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We use the time-dependent R-matrix approach to investigate an ultrashort pump-probe scheme to
observe collective electron dynamics in Cþ . The ionization probability of a coherent superposition of the
2s2p2 2 D and 2 S states shows rapid modulation due to collective dynamics of the two equivalent 2p
electrons, with the modulation frequency linked to the dielectronic repulsion. The best insight into this
collective dynamics is achieved by a transformation from LS symmetry to the uncoupled basis. Such
dynamics may be important in high-harmonic generation using open-shell atoms and ions.
DOI: 10.1103/PhysRevLett.102.193001
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The recent development of extreme ultraviolet (XUV)
attosecond light pulses [1] has enabled research into ultrafast dynamics within atoms. Attosecond light pulses have,
for example, been used in the real-time observation of
shake-up processes in the double ionization of Ne [2],
and in the formation of localized electron wave packets
(EWPs) below the first ionization threshold of He [3],
leading to the first observation of attosecond EWP interferences in a strongly driven atomic system. Electron
dynamics deep inside an atom is also starting to attract
significant interest, where, for example, theory has recently
proposed a pump-probe scheme exploiting double ionization as a measure for the distance between electrons in
superpositions of singly excited states of He [4].
One of the key questions regarding atomic physics on
the ultrashort time scale is how the dielectronic repulsion
between electrons affects the dynamics on the ultrashort
time scale, and whether collective dynamics can actually
be observed on this time scale. In this Letter, we propose an
ultrafast pump-probe experiment in which collective dynamics between two equivalent electrons in an excited
state of Cþ can be extracted. We demonstrate that a transformation from LS coupling to the uncoupled basis provides best insight, and will explain that collective
dynamics can play a major role on the subfemtosecond
time scale for general multielectron atoms.
In order to describe collective dynamics in a multielectron system, one needs to apply an approach capable of
treating multielectron systems. The most sophisticated
theoretical methods available to describe ultrafast electron
dynamics are methods devoted to two-active-electron systems [4,5]. However, very few methods exist for treating
general multielectron atoms irradiated by intense ultrashort
light fields, and those that do typically employ the singleactive-electron approximation [3]. Within the single-active-electron approximation, only the electron that is emitted is assumed to be active. As a consequence, ultrafast
electron-electron interactions inside atoms have so far been
investigated only to a limited extent. Most investigations
have primarily focused on the influence of dielectronic
interactions on two-photon double ionization of He [4,6–
0031-9007=09=102(19)=193001(4)

10]. In addition, electron-electron interactions have also
been used to measure the distance between two electrons in
He, by tracking the motion of a single excited electron [4].
In this study the motion under investigation can be explained within an single-active-electron framework.
The ultrafast pump-probe scheme for the current study
of collective electron dynamics is similar to the scheme
used in our previous study of ultrafast excitation dynamics
in Ne [11]. This dynamics is induced by an XUV pump
pulse, and the temporal evolution of this system is observed with a time-delayed ultrashort XUV probe pulse.
The use of ultrashort pulses as a probe in such experiments
offers the opportunity to monitor extremely fast dynamics
in real time, and can in principle be used to capture
dynamical electron correlation in atomic systems [4].
The basic features of the proposed experiment are explained schematically in Fig. 1. We consider a Cþ ion in
its 2s2 2p 2 Po ground state with total magnetic quantum
number M ¼ 0. This ion is excited by the first pulse,
linearly polarized in the z direction, into a superposition

FIG. 1 (color online). Schematic of the proposed pump-probe
experiment. FEL stands for free-electron laser.
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of the 2s2p2 2 Se and 2 De excited states. The energy separation between these two states, caused by the Coulomb
repulsion between the two equivalent 2p electrons, results
in a temporal interference between the two states with a
frequency determined by the energy separation. In a naive
single-configuration picture, the responsible dielectronic
repulsion integral is the F2 ð2p; 2pÞ integral [12]. Hence,
this repulsion governs the dynamical behavior of the EWP
which continues to evolve after the end of the pump pulse.
Subsequent irradiation of the Cþ ion with the time-delayed
ultrashort pulse will ionize the Cþ ion. We study the
ionization probability as a function of time delay between
the two pulses to obtain information on the time-dependent
interference between the 2 S and 2 D states and the associated electron dynamics.
The investigation is carried out using the recently developed three-dimensional time-dependent R-matrix theory
[11]. This nonperturbative theory enables the interaction
of ultrashort light fields with multielectron atoms and
atomic ions to be determined from first principles, and
was employed successfully to investigate ultrafast laserdriven excitation dynamics in Ne.
In the time-dependent R-matrix method, the solution
of the time-dependent Schrödinger equation (TDSE) (in
atomic units) at time t ¼ tqþ1 is expressed in terms of the
solution at t ¼ tq as follows:
½Hðtqþð1=2Þ Þ  EðXNþ1 ; tqþ1 Þ ¼ ðXNþ1 ; tq Þ;

