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In this paper, we apply the Monte Carlo wave packet method to study the ultrafast nuclear dynamics following
inner-shell photoionization of N2 exposed to an ultrashort intense x-ray pulse. The intermediate states in N2

+ are
highly excited so that autoionization takes place from these states to the quasibound or dissociative electronic
states in N2

++. The nuclear kinetic energy release (KER) spectra following double ionization of N2 are obtained
by using the spectral methods. The very sharp peaks in the nuclear KER spectra, which were, however, absent
from many relevant experiments due to a limited vibrational resolution, can be ascribed to the long-lived
vibrational resonances supported by the quasibound states in N2

++. The origins for the other main characteristic
structures appearing in the nuclear KER spectra are also identified. To control the fragmentation dynamics
of doubly ionized N2, the x-ray-pump–infrared-probe setting is employed. It is found that the laser-induced
one-photon resonant transitions between the dissociative 11�g state and the quasibound 11�u state at around
R = 3 a.u. are responsible for suppression or enhancement of the signals at different energy regions in the
nuclear KER spectra. In addition, the delay-dependent nuclear KER distributions are constructed to achieve
time-resolved imaging and controlling of the ultrafast nuclear dynamics that takes place following inner-shell
photoionization of N2.

DOI: 10.1103/PhysRevA.106.033122

I. INTRODUCTION

Probing the ultrafast dynamics in molecules has attracted
a great deal of research interest due to the great advances
in ultrafast laser technology and spectroscopy [1,2]. On the
one hand, it is still challenging to interpret the ultrafast dy-
namics from the experimental observations since both the
electronic and nuclear degrees of freedom are involved in
molecules. On the other hand, considering the nuclear degrees
of freedom makes simulation of strong field ionization of
molecules, even for the diatomic molecules, very compli-
cated, time-consuming, and resource-intensive. Despite the
difficulty, the laser-induced dissociation and ionization dy-
namics of diatomic molecules such as H2 [3–5], O2 [6–8], and
CO [9–13], has so far been investigated both experimentally
and theoretically to reveal the physical mechanisms governing
the ultrafast dynamics involved. To measure and obtain the
lifetime for excited molecules, there are also studies of the re-
laxation dynamics in molecules interacting with high-energy
extreme ultraviolet (XUV) or x-ray pulses. For example, due
to the electron correlation effect, autoionization from doubly
excited states [14–17] and Auger decay from highly excited
states [18–21] can take place in molecules. For the latter case,
inner-shell photoionization of molecules is subsequently fol-
lowed by Auger decay, which eventually leaves the molecules
doubly ionized.

*jingqingli@yeah.net

With respect to double or multiple ionization of molecules,
the Coulomb explosion imaging technique has been widely
applied to identify and map out the electronic or nuclear
dynamics involved [22–25]. Unlike the simplest case of
H2, molecular nitrogen—the most abundant molecule in the
Earth’s atmosphere—can exhibit new characteristics for its
nuclear dynamics since the metastable states in the dicationic
state of N2 can support long-lived vibrational resonances.
There have been considerable research efforts pouring into
studying the double ionization process of N2 [25–34]. When
particular attention is given to the nuclear dynamics, the
nuclear kinetic energy release (KER) spectra following dis-
sociative ionization of N2 have been measured by different
experimental settings, where the infrared (IR), XUV, or x-ray
pulses were applied [16,35–38].

