PHYSICAL REVIEW A 101, 043414 (2020)

Time-resolved spectroscopy of interparticle Coulombic decay processes
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We report the theory for time-resolved spectator resonant interparticle Coulombic decay (ICD) processes.
Following excitation by a short extreme ultraviolet pulse, the spectrum of the resonant ICD electron develops.
Strong-field ionization is imagined to quench the decay at different time delays and to initiate regular ICD. In this
latter process, the ICD electron signal can be measured without interference effects. The typical lifetimes of ICD
processes allow for the observation of oscillations of the time- and energy-differential ionization probability. We
propose to utilize this oscillation to measure lifetimes of electronic decay processes.
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I. INTRODUCTION

Interparticle Coulombic decay (ICD) [1,2] is an electronic
decay process of ionized systems consisting of at least two
weakly bonded units, be it atoms, molecules, or clusters. ICD
has been observed in multiple systems like noble gas clusters
[3—11] and clusters of different solvent molecules like water
[4,5,12] or ammonia [13-16]. It allowed one to explain the
repair mechanism of the enzyme photolyase [17] and was used
to establish a more efficient double ionization strategy [18].
ICD is furthermore discussed as a source of slow electrons,
which are most efficient in damaging the DNA after exposure
to high energy radiation or radioactive materials in the human
body [19-24]. In this work, we shed light on this fundamental
process by offering a time-resolved perspective directly of the
electron dynamics.

Due to developments in creating short pulses in the extreme
ultraviolet (XUV) and x-ray domain [26] a time-dependent
investigation of ICD processes should be within reach. Fano
profiles of a much faster autoionization (AI) process were
recently measured [27,28]. A few time-resolved investigations
of ICD have already been performed theoretically and ex-
perimentally, where the ions produced in the process were
measured [29-36]. However, electrons can be measured with
higher energy resolution than ions and grant direct access
to the electron dynamics and interference effects during the
process. In this work, we will therefore focus on the evolution
of the time- and energy-differential ionization probability,
propose how it might be possible to measure this quantity
in experiment, and discuss how decay lifetimes can be deter-
mined from the time-resolved signal.

In brief, the ICD process starts from a unit A, which is
ionized in the inner valence shell. This vacancy is filled by
an electron from the same unit and the excess energy is
simultaneously transferred to a neighboring unit B. The latter
is consequently ionized by emission of the ICD electron. The
two positively charged units undergo a Coulomb explosion
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(see Fig. 1). A related process is initiated by an excitation of
unit A. This resonant ICD (RICD) can be characterized by
the behavior of the excited electron: it either participates in
the decay process or not. The respective processes are called
participator RICD (pRICD) [37] and spectator RICD (sRICD)
[37—42]. In this work, we will focus on the SRICD signal: Unit
A is excited from the inner valence. The vacancy is then filled
by an electron from the valence and the excess energy is used
to ionize the neighboring unit B (see Fig. 1). This process is
usually characterized by lifetimes of several tens to hundreds
of femtoseconds. After the SRICD process, the excited unit
A decays via fluorescense within a few nanoseconds. Al and
pRICD are competing decay channels and their effect on the
SRICD signal is taken into account in the theory developed
below.

We propose to initiate an SRICD process by exciting with a
short XUV pulse. The system will then decay under emission
of an sRICD electron. This is illustrated in Fig. 1 for electronic
energies and resonance parameters corresponding to the neon
dimer after an excitation to the Ne 2s~'5p state. At a later
time f;, a second short and intense infrared (IR) laser pulse
quenches the sRICD process by ionization. By varying the
time delay ¢, one should be able to observe the time-dependent
formation of the sRICD signal, as illustrated to the right in
Fig. 1 before the second laser pulse, by pump-probe spec-
troscopy similar to the Al process measured in Ref. [27].
At the same time, the proposed quenching would initiate
an ICD process involving the excited ion A**. Due to the
strong-field ionization initiating this latter process, the signals
are well separated in energy. In this paper we provide the basic
formulation for a purely electronic solution upon which more
complex scenarios, including nuclear dynamics, will be built
in future work.