(1)

where
ðXNþ1 ; tq Þ ¼ ½Hðtqþð1=2Þ Þ þ EðXNþ1 ; tq Þ:

(2)

In Eqs. (1) and (2) XNþ1  x1 ; x2 ; . . . ; xNþ1 where xi 
ri i are the space and spin coordinates of the ith electron,
and Hðtqþð1=2Þ Þ is the time-dependent Hamiltonian at the
midpoint which is described in the length gauge throughout. In this formalism E  2it1 .
The solution of Eq. (1) is accomplished by partitioning
configuration space into an internal and external region as
in the standard R-matrix method [13] with the boundary at
radius r ¼ a. In the internal region electron exchange and
electron-electron correlation effects between the ejected
electron and the remaining N electrons are important,
while in the external region such effects are negligible.
Hence, the ejected electron moves in the local long-range
potential of the residual N-electron atom or ion together
with the laser field.
In the inner region r  a, an R-matrix basis expansion
of the wave function describing the (N þ 1)-electron complex is adopted. The solution of a system of linear equations described in Ref. [11] at each time step enables the R
matrix to be calculated on the boundary r ¼ a of this
region and also enables the calculation of an inhomogeneous T vector which is due to the right-hand side of Eq. (1).
In the outer region a  r  ap , a set of coupled differential equations describing the motion of the scattered electron in the presence of the light field is solved at each time
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step by subdividing this region into ns subregions and
propagating the R matrix and T vector across them from
r ¼ a to r ¼ ap . The R matrix and T vector at r ¼ ap can
then be used to propagate the wave function backwards
across the ns subregions. This propagated wave function
then provides the starting point for the calculation at the
next time step. A second R-matrix-based time-dependent
approach has also been developed [14], but the dynamics
within this approach is restricted to the R-matrix inner
region only.
The structure of Cþ is described in the R-matrix internal
region using the R-matrix basis developed for electron
impact studies of C2þ [15], although we extend the inner
region to a radius of 20 a.u., while the set of continuum
orbitals contains 60 continuum functions for each available
angular momentum of the continuum electron. The present
calculations have been performed including the 1s2 2s2 1 Se
ground state, and the 1s2 2s2p 3 Po and 1 Po excited states of
C2þ as target states. The description of Cþ includes all
1s2 2s2 "l and 1s2 2s2p"l0 channels up to Lmax ¼ 5. In the
external region we propagate the R matrix and T vector
outwards to a radial distance of typically 1500 a.u. in order
to prevent any reflections of the wave function from the
external region boundary. Each external region sector is
typically 3 a.u. wide and contains 35 B splines per channel
with order k ¼ 9.
The laser pulses used in the present investigation are as
follows: The pump laser pulse has a central photon energy
!1 ¼ 10:88 eV in order to be near resonant with the
2s2p2 2 Se and 2 De states. It is defined by a three-cycle
sin2 ramp on of the electric field followed by a three-cycle
sin2 ramp off giving a pulse duration of 2 fs. The XUV
ultrashort light pulse has a central photon energy !2 ¼
17 eV and is also described by a three-cycle sin2 ramp on
followed by a three-cycle sin2 ramp off of the electric field
giving a pulse duration of 1.5 fs. Both pulses have a
maximum intensity of 5  1012 W=cm2 .
Figure 2 shows the population in the 2s2p2 2 S and 2 D
bound states as a function of time, where t ¼ 0 is the start
time of the pump pulse. It can be seen that the populations
of 2s2p2 2 S and 2 D steadily increase during the pump pulse
and evolve to a steady state after the end of the pump pulse.
After letting the pumped Cþ freely evolve for 1 fs, we
start to probe the bound state population from 3:8 fs
onwards by irradiating Cþ at different delay times with
an ultrashort XUV pulse that has a high enough photon
energy (17 eV) to transfer the population in the excited
states to the continuum. After the time-delayed ultrashort
pulse, we allow the system to relax freely for 30 fs to
enable the emitted electron to reach a distance of 200 a.u.
This relaxation time also accounts for some decay of autoionizing states, but these could have lifetimes that are too
long to fully take autoionization into account in a timedependent calculation.
Figure 2 also shows the ionization probability due to the
pulse sequence as a function of the time at which the probe
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coupled 2p2 1 S and 1 D configurations can be decomposed
as follows:
qﬃﬃ
qﬃﬃ
j2p0 ; 2p0 i ¼  13j2p2 1 Si þ 232p2 j1 Di; (3a)
qﬃﬃ
qﬃﬃ
j2p1 ; 2p1 iS ¼ 23j2p2 1 Si þ 13j2p2 1 Di;
(3b)
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FIG. 2 (color online). Ionization probability (black joined
dots) as a function of time, where time is measured at the
moment at which the peak of the ultrashort probe pulse occurs
with respect to the start time of the pump pulse. The 2s2p2 2 S
population is shown as a dark gray (blue) solid line, and the
2s2p2 2 D population is shown as a light gray (red) dashed line.
The bound state populations are shown here without the presence
of the ultrashort pulse to show how the system freely evolves in
time. The populations are scaled by a factor of 2  102 .

