect the probability amplitudes of the core-excited states,
resulting in the RA process also being influenced.

where o is the central frequency of the x-ray pulse, and
cu(t) (m = g,ai,a2) and cp(¢t) (kK =1,2) denote the time-
dependent probability amplitudes of the states indicated by the
subscripts. After invoking the rotating-wave approximation,
we obtain the following set of coupled differential equations.
It reads

iéy(t) = [Eg = %mr)}cg(z)

+ D | Das’ —im D7 Dy 0V |ca(). @)

j=1.2

2
iéal(l) = [Eal —w— %[Fal + Val(t)]:|ca1 (t)

i=l1

+ | Dae —im Y Via, Dp(t) |g0)
j=12

—im Z ijalTVf/uz Ca (1), )
j=1.2

() = [E . %[raz + y@(r)]}c@(r)

PHYSICAL REVIEW A 96, 063406 (2017)

+ | Dayg — im0 Y Via, Dy (t) | c(0)
j=1,2

—im Z Vf.fa' vf,/llzt Cal(t)7 4)
j=12

ic,(ej.t) = [Ey, + & — wlcy,(e).1)
+ Dy, ()ce(t) + Vi Ca, ()
+Viwca® (j=12). )

In the above equations E,, are the energies of neutral atomic
states, [m) (m = g,a;,a,), while Ey (j = 1,2) are the energies
of the final continuum states which are formed after the RA
decay or direct photoionization from the ground state. The total
Auger decay rate from state |k) (k = aj,a;) is expressed as
[y. V.4, are the Coulomb matrix elements between the core-
excited states, |a;) (i = 1,2), and the associated continuum
states, | fj,e;) (j =1,2), through the RA decay. They are
related to the partial Auger decay rates, I' Sﬁj") [32,33], through

the relation of
L(e)) = 27| V0, ()1 6)

We assume that V., is constant over the continuum energies
of interest, ¢;, because of the slow variation of the Coulomb
matrix elements, Vias with energy, &, (k = 1,2). This is a
reasonable assumption for the Auger process with high kinetic
energy [1]. The term y,(¢) is the direct photoionization width
from the ground state by the x-ray pulse, while y;(¢) are the
photoionizaton width from the core-excited states, |k) (k =
ay,ay), respectively. D, (i = 1,2) are the Rabi frequencies
between states |g) and |a;), and they are expressed as

Dy = Lita g E(O), %)

inwhich . (i = 1,2) are the dipole matrix elements between
states |g) and |a;) (i = 1,2). The field amplitude of the x-ray
pulse, E(t), is assumed to have a Gaussian temporal profile,
and it is expressed as

2
E(t) = Egexp |:—4ln2<§> :| (8)

where o is the duration of x-ray pulse defined for the full width
at half maximum (FWHM) for the field envelope, with Ej
being the peak field amplitude. The bound-free matrix element
from the ground state, |g), to the continuum, | f;,&;)(j = 1,2),
associated with Process A in Fig. 1 is expressed as

Dy o(e,1) = Sis,0(e)Ex(D), 9)

where (¢ is the dipole moment between the ground state,
|g), and the continuum states, | f;,&;)(j = 1,2).

We study the RA process induced by the intense x-ray
pulse by calculating the energy-resolved electron spectra after
a sufficiently long time to ensure the complete decay of the
core-excited states into the continuum.

The energy-resolved electron spectra, P(g;), into the
two continua, |f;,&;) (j = 1,2), through the RA process is
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computed using the relation of

P(ej) = lim |cg,(e;.0)1%. (10)