II. THEORY

The relevant property for the description of the time evolu-
tion of the ICD processes is the time- and energy-differential
ionization probability obtained from the time-dependent wave
function |W(r)) by P(Eiin,t) =), [(E;|¥(t))|>. Here |E;)
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FIG. 1. Illustration [25] of the considered process. At t = 0, a spectator resonant interparticle Coulombic decay (sRICD) is initiated by
XUV excitation. At a later time 7, which in this example plot is 35 fs, a second strong infrared laser pulse quenches the sRICD process by
ionization and thereby initiates ICD. The signals of the respective electrons with kinetic energies Ey;, are well separated. While the sRICD
appears from the start of the XUV pulse centered at + = 0, the ICD signal appears after the second pulse. This approach allows for a time-
resolved measurement of the SRICD signal and an interference free measurement of the ICD signal. SRICD: unit A is excited from the inner
valence shell. The created vacancy is filled with an electron from the outer valence and the excess energy is simultaneously transferred to B,
which emits the sSRICD electron. ICD: The initial state is created by removing the excited electron in A. It is then filled by an electron of the
outer valence of A while the excess energy is transferred to B, which consequently emits the ICD electron. The two units are both positively
charged and therefore undergo Coulomb explosion. The panel to the right illustrates typical time and energy resolved traces of SRICD and ICD

electrons (see text).

denotes a continuum state with energy E;, which entails
both the kinetic energy Eyj, of the emitted electron and the
energy of the final cationic state i. These continuum states are
orthogonal to all bound states of the system and amongst each
other. Because the signals of the competing decay channels
do not overlap, we can and will focus on the sRICD signal.
Atomic units are used throughout unless stated otherwise.

We obtain the wave function of the system by solv-
ing the time-dependent Schrodinger equation id, |\W(¢)) =
H(t)|W(¢)) for a model system consisting of the ground state
|G), the resonant state |R) for the sRICD, and the resonant
state |I) for the ICD process, as well as three sets of continuum
states characterized by the respective final state energy of the
decay process. All parameters describing a general resonant
state are designated by the index r. The Hamiltonian consists
of the single configuration Hamiltonian Hy, the residual con-
figuration interaction operators Vricp and Vicp as well as V,
for the competing autoionization and pRICD decay channels,
and the operator Hx (¢) of the exciting XUV pulse:

H(t) = Hy + Viricp + Vo + Viep + Hx (2). (D

The effect of the ionizing infrared pulse is modeled by termi-
nating the sSRICD and starting the ICD process at the time of
the second pulse 7,. We will come back to this point below.

A. Description of the RICD process

The sRICD process we intend to describe in a fully time-
dependent manner is schematically illustrated in Fig. 2. Start-
ing from the ground state |G) we excite the system with an
XUV pulse with a mean photon energy €2 into the resonant
state |R) with the corresponding energy Eg. This resonant
state can then under emission of an electron either decay
to the continuum state characterized by a final state of the
SRICD |Ez) with a partial lifetime of 7,z or to a continuum
state characterized by the shared final state of pRICD and
autoionization (Al) decay |E,) with a different partial lifetime
7,. The continuum state of the sSRICD couples to other con-
tinuum states under emission of a photon. This fluorescence
process is usually several orders of magnitude slower than the
electronic decay process and is therefore ignored in this work.
Alternatively to arriving in the continuum via the decaying
resonant state, a simultaneous direct excitation and ionization
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FIG. 2. Schematic illustration of the energy levels involved in the
RICD process. The laser pulse with mean photon energy 2 excites
the system into the resonant state |R) with energy Eg. The resonant
state couples to two continua (denoted Cont. in the figure), one
characterized by the sRICD final state and the other characterized by
the pRICD and Al final state. Both channels have partial lifetimes in
the order of femtoseconds. The continuum state of the SRICD process
can then couple to other continuum states by emission of a photon.
This fluorescence process has a lifetime tq , which typically is in the
order of nanoseconds and therefore much larger than the timescales
of interest here. Alternatively, all continuum states can be reached
directly by simultaneously ionizing and exciting in the case of the
SRICD or single ionization in the case of the pRICD and Al All
couplings to the continuum via spontaneous radiative transitions are
ignored in this work.

in the case of sRICD or a direct ionization in the case of the
pRICD and AI channel, is also possible, which is denoted
“dir” in the figure.

We assume low field strengths of the XUV pulse and
therefore use first-order perturbation theory to describe its
interaction with the system. Hence the wave function evolves
according to

() = U(r,10)G(t9)) — i/ dt'U(t,t"Hx (1) |G(t")) .

fo
) o)
Here, U(t, tp) is the time evolution operator from a time f
until time ¢ of the unperturbed system pertaining to the first
four terms on the right-hand side of Eq. (1).

We are free to choose an energy reference and therefore set
Es = 0. This conveniently removes the time dependence from
the ground state, since |G(ty)) = exp{—iEsto} |G) = |G).