This paper is mainly inspired and motivated by the earlier
works on the molecular nitrogen in x-ray-pump–IR-probe set-
tings [16,32–34]. The time-resolved pump-probe experiments
at the LCLS reported an enhancement of fragmented N2

++
yield due to strong field-induced dissociation [32]. This en-
hancement was later confirmed and discussed by authors of
two theoretical works where a systematic study for controlling
over the Coulomb explosion imaging of N2

++ was carried
out through the quantum dynamics calculations [33] and the
fewest switches surface hopping method [34]. Other than the
Auger electron energy spectra and the yields of bound N2

++
fragments at different Auger energies in Refs. [33,34], we are
concerned with uncovering the nuclear dynamics from the
nuclear KER spectra following inner-shell ionization of N2.
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FIG. 1. Potential energy curves involved in the double ionization
process of N2 as a function of the internuclear distance R. From
bottom to top, at around R = 2.1 a.u., the curves are for the ground
state of N2, eight selected states of ungerade and gerade symmetries
in N2

++, and the intermediate state in N2
+(1s−1), respectively. These

curves are directly extracted from Fig. 2 in Ref. [33], where they are
obtained by the complete-active-space self-consistent-field theory.
To show the potential curves for the eight states in N2

++ are parallel
to the 1/R curve at large internuclear distances, the E0 + 1/R curve is
also plotted. The Franck-Condon region is indicated by a gray shaded
area.

Due to the absence of the corresponding nuclear KER spectra
in the previous works, we apply the Monte Carlo wave packet
(MCWP) approach to simulate double ionization of N2 in this
paper. This method has been proven to be especially useful
in reproducing the nuclear KER spectra following double
ionization of diatomic molecules such as H2 [39–43] and O2

[44]. We will show that the nuclear KER spectra obtained in
this paper can offer clear evidence for laser-induced couplings
between states in N2

++ and thus can provide deeper insight
into the ultrafast dynamics of interest.

This paper is organized as follows. We first introduce
the process considered in this paper in Sec. II. Then the
implementation of the MCWP approach to simulate double
ionization of N2 is described in Sec. III. In Sec. IV, we present
the simulation results obtained from two spectral methods
and the corresponding discussions of the nuclear KER spectra
following autoionization of N2

+ in different pulse settings.
Section V concludes. Throughout this paper, atomic units
(a.u.) are used unless stated otherwise.

II. PROCESS

In this paper, we study the double ionization process of N2

illustrated in Fig. 1. The N2 molecule is initially in its ground
electronic and vibrational state. Through interaction with an
intense x-ray pulse, a 1s electron is removed from one of the

nitrogen atoms in N2 and suddenly launches the nuclear wave
packets evolving slowly along the potential energy curves for
the highly excited electronic states in the core-ionized N2

+.
The potential energy curves for these states of gerade and
ungerade symmetries are almost parallel to each other. For
simplicity, we only involve the first state of ungerade symme-
try in our simulation. Due to the electron correlation effect,
subsequent autoionization from this unstable state can take
place, resulting in the nuclear wave packets evolving along
the potential energy curves for the electronic states in N2

++.
It was reported experimentally that the partial autoionization
rates from the inner-shell ionized N2

+ were dependent on the
target states in N2

++ [33,45], and the total autoionization rate
�A was around 103 meV/h̄ (0.0038 a.u.) [46], which corre-
sponds to a lifetime of 1/�A = 6.4 fs. If only one x-ray pulse
is applied, the final nuclear KER spectrum can be obtained
from the nuclear wave packets at the time instants when au-
toionization of N2

+ takes place. If a femtosecond probe pulse
is also applied, the electric dipole operator can only connect
states of opposite parity according to the selection rules for the
electric dipole transitions in the case of homonuclear diatomic
molecules. Therefore, strong transitions can be allowed be-
tween the electronic states of gerade and ungerade symmetries
in N2

++. In fact, the selection rules also impose some further
restrictions: The transitions are allowed with �S = 0, �� =
0,±1, and �J = 0,±1, where S, �, and J are the quantum
numbers for the total spin, the projection of the electronic
orbital angular momentum along the internuclear axis, and
the total angular momentum, respectively. In addition, the
laser-induced dipole transitions become significantly reduced
when the states are energetically well separated with respect
to the IR photon energy. When an IR pulse is present, we shall
obtain the nuclear KER spectrum for double ionization of N2

from the nuclear wave packets in N2
++ after the IR pulse is

switched off. The nuclear KER spectra are capable of showing
the effect of the IR pulse on the nuclear dynamics following
autoionization of N2

+.