III. NUMERICAL RESULTS AND DISCUSSIONS

The photon energy and the duration of the x-ray pulses used
to compute the electron spectra are 867.9 eV and 2.4 fs
(which is comparable to the lifetime of the core-excited states
of Ne, 1s7!3p and 1s~'4p), respectively, unless otherwise
mentioned. This photon energy falls midway between the
two core-excited states; i.e., E,, — w = E,;, — w. The relevant
dipole matrix elements are (4, =0.0096 (au) [21] and
Mag = 0.0059 (au), respectively [10], and the lifetimes of
the core-excited states are 2.41 fs for both |a;) and |ay).
The partial Auger decay rates of the two core-excited states
decaying into the two continuum states, | fi,&1) and | f2,€1),
are assumed to be constant over the continuum energies, as
mentioned before. The ionization width of the ground state,
Vg, and the transition matrix element, (., are calculated
from the direct and partial photoionization cross sections of
2.4 x 1072 cm? and 0.06 x 1072° cm?, respectively [2]. We
assume that p 5, = 1 1. The ionization widths, y,, and y,,,
from the core-excited states, a; and a,, respectively, are also
assumed to be equal, and they are calculated from the value of
the photoionization cross section, 3.2 x 10720 cm?, reported
in Ref. [21]. The Coulomb matrix elements (a.u.) used for
the calculations are Vy, = 3.4 x 1072, Vp,, = 2.1 x 1072,
Via, = 0.69 x 1072, and Vj,,, = 1.8 x 1072, respectively.
These Coulomb matrix elements are calculated from the
relative partial decay width, defined as F;ﬁj’)/ I't in Ref. [10].
It has been found in recent studies that the energy-resolved
electron spectra obtained by the intense resonant x-ray pulse
exhibit an asymmetric line splitting [2,3,6,7], which is in-
terpreted to appear as a result of the interplay between the
rapid Rabi oscillations, RA process, and direct photoionization
process [34]. More precisely, the origin of such multiple
peak structures has been interpreted as dynamic interference
between electron wave packets with the same kinetic energy
but ejected at different times during the x-ray pulse [34].
However, in their work the energy-resolved electron spectra
have been calculated for the case of single core-excited state.
In this work we calculate the energy-resolved electron spec-
tra for the case of a superposition of two core-excited states,
|a;) and |ay), decaying into the common continuum, fj. We
calculate the energy-resolved electron spectra by including all
possible ionization processes (= RA process + Process A +
Process B) [Fig. 2(a)], RA process and Process A [Fig. 2(b)],
and RA process only [Fig. 2(c)], respectively. We first look into
the results which include both RA decay channels [black solid
lines in Figs. 2(a)-2(c)]. For all three cases [Figs. 2(a)-2(c)]
the line shapes turn out to be asymmetric with multiple peak
structures. However, the peak positions and the line shape are
all different, depending on the ionization processes included
for the calculations: In Figs. 2(a) and 2(b) the asymmetric line
splitting with a central peak at around 812 eV and a side peak at
811.2 eV is observed. This side peak is very subtle in Fig. 2(c).
The asymmetric line splitting in Figs. 2(a)-2(c) is attributed
to the Rabi oscillations between the ground and core-excited
states [2—4,6,7,34]. The barely visible peak around 8§11.2 eV
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FIG. 2. Energy-resolved electron spectra associated with the f;
continuum calculated by including (a) all processes (i.e., RA process
and Processes A and B), (b) RA process and Process A, and (c)
RA process only for the x-ray pulse with the peak intensity of Iy =
5 x 10" W/cm?. In graphs (a)—(c) the results obtained by including
the RA decay channels via |a,) only, via |a;) only, and via both |a;)
and |a,) are plotted by the blue dotted, red dashed, and black solid
lines, respectively.

in Fig. 2(c) is more significant in Figs. 2(a) and 2(b) when
the direct ionization process (Process A) is included. This
is primarily due to the interference between the two path-
ways, ground state — core-excited state —  f] continuum
and ground state — f} continuum. Note that the signature
of such interference has been reported in Refs. [2,3] for the
system involving a single core-excited state.

To highlight what is special about our system involving the
two core-excited states instead of the single core-excited state,
we perform further calculations by hypothetically turning
off the RA decay channels via |ay) or |a;). The results are
shown by the red dashed and blue dotted lines, respectively,
in Figs. 2(a)-2(c). By comparing Fig. 2(b) with Fig. 2(a),
we notice that the absence of photoionization from the core-
excited state (Process B) leads to the modification in the
shape of the electron spectrum, and the central peak at around
812 eV is considerably higher in Fig. 2(b). This is because
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FIG. 3. Similar to Fig. 2(c) with all parameters, except for F(‘I’Z) ,
chosen to be the same. ng” is now hypothetically set to be the same
with Fz‘) so that the influence of the RA decay channel via |a)

becomes comparable with that via |a;) to better understand the role
of the two core-excited states.

the photoionization processes from the core-excited states
are turned off for Fig. 2(b), and accordingly the RA processes
from those states do not suffer from the population loss.
Moreover, the peak at around 813.5 eV is broader in Fig. 2(b).