We introduce approximations for the time-evolution oper-
ator U (t,t') appearing in the last term of Eq. (2). After the
system has interacted with the XUV via Hx(¢') at time ¢/,
the system decays via the configuration interaction V. In this
general discussion, V refers to the sum of all configuration-
interaction terms of Eq. (1). We will specify the explicit form
of V for the different cases below. In the continuum we neglect
the Coulomb interaction for simplicity, which leads to the
time-evolution operator

t
U(t,ﬂ):Uo(t,t’)—i/ dt"Uy(t,t"HV UG, 1), (3)

t

where Uy(z, t') is the free-particle time-evolution operator.
By inserting Eq. (3) into Eq. (2) we arrive at

W) =U(t, 1)) |G)

iy / dt' Up(t, 1) Hy () |G)

fo

t t
—/ dt’/ dr" Uy(t,t" VU (", ") Hy (') |G) .
fo t
4)

The time-evolution operator U(t”,t') in the last integral
describes the contribution of the Hamiltonian Hy + V. This is
equivalent to the Hamilton operator used in Fano’s description
[43] of a decaying resonant state and below we therefore add
the subscript F' to the time-evolution operator and remove the
tilde.

We now project on a continuum state |Egz) characterized
by the sRICD final state energy of the ionized system and the
kinetic energy of the emitted electron. The first term vanishes,
because of the orthogonality between bound and continuum
states, and we obtain

t

(Esg|W(1)) = — i/ dt’ (Ex|Uo(t,t")Hx (t)|G)

fo

t t
—/ dt// dt" (Eg|Up(t,t")V
I t

x Up(t", 1) Hx (t) |G) . ®)

The time-evolution operator Uy(t,t’) solves the time-
dependent Schrodinger equation for the Hamiltonian j%/2.
The corresponding wave functions with wave vector k are

W2(0)) = |k) exp[—i [*__ dt'1k?]. Another way of formulat-

ing a time-evolution operator is by a projection from basis
functions at time ¢’ to such of time #:

Up(t, 1) = /di’é |w2)) (W] (6)

At this point we only consider the kinetic energy of
the emitted electron and can therefore write the projection
of a general continuum state (E| on the free-particle time-
evolution operator in the following way:

(E|Uo(t,1') = (E| explido(E, 1,1")] )

t k2
= (E] exp[—i / <E+Eﬁn)dt’”], ®)

where k%/2 is the kinetic energy relative to the final state
Es,. The interaction V between a general resonant state |r)
coupling to one of the continuum states is given by

V= / dE' |E') Vg, (r] + / dE' 1) Vie (E']. ()

For two different final states, and therefore two continua, it
reads

V= / dE; |E}) Vi, (rl + f dE] |r) V,g; (E{]

+de£ |E3) Vi (7] +/dE£ Ir) Vig, (B3| . (10)
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This case is, e.g., relevant for systems that cannot only
decay via sRICD but also via autoionization or pRICD,
which both yield a singly ionized system, which is the
case that we investigate. At the same time, the initiating
energy of the XUV laser pulse will be chosen too low
to initiate an ICD process. Hence V = Vricp +V,, in our
case.

We also insert the resolution of the identity between
the Fano time-evolution Ug(t”,t’) operator, to be speci-
fied below, and the Hamilton operator of the XUV field

J

using

1= |R) (R| +/dE{ E)) (E]| +de5 ENE

= |R) (R| + f dEj |Ej) (EqRl + / dE}|E)) (E)|. (12)

By suppressing all dependences on angular momentum and
using Eqgs. (5), (10), and (12) we arrive at an amplitude of
the sRICD process for the resonance |R) consisting of four
terms:

(Esg| V(1)) = — i/ dt’ (Ex|Uo(t,t")Hx (t)|G) —/ dt// dr" (Eg|Uo(t,1")|Esg) Ver (RIUE ", 1")R) (RIHx (1")G)

fo

t t
- / dr' / ar" / dE!y (ElUp(t, ")\ Eyk) Ver (RIUEC", 1) Elg) (ELel Hy (1)]G)
T t

t t
- / ar / % / dE, (EuslUn(t, ")\ Esk) Vir (RIURQ", )EL) (EJ)Hy (1)]G) (13)
to t

In these expressions, Uy(t,t") is the free particle time-
evolution operator, whose action was specified in Eq. (8).
Ver = (E|V|R) = 4/T'sg/(27) is related to the partial SRICD
decay rate of the resonant state ;g and UR(t”,1') is the
Fano time-evolution operator, which is specific to the resonant
state |R). The variables of the other, competing, processes
are designated with the index o. The total decay width of the
RICD resonant state is given by 'y = I'sg + ['y.