III. METHOD

In this paper, we apply the MCWP approach to study the
double ionization process of N2 outlined in Sec. II. The imple-
mentation and validation of this method in simulating double
ionization of diatomic molecules have been discussed in de-
tail elsewhere in Refs. [40–43]. To summarize, this method
adopts a non-Hermitian Hamiltonian to describe ionization of
a molecular system as a decay process, i.e.,

H = Hs − i

2

∑
mn

Cmn
+Cmn. (1)

The Hermitian system Hamiltonian Hs in Eq. (1) is a su-
perposition of three parts, i.e., Hs = TN + He + VI (t ). TN

is the nuclear kinetic energy operator, He is the field-free
electronic Hamiltonian, and VI (t ) = −�μ · �F (t ) is the light-
molecule interaction potential, with μ the transition dipole
moment operator and �F (t ) the electric field component of the
applied laser pulse. Here, Cmn in the non-Hermitian term of
Eq. (1) is a jump operator that specifies the transition pathway
from the electronic state |φe

R,m〉 in the molecular system of
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concern to the electronic state |φe−1
R,n 〉 in the system with one

electron less. For the case of incoherent transitions, Cmn =∫
d �R

√
�mn( �R, t )|φe−1

R,n 〉〈φe
R,m| ⊗ | �R〉〈 �R|, where | �R〉 is the posi-

tion eigenket for the nuclear coordinate �R, and �mn( �R, t ) is
the ionization (photoionization or autoionization) rate from
the |φe

R,m〉 state to the |φe−1
R,n 〉 state. Here, m and n are positive

integers numbering the states in each charge state, e.g., if
m = 1 and n = 1, the operator C11 induces a quantum jump
occurring between the lowest electronic states in two charge
states.

To obtain the nuclear dynamics in a given molecular sys-
tem where the Born-Oppenheimer approximation is valid,
we solve the time-dependent Schrödinger equation (TDSE)
for the Hamiltonian in Eq. (1) by expressing the total wave
function with the ansatz:

|�(t )〉 =
∑

m

|χm(t )〉 ⊗ |φe
R,m〉. (2)

Here, |φe
R,m〉 is the electronic eigenstate satisfying the time-

independent Schrödinger equation for the electronic Hamilto-
nian, i.e., He|φe

R,m〉 = Em( �R)|φe
R,m〉, with Em( �R) the potential

energy surface for the |φe
R,m〉 state. Here, |χm(t )〉 is the state

vector for the nuclei when the molecule is in the |φe
R,m〉 state.

In the MCWP method, the total wave function of a molecule
at a given charge state is a coherent superposition of the bound
electronic states involved in the process.

Substituting the total wave function into the TDSE and
projecting both sides of the TDSE on the eigenbra 〈φe

R,m|〈 �R|,
we get the evolution equation for the nuclear wave function
χm( �R, t ) = 〈 �R|χm(t )〉 in the |φe

R,m〉 state:

iχ̇m( �R, t ) =
[

TN + Em( �R) − i

2

∑
n

�mn( �R, t )

]

×χm( �R, t ) +
∑
k �=m

Vmk ( �R, t )χk ( �R, t ), (3)

with Vmk ( �R, t ) = 〈φe
R,m|VI (t )|φe

R,k〉 = 〈φe
R,m| �μ|φe

R,k〉· �F (t ) =
�Dmk ( �R) · �F (t ). Here, �Dmk ( �R) is the dipole moment function
between the |φe

R,m〉 and |φe
R,k〉 states. Note that, due to

the non-Hermitian term in Eq. (1), the eigenenergy for a
given electronic state becomes complex in Eq. (3), i.e.,
Ẽm( �R) = Em( �R) − i/2

∑
n �mn( �R, t ). For the highly excited

state in N2
+, the imaginary part of its complex energy is