Now, the important question is whether the shape
of the energy-resolved electron spectra shown in
Figs. 2(a)-2(c) is determined solely by the two effects,
namely the Rabi oscillations between the ground
and core-excited states, which results in the ac Stark
splitting, and the interference between the two pathways,
ground state — core-excited state —  f} continuum and
ground state — f; continuum. By comparing the black solid
and red dashed lines in each of Figs. 2(a) and 2(b), we find
that the contribution of the RA decay process via |a;) to the
electron energy spectrum is far dominant over the one via |ay).
This is because the contribution of the RA decay process via
la;) — | fi,e1) is much weaker than that via |a;) — | f1,€1),
and accordingly the electron energy spectrum is dominated
by the contribution from the RA process via the latter as
well as Processes A and B. We find that, even under the very
special condition of no RA decay channel, i.e., |a;) - | f1,€1)
(e, TY =0) or |a) = |fi.e1) (e, T =0), the
energy-resolved electron spectra clearly show the line
splittings [blue dotted and red dashed lines Figs. 2(a)-2(c)],
as well as the signature of possible interferences between
the RA process and Process A [Figs. 2(a) and 2(b)]. We can
say that the shape of the energy-resolved electron spectra
labeled as “All” [black solid lines in Figs. 2(a)-2(c)] is mainly
determined by the two factors, i.e., the Rabi oscillations
between the ground and two core-excited states and the
interference between the RA process and Process A.

Now, while we still focus on the energy-resolved electron
spectra associated with the f; continuum, we hypothetically
assume that the RA decay rates from the two core-excited
states, FSZ‘) and Fjﬁf”, are of comparable magnitude so that we
can emphasize the importance of the two core-excited states
considered in this work. For this we assume both Coulomb ma-
trix elements, V,,, and V,,,, are equal to 3 x 1072, For clarity,
we include only the RA process and neglect the photoioniza-
tion processes, Processes A and B. The results are shown
in Fig. 3. The energy-resolved electron spectra obtained by
turning off the RA decay channel via |a,) by setting 1"(;;2) =0
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(red dashed line in Fig. 3) and via |a; ) by setting F;ﬁf') = 0 (blue
dotted line in Fig. 3) are significantly different, in terms of the
height and the position of the peaks, from the original one,
which includes the RA decay channel via both (black solid line
in Fig. 3). This can be interpreted to arise from interference
between the Auger electron released into the f; continuum
from the two core-excited states, |a;) and |a,), respectively.
Although the peaks associated with the RA process via |a;)
and |a;) are usually well separated in the electron energy,
interference in the common continuum becomes possible in
our system because of the Rabi splittings between the ground
and the two core-excited states due to the use of high-intensity
x-ray pulse. This results in the substantial overlap between
the ejected electrons, which significantly modifies the electron
spectrum. Obviously, this kind of interference is absent when
only a single core-excited state is involved in the system. Note,
however, that the study of the electron spectra associated with
the fi continuum is not the most convenient method by which
to clarify the difference between the systems involving the two
core-excited states and the single core-excited state, because
the partial RA rate via |a;) into the f; continuum is far larger
than that via |ay). That is why the red dashed lines almost
completely overlap with the solid black lines in Fig. 2.