pulse reaches its peak intensity with respect to the start
time of the pump pulse. The ionization probability is
calculated by integrating the wave function in a spatial
region given by 200 a:u: < r < 1500 a:u:. We find that the
ionization probability oscillates with a period, Tosc ¼
1:5 fs. These ultrafast oscillations can be accounted for
by the fact that the probe pulse is probing an EWP in a
superposition of the 2s2p2 2 S and 2 D excited states. These
states are separated by an energy of E  2:4 eV due to
the electron-electron interaction between the two 2p electrons, and it is this interaction that leads to the interference
between the two excited states. The oscillations with a period of 0:4 fs are due to interferences between the two
excited states and the ground state and are not of interest in
this study.
Although the interference can be explained by the energy separation between the two states, this separation does
not explain the ultrafast atomic dynamics in detail. The
EWP generated here is primarily confined to the 2s2p2
configurations. Its dynamics is thus governed by angular
dynamics, for which the main driver is the difference in
electron-electron repulsion between the 2p electrons for
2s2p2 2 S and 2 D. The LS coupled basis in which the
atomic structure is described is, however, not the ideal
basis to gain insight into this angular dynamics. To elucidate the dynamics, we thus transform from the LS coupled
basis to the uncoupled basis j2pm1 2pm2 i, in which the role
of magnetic substates becomes more transparent. Since we
consider light polarized in the z direction, the total magnetic number M is conserved, M ¼ 0. The 2s electron can
be considered as a spectator electron, so that the LS