The terms of Eq. (13) are linked to the different pathways
shown in Fig. 2 as follows. The first term of Eq. (13) de-
scribes the direct excitation and ionization to the continuum
state, while the second term describes the excitation from the
ground state to the resonant state followed by a decay to the
continuum state. The third, indirect, term describes the direct
excitation and ionization to the continuum state related to the
sRICD final state, which couples to the resonant state, which
then again decays into the continuum state. The last term is
similar to the indirect term, but couples to the continuum of
the competing pRICD and Al channels. Due to a different
model system including only one final state, the latter term is
not present in Eq. (11) of Ref. [44]. The interference of these
different terms leads to the characteristic Fano profile [43].

We describe the interaction between the system and the ex-
citing XUV field in the dipole approximation. Therefore, the
corresponding Hamilton operator in the length gauge is given
by Hx(1') = —pEx(t)) = —pu-LAx () fx (), where Ex(t')
denotes the time-dependent field strength of the XUV laser,
while p denotes the dipole operator, Ax (') = Aoy cos(S2t')
is the vector potential of the laser field in the direction
of the linear polarization, and fx(¢') is the Gaussian pulse
envelope. Over the energy range of interest, we assume the
transition dipole matrix element from the ground state to
the continuum to be independent of the energy of the con-
tinuum state. To indicate these assumptions, we change the
notation as (E;|u|G) = (C;|t|G). We furthermore assume the
coupling elements between the resonant and the continuum
state to be real and independent of the continuum energy
and therefore change the notation Vg,g — Vg and Vg,g — Wx.
Then, the Fano matrix elements, i.e., (RI[UX(",¢')|R) and

(

(RIUR@",1")|E") of Eq. (13), can be solved using the pro-
jection formulation of the Fano time-evolution operator and
solving the resulting integral by contour integration. Hence
we write the Fano time-evolution operator as

Up(t". 1) = / dE [Wp (")) (Ue ()]

_ / dE W) (Ws| expl—iEG" — ). (14)

The evaluation of these Fano matrix elements is given in the
Appendix and for the sRICD signal we finally arrive at

(E]W(D)) =i<CsR|M|G>/ dt’ expli®o(Er, t,1")]Ex (1)

fo
+ (Vi (RI1|G) — i Vg (Cix| 1 G)
— inVeWg (C,|u|G))
1 t
X f dt/f dt” expli®g(E, t,t")]
) t
x exp { —i[Er — in (Vg + Wg)] ("

— ")} Ex ().
(15)

The first integral corresponds to the direct ionization pro-
cess. The second integral is identical for the resonant and
the two indirect terms. They have, though, different pref-
actors. For the case of a slowly varying envelope function
[% fx(@")~ 0] and only considering the absorption of an
XUV photon these two integrals are solved analytically for
times after the exciting pulse. The direct term is given by

_ Apx 2 (Cr|1|G)

4 eXP[_if(Ekin + Eﬁn)]

o2 5
X exp _T(Ekin + Egn — 2)

x Re{erf[ﬁ(%x + i0?(Exin + Efin — Q))] } (16)
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where Re denotes the real value and erf denotes the error function. The resonant and indirect ionization terms without their

respective prefactors are given by
Aoy Q

4[Eg — in (V + W2) — Exin — Egun
Aox Q2

+

2

exp[—it[Eg — i (V7 + Wg)]] exp[—%(ER - 9)2} (erf (T max) — erf (T1,min))

2

o
— exp[—it (Exin + Efin)] CXP[—T(Ekm + Egp — Q)z} (erf(To,max) — erf (T2, min)), (17)

4[ER —im (VRZ + WRZ) — Eyin — Eﬁn]

With Ty max= 5 (5 —io*[Eg — im (Vi + Wg)=Q1), Timin =

-+ —im(VF+ W) = Q). Tame = 75
(% —io?(Bun + Enn — @), and  tomin = — o5~ (5 +

i0%(Ein + Efn — Q)). Here, o is the standard deviation
of the Gauss distribution in time and T is the duration of the
exciting XUV pulse.

The time- and energy-differential ionization probability of
the RICD process is the absolute square of the amplitude given
in Eq. (15) and therefore a sum over 28 different terms (seven
absolute squares and 21 mixed interference terms). Their

relative contributions are determined by the Fano parameter
— _(RInIG)
4= ClulG)Ve-

B. Transition from the resonant state of the RICD process
to the initial state of the ICD process

We propose a time-resolved measurement of the RICD pro-
cess, where the quenching of the RICD process by strong field
ionization with an IR pulse at time 7, entails the initiation of
an ICD process. Technically, this means a population transfer
from the resonant state of the RICD process to the initial state
of the ICD process. We assume the transition in time to be
Gaussian shaped and that the ICD signal is unaffected by pulse
shape effects. The transition is modeled as follows.