In the case of the f, continuum, the Coulomb matrix
elements, Vy,,, and Vg, , are comparable in magnitude and
hence provide us with a realistic situation of the hypothetical
case studied in Fig. 3. Similar to Fig. 2, showing the energy-
resolved electron spectra associated with the f; continuum,
we calculate the energy-resolved electron spectra associated
with the f, continuum under the three different conditions,
and the results are shown in Figs. 4(a)-4(c). By turning off the
RA decay via one of the two core-excited states, a significant
modification in the peak position and amplitude for all the
three cases are evident in Figs. 4(a)—4(c). That is, unlike Fig. 2,
none of the three lines with solid black, red dashed, and blue
dotted lines overlap in Fig. 4. The central peak of the original
spectrum at around 807.5 eV in Fig. 4(c) shows a bifurcation,
which is absent if F(f’;z) = 0 (red dashed line). All these features
we find in Fig. 4 are reminiscent of the energy-resolved
electron spectra shown in Fig. 3, which have been calculated
under the hypothetical assumption that F(f'f‘) = F(f‘?).
The origin of the unresolved line splitting at around 807.2 eV
when all processes are involved [solid line in Fig. 4(c)] can be
attributed to the interference between the electrons released
via the two core-excited states into the f, continuum. The
results in Figs. 3 and 4(c) are similar, because in both cases the
partial Auger decay rate from the two core-excited states are
of comparable magnitude and hence the degree of interference
between the emitted electrons from the two core-excited states
will be similar. The only difference is that the interference
between the emitted electrons from two different core-excited
states is taking place in two different continua f; (f») for Fig. 3
(Fig. 4).

From the above results and discussions we can claim that the
system involving the two core-excited states exhibits another
kind of interference through the RA decay via two core-excited
states, which is obviously absent if only one core-excited
state is involved. To prove that this is a high-intensity effect,
we calculate the energy-resolved electron spectra associated
with the f, continuum at the modest peak intensity of
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FIG. 4. Similar to Fig. 2, but the energy-resolved electron spectra
are associated with the f, continuum.

1° = 10" W/cm?, and the results are shown in Fig. 5. Here
also for clarity we have considered the RA process only. At
this intensity the additional contribution to the linewidth of the
core-excited states due to the power broadening is negligibly
small, and hence the interference in the common continuum
through the RA decay via the two core-excited states can occur
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FIG. 5. Energy-resolved electron spectra associated with the f,
continuum for the modest peak intensity of the x-ray pulse at Iy =
10'® W/cm?.
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FIG. 6. Energy-resolved electron spectra associated with the (a)
/1 and (b) f> continuum calculated assuming hypothetical lifetimes
of 1.2 fs (solid lines), 2.4 fs (dashed lines), 5 fs (dotted lines), and
10 fs (dashed dotted lines), respectively. The x-ray pulse intensity is
same as that of Fig. 2. The results are plotted in log scale.

only at the valley between the two resonance energies, as we
notice in Fig. 5.

As a final proof of our claim we calculate the energy-
resolved electron spectrum, for the RA process only, associated
with the f; and f, continua with the hypothetically modified
lifetimes (RA decay rates) of core-excited states. The results
are shown in Figs. 6(a) and 6(b), respectively. A shorter
(longer) lifetime means that the natural linewidth of the core-
excited state is broader (narrower) due to the faster (slower)
RA decay rate. As a result, for the system with the hypo-
thetically shorter lifetimes, the interference through the RA
decay process via the two core-excited states into the common
final continuum can occur at the resonance which turns up
as a deep valley [solid black lines in Figs. 6(a) and 6(b)]. If
the lifetimes are longer, only the two sharper resonant peaks
appear, as usual, without any signature of interference [red
dashed — blue dotted — green dot-dashed lines in Figs. 6(a)
and 6(b)].

IV. CONCLUSIONS

We have theoretically investigated the resonant Auger
processes of Ne atoms exposed to an intense x-ray pulse
with a duration of a few femtoseconds. Unlike most of the
other related studies, multiple core-excited states are involved
in our study, which could supposedly induce interference
through the resonant Auger decay. For the minimum number of
multiplicity, i.e., two core-excited states, we have shown that
this is indeed the case, and only if the intensity of the x-ray
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pulse is sufficiently high or the lifetimes of the core-excited
states are sufficiently short, the energy-resolved electron
spectra exhibit the additional structure which originates from
interference through the resonant Auger process via the two
core-excited states. We have also clarified that the interference
occurs only in the electron energy region with a sufficient
overlap between the core-excited states. To go beyond the
two core-excited states is straightforward, but would not
bring a new phenomenon, because, as we have seen in this

PHYSICAL REVIEW A 96, 063406 (2017)

work, the RA rate rapidly decreases as the state energy
increases.
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