where the subscript S indicates singlet spin coupling between the m ¼ 1 and m ¼ 1 electrons. This decomposition immediately suggests that angular dynamics in the
2s2p2 configuration involves collective dynamics of the
two electrons: if the m value of one electron changes, the
other electron must also experience a change.
We can now transform the description of the atomic
structure from the LS coupling scheme to an uncoupled
basis. This transformation only applies to the contribution
of the 2s2p2 configuration to the state labeled 2s2p2 . Other
configurations also play a role, but they are far less important. Figure 3 again shows the ionization probability as
a function of time delay, but this time the probability is
compared to the population of the uncoupled basis functions. The first feature to note in Fig. 3 is that the population of j2p0 ; 2p0 i shows small rapid oscillations for
t < 1:6 fs, whereas the population of j2p1 ; 2p1 iS does
not. This is as expected. The Cþ 1s2 2s2 2p M ¼ 0 ground
state is dominated by electrons with m ¼ 0. With the polarization of the laser pulse in the z direction, leading to
m ¼ 0, one should expect the interaction with j2p0 ;2p0 i
to be stronger than with j2p1 ; 2p1 iS . The most striking
feature in Fig. 3, however, is the periodic oscillation in the
population of j2p0 ; 2p0 i and j2p1 ; 2p1 iS . These oscillations closely match the observed oscillation in the ionization probability, with the oscillations of j2p0 ; 2p0 i in
phase. Hence the uncoupled basis provides a clearer interpretation of the ultrafast dynamics of Cþ explored here.
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FIG. 3 (color online). Ionization probability (black joined
dots) as a function of time, as shown in Fig. 2. Both the
j2p0 ; 2p0 i population (blue solid line) and the summed
j2p1 ; 2p1 iS population (red dashed line) are shown. The bound
state populations are scaled as in Fig. 2.
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The transformation into the uncoupled basis allows an
assessment of the reasons why the ionization probability
oscillates with time delay between the pump and the probe
pulse. After the Cþ system has been excited by the pump
pulse, the excited multielectron wave packet is in a breathing motion between two different angular distributions.
When the population of j2p0 ; 2p0 i has reached its maximum, the EWP is aligned along the direction of laser
polarization, and so the probe pulse interacts strongly
with the EWP, corresponding to a maximum in the ionization probability. Alternatively, when the population of
j2p1 ; 2p1 iS has reached a maximum, the EWP is aligned
perpendicular to the direction of laser polarization, and so
the probe pulse interacts less strongly with the EWP,
resulting in ionization being suppressed. This scheme
thus allows the observation of collective breathing motions
in superpositions of low-lying atomic states, while the
frequency of these motions is a measure of the magnitude
of dielectronic repulsion.
This collective dynamics within the 2p2 states is of
wider relevance to intense-laser physics. The dominant
ionization mechanism for infrared laser fields is the sequential emission of m ¼ 0 electrons. In this picture, emission of two electrons from Ne would lead to a Ne2þ ion
with two m ¼ 0 vacancies in the 2p shell. This hole then
evolves like the 2p2 states of Cþ in this study. Hence, in
Ne2þ , the m ¼ 0 vacancies would be filled by an m ¼ 1
and an m ¼ 1 electron, and vice versa, which will effectively enhance ionization of the Ne2þ ion. If ionization is
slow compared to the period of this transfer (1.1 fs for
Ne2þ ), the appropriate ionization rate to use for ionization
of Neþ to Ne5þ is the ionization rate assuming the presence of a single m ¼ 0 electron in the 2p shell. The
dominance of the emission of electrons with m ¼ 0 has
already been demonstrated [16,17], but the results presented here may indicate the mechanism by which the m ¼
0 levels are filled and depleted. However, it must be noted
that not all spin symmetries of the Ne ions are accessible by
sequential emission of m ¼ 0 electrons [18].
These observations also have implications for highharmonic generation (HHG) from open-shell ions such as
Neþ and Arþ [19]. High-harmonic generation is typically
described by a three-step model, in which the laser field
first ionizes the atom and accelerates the liberated electron
away from and back into the core, generating highharmonic photons when the returning electron recombines
with the parent ion. Typically, high harmonics are generated from neutral noble-gas atoms, but they could in principle also be generated from open-shell systems. Suppose
that we have Neþ in M ¼ 0. In the first step an m ¼ 0
electron is liberated, leaving the Ne2þ core in a superposition of 2s2 2p4 1 D and 1 S. This superposition will initially
be in a j2p0 ; 2p0 i hole, due to the absence of two m ¼ 0
electrons (and hence 3 P is spin forbidden). Because of the
energy gap between 1 D and 1 S, this superposition will now
transform into a j2p1 ; 2p1 iS hole and back. If the motion
of the liberated electron is independent from the core, it
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will continue to have m ¼ 0. If this electron returns when
the core is in a j2p0 ; 2p0 i hole, recombination is possible,
but when the core is in a j2p1 ; 2p1 iS hole, recombination
is impossible as there is no m ¼ 0 vacancy. Hence the
present results suggest that angular core dynamics may
have an influence on high-harmonic generation yields in
open-shell systems.
In conclusion, we have demonstrated that ultrafast
pump-probe techniques can be exploited to observe rapid
oscillations in the ionization probability of Cþ due to
collective electron dynamics. The uncoupled-electron basis provides a clearer interpretation of the ionization probability than the traditional LS-coupling scheme. The rapid
oscillations in the ionization probability are ascribed to a
breathing motion between two different angular distributions, explaining the modulation of the ionization yield as a
function of time delay between the pump and probe pulse.
The frequency of this oscillation is, in a naive picture,
directly related to a particular electron-electron repulsion
integral, F2 ð2p; 2pÞ. This breathing motion between angular distributions could be a general feature of the multielectron response to strong laser fields, and could have a
significant effect on multiple ionization and on the generation of high-harmonic radiation from open-shell systems.
Direct experimental verification of the current theoretical
results will, however, require high-density pure ion sources
which is still a challenging problem.
M. A. L. acknowledges support through the UK EPSRC.
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