We determine the remaining population of the resonant
state of the RICD process Ny at the beginning of the second
pulse t =1, — 4t as

2
Ny = m exp[—a%(Q — Eg)*]
x exp[—(T'sx + I,)(t; — 81)]. (18)

Here, 6t is chosen as %O‘IR with or being the standard devi-
ation of the IR pulse in time. We assume the decrease of the
population Ng(t) in the resonant state of the RICD process
|R) to have a Gaussian shape fig(¢) centered around the time
of the second pulse:

dNg(t)
dt

= —fir(ONr(1) 19)

and therefore

Ne(t) = No exp[—% erf(—%, t\/};)] (20)

Correspondingly, the population of the initial state |I) of
the ICD process Ng(t) is increased:

Nj(t) = No — Ng(1). 21

(

The square roots of the time-dependent populations are
then updated in every time step and used instead of (r|u|G) in
the calculation of the amplitude of the ionization probability.
In order to allow for a complete depopulation of the resonant
state, we have chosen o = 8.

Since we assume a direct population of the resonant state
of the ICD process |I) from the resonant state of the SRICD
process |R) induced with a short and intense laser pulse,
we assume that the terms of Eq. (13), which are mediated
by the continuum, can be neglected. After the end of the
ionizing pulse the amplitude of the ICD process associated
with resonance |I) therefore reads

(E|W(@)) = —/ dts/ dt" (E\Uo(t,t")|E)
1)) 45t

x Ver (I\UE@", t)T) /Ny (22)

III. COMPUTATIONAL DETAILS

In our model system, where the nuclei are kept fixed,
we evaluated Eq. (13), and simulated the time-dependent
buildup of the Fano resonance for the sRICD process for
parameters corresponding to those of the neon dimer at the
equilibrium distance of 3.08 A [47] after an excitation to the
Ne2s~'2p%5p. state. The parameters are given in Table 1. All
simulations were performed with ELDEST [48-52], where
only the outer integral over ¢’ in Eq. (15) is solved numerically.
We use the Fano parameter g = 10. The exact g value is
unknown to us, but we expect it to be larger than unity due
to the low probability for direct single photon ionization and
excitation. Since the exact g values are unknown, we assume
equal values for the two continua. We have performed calcu-
lations for a range of g parameters, of which a cut is shown
in Fig. 3. The time of + = 93 fs after the initiating excitation

TABLE 1. Energies and lifetimes for the excited states
Ne2s~'2pSnp-Ne (n =4, 5) undergoing RICD. The resonant en-
ergies are taken from Ref. [45], the final-state energies of the
SRICD Ne2s?2p°(Ps 2,172 p-Ne2p’ (Ps /2,172), of the pRICD and Al
Ne2s?2p*(P2.1/2)-Ne and the ICD process were averaged to give
approximations of nonrelativistic energies. The lifetimes, 7, of the
SRICD and pRICD+-AI are from Ref. [40] and the ICD lifetime are
from Ref. [46].

n=4 n=5 pRICD+Al ICD
E, [eV] 47.1230 47.6930 48.4750
Egn [eV] 41.8391 424138  21.6290  47.8688
s 'np)' SH [fs] 112 106 206 98

043414-5



ELKE FASSHAUER AND LARS BOJER MADSEN

PHYSICAL REVIEW A 101, 043414 (2020)

-
<
|
—

7x 1076
6x 1076 — Z
5x 1076 q
4 %1070
3x 1070} 1
2 x 1076
1x10°6

0 x 10°

s VA Rl

P(Ekin)

4.6 4.8 5 52 54 56 58 6
Ekin (€V>

FIG. 3. Peak shape of the spectator RICD electron spectrum for
50 cycles of the exciting pulse with different values of the Fano ¢ pa-
rameter at time ¢t = 93 fs after the excitation at time # = 0. The Fano
profile is modified by an oscillation in energy. This oscillation stems
from the interference terms of the direct term with the resonance
terms of P(Eypn,?) and is described by Eq. (24). The larger ¢, the
less likely the direct path and therefore, for increasing ¢, the signal is
damped for a given transition dipole moment into the resonant state.

was chosen to illustrate a typical behavior. It becomes evident
that the basic features of the spectra are identical, even though
the width and the amplitude of the signal differ. Therefore, the
conclusions of this paper are independent of the choice of the
q parameter.

The exciting pulse for the main results in Figs. 1 and 5 has
Aox =5 x 108W/cm?, Q =47.6930eV, and a FWHM =
6.1fs corresponding to 50 cycles. This duration ensures that
the bandwidth is so small that only the Ne2s~'2p%5p, state in
the neon dimer is resonantly excited.

1x10°F 7 ' ' ' ' iy =501
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8 x 1076} \ —ny =301
‘)\ —nNxy = 20
—~ 6x1070F | ny = 10}
5
& 4x107°
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FIG. 4. Peak shape of the sRICD electron spectrum for late time
> r‘—R after excitation of our system with electronic parameters
corresponding to those of the 5p state in the neon dimer depending
on the number of cycles of the exciting pulse ny. The shape can be
explained by folding the Fourier transform of the exciting pulse in
time with a Fano profile. In this example, the Fano parameter is
g = 10. Around the resonance energy, the peaks are identical. The
width of the peak is decreased for an increased number of cycles ny
and therefore determined by the duration of the exciting pulse. The
dashed line illustrates an excitation 0.5 eV off resonance for ny = 30.
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FIG. 5. Time-resolved sRICD and ICD spectrum after initial
excitation atr = 0 and quenching the SRICD at¢ = 35 fs. The sRICD
signal centered around 5.3 eV before the second pulse shows the
buildup of a Fano profile, with an additional oscillation in energy
cos [(Exin + Egn — E,)t] [see (a) and text]. After depopulation of the
sRICD resonant state around ¢, the signal shape remains constant
[see (b)]. For the ICD signal centered around 0.6 eV shown in (c),
only the resonant term of Eq. (13) contributes, which has the shape of
a Voigt profile. A pump-probe spectrum can be obtained by varying
t;.

We assumed a complete population transfer from the res-
onant state of the SRICD process to the resonant state of the
ICD process during the second ionizing pulse over a time of
15 fs as realized experimentally [27].

IV. RESULTS AND DISCUSSION

In the investigation of decay processes with short laser
pulses, the shortness comes with the cost of an energy broad-
ening. As a consequence, the kinetic-energy spectrum of an
SRICD electron is given by a Fano profile centered around
the kinetic energy, that corresponds to the energy of the
resonant state, convoluted with a Gaussian centered around
the kinetic energy, that would correspond to a direct excitation
and ionization into the final state. Here, we show the Voigt
profile part inherent to most terms of the absolute square of
Eq. (15):

exp [ — 02 (Exin + Efin — )]

P(Exin, 00) =
(Exin + En — ER)* + F

(23)
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The shapes of the spectra are illustrated for different num-
bers of cycles ny for the exciting pulse in Fig. 4 for a late
time £ > FLR There, the mean pulse energy was chosen to
be on resonance and, therefore, the Fano profile is centered
on the maximum of the Gaussian. It is clearly seen how the
peak is narrowed with an increased number of laser cycles
in the exciting pulse. In order to only excite into a single
state we choose ny = 50, such that other excited states are
outside 3o of the energy distribution of the exciting pulse.
In future investigations of the interaction between several
decaying resonant states, a smaller number of cycles will be
appropriate.

For the case of an off-resonant excitation, the Fano profile
and the Gaussian will not be centered around the same kinetic
energy of the sRICD electron and the sRICD electron peak
will be damped accordingly as illustrated by the dashed line
of Fig. 4 for ny = 30.

By using the parameters for the neon dimer (see Table 1),
we simulated the time evolution of an initial excitation at
t =0 and quenching of the decay processes by ionization
with a second laser pulse centered at the time t = 35fs. The
results are presented in Fig. 5. We will discuss its different
characteristics separately.

The time-resolved spectrum shows two energy-separated
signals within the chosen kinetic-energy range. The signal of
the sSRICD process is initiated with the first and the signal
of the ICD process by the second laser pulse, which at the
same time reduces those contributions of the sRICD signal
that involve a population of the resonant state. Due to the fast
depopulation of the resonant state, the signal before and after
the second pulse are effectively the same [compare Figs. 5(a)
and 5(b)]. This allows one to generate a full pump-probe
spectrum. The competing autoionization and pRICD process
would result in much higher kinetic electron energies of about
26 eV and can therefore unambigously be distinguished from
the sRICD and ICD electrons shown in Fig. 5.

While the sRICD signal shows the buildup of a Fano profile
[see Fig. 5(a)], and therefore interference effects, the ICD
signal is an interference free Voigt profile [see Fig. 5(c)],
because only the resonant term [see Eq. (22)] significantly
contributes to it. This can be explained by the initiating pro-
cess being ionization rather than excitation. In case of the ICD
process, the final state is characterized by a doubly ionized
system. A single photon double ionization with low laser
intensities is very unlikely compared to a single ionization.
Hence the corresponding Fano parameter would be very large
and interference effects would have low amplitudes. At the
same time, the kinetic-energy distribution of the two emitted
electrons can be expected to be wide and not necessarily
to peak at the energy of the ICD electrons, which would
further marginalize the contribution of the direct pathway. As
a result, the signal shape is described by the absolute square
of Eq. (22), i.e., the terms of Eq. (17).

We now turn our attention from the variation of the signals
in energy to their variation in time. During the buildup of
the signals over time, they show oscillations in both energy
and time, which are easiest seen for the ICD in the video of
the Supplemental Material [53]. For the sRICD process, the
variation in time can be obtained by solving the dominant part
of the absolute square of Eq. (15) analytically. For the ICD

| Eian = 5.30V]|
6x107"rk e a exp{—%} +cl]

0 01 02 03 04 05 06 0.7 08 09 1
t (ps)

FIG. 6. Oscillation in time for observing the sRICD electron with
a kinetic energy of 5.3 eV, for ny = 50 and ¢ = 10. This oscillation
can be described by cos [(Eyxin + Egn — E,)t]. Its period is therefore
dependent on the kinetic energy of the electron. It is damped in
time by the decay of the resonant state exp(—I",7/2). While the
oscillations in energy are known and have been observed in energy,
the oscillations in time require a process with a long enough lifetime
to be observed around the resonance energy.

process, the dominant part of the absolute square of Eq. (22)
needs to be solved. In both cases, it can be shown that the
signal is proportional to

COS[(Er - Ekin - Eﬁn)t] exXp (_%t> . (24)

This equation is not specific to the decay process and therefore
valid for both the sRICD and the ICD signal (r = R, I). The
variation in energy, illustrated in Fig. 5(a), is in agreement
with Ref. [54]. As can be seen from Eq. (24), the oscillation
is also visible in time as shown in Fig. 6 for a fixed kinetic
energy of the sRICD electron of Ey;, = 5.3eV.

In order to be observed, such an oscillation requires long
enough lifetimes of the resonant state. The comparably slow
SRICD process offers the opportunity to observe and utilize
it. An oscillation in time has recently been observed experi-
mentally for an Al process [55]. In both the latter and in our
case, a discrepancy between the actual and the fitted lifetime
is observed. Given the analytical expressions of this work, we
are able to understand this discrepancy. The kinetic energy in
Fig. 6 is slightly higher than the kinetic energy corresponding
to the resonant state. The further away from the resonance
this energy is chosen, the shorter the period of this oscillation.
The oscillation is exponentially damped by the lifetime of the
decaying state. However, the dynamics of the system are more
complex than shown in Eq. (24), because some terms of the
resonant and indirect contributions are damped by exp(—I",¢)
while others are damped by exp(—1I",¢/2), which can be seen
by evaluating the time dependence of the absolute square
of Eq. (15). This behavior is effectively only observed in
the beginning of the decay, because its contribution becomes
small within a short time. Therefore, a fit of the maxima
at longer times, where the parts damped by exp(—I',¢) can
be neglected, to the function a exp[—(t — b)/2d] + ¢ gives
a good estimate of the lifetime d = t,. The fit in Fig. 6,
where the first maximum was omitted, yields a lifetime of
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68 fs . The effective overall lifetime of the excited resonant
state used as 1nput parameter for the simulations is given by
ﬁ = $ + — and e = 70fs using the parameters given
in Table T. The Value determined from the fit is slightly lower
than this effective lifetime but still matches it very well. This
kind of fit can therefore be used to determine the lifetime of

the electronic decay process.

V. SUMMARY

We have presented a time-dependent theoretical descrip-
tion of the SRICD and ICD processes investigated with short
laser pulses for a model system with frozen nuclei. We suggest
SRICD as the primary process. We then imagine that it is
possible to quench the SRICD process by a strong laser pulse
and thereby initiate the ICD process interference free. We

J

have shown an oscillation of the ionization probability in time,
which is general for electronic decay processes. For processes
with comparably long lifetimes, such as the ICD processes,
this oscillation allows for a new way of measuring the lifetime
of the underlying processes. Moreover, the basic formula-
tion opens the door for future investigations in controlling
the decay processes and to guide time-resolved experimental
studies.
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APPENDIX: FANO MATRIX ELEMENTS

1. One continuum final state

The time-independent wave function |V ) is a solution to the same Hamiltonian as considered in Ref. [43]. We therefore have

the same solution

|wg>=cm£>v>+¥/dE7mmgnEw, (AD)
with coefficients
v,

E)=— , A2
=L Fror v A

_Vea(E)

be/(E) “E-&

E—E —F(E) ,

S(E — E). (A3)

- JIE-E —FE]P + 7V}

Here, F(E) is a small shift in the energy position of the resonant state |r), which is of second order in V and which we neglect

in the following.

The Fano matrix elements of Eq. (13) involving the Fano time-evolution operator can now be solved by contour integration
in the negative complex half-plane, where a_; is the first-order residue and we use that (rjr) = 1, (E|E’) = §(E — E’), and

(E|r)y =0:

(r|Up(", t)Ir) = /dE exp[—iE(t" — )] |a(E)|*

_V2/d

_szd

= V? exp[—iE,(t" — )] / dE

= exp[—i(E, — inV?)(t"

/dE’ (rlUp (", tIE") = /dE/dE/ exp[—iE(t" — t)] a(E)by (E)

(A4)
exp[—iE(t" —1)]

(E — E,? + m2V? (A5)

exp[—iE(t" —1")]
(E—E,+inV?)(E —E, —inV?) (A6)

exp[—iE(t" —1')]

E 1 inv2) (£ —inv?) AD
=2mi V7 exp[—iE,(t" —1')] a_ (A8)
-], (A9)
(A10)

(E — E,)exp[—iE(t" —1')]
— V2 / R Ve (A11)
(E — E,)exp[—iE(t" —1')] (A12)

=V} | dE
’ / T (E-E +inV?)(E—-E, —inV?)
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E exp[—iE({t" —1')]

=Vy? —iE (1" — 1 /dE _ _ Al3

~ exp[—iE,( )] E+ V) (= V) (A13)
=27iV? exp[—iE,(t" —t')]a_, (Al4)
= —inV,exp[—i(E, — inV?) (" —1)]. (A15)

2. Two continuum final states

The time-independent wave function |Wg) is a solution to the same Hamiltonian as considered in Ref. [43]. After neglecting
F (E) as before we therefore have the same solutions

[Wg) = a(E)|r) + f dE b (E) |E}) + / dE;bg;(E) |E;), (A16)
with coefficients
/Vrz + Wr2
a(E) =— , (A17)
\/(g —E +72(V2+W2)
V,a(E E—E,
by (E) =2 = S(E — E. (A18)
VVPAWHE=ED (B 4+72(V2+W2)
W,a(E) E—E ,
cg(E) = 3(E - Ey). (A19)

VVI+WXE — E}) \/(E —EY+ (V2 + Wr2)2

The Fano integrals can now be solved by contour integration in the negative complex half-plane, where a_; is the first-order
residue and we use that {r|r) = 1, (E|E’) = §(E — E’), and (E|r) = 0:

(rlUp@", 1))]r) = (V7 +W7) / dE exp[—iE(" — )] |a(E)I (A20)
_E t// _ t/
= (V2 + W) / gg — SPLTEW )] . (A21)
(E—E)?+m2(VZ+W?)
_ E t” _ t/
= (V2 + W) / dE __ expliE( . (A22)
[E—E +in(V2+W2)][E - E — in(V}+W?)]
) . exp[—iE(t" —1')]
= (V> + W?) exp[—iE.(t" — 1’ /dE _ _ A23
(V2 W) expl—if 7 =01 [ dE s S [~ (e W] O
=27i (V? + W?) exp[—iE,(t" —t)]a_ (A24)
= exp{—i[E, — i (V} + W?)]@" — )}, (A25)
/ dE' (r|Up(t",t)|E") = / dE [ dE" exp[—iE(t" —t")] a(E)by,(E) (A26)
E —E, —iE(t" -t
—v, / i &= Er) expLE )]2 (A27)
(E—E?+m2(VF+W?)
E—E, —iE@t" -1
—v f dE .(_ ) exp[—iE( .)] (A28)
[E—E +in(V2+W)][E—-E —in(VZ+W2)]
o _ E exp[—iE(" —1t")]
=V, exp[—IiE (" —t dE — ~ A29
Pttt =0 [ 0 G AT = (7 T 4
=2miV, exp[—iE,(t" —t")]a_; (A30)
= —inV, exp{—i[E, — in (V} + W?)]¢" — ")} (A31)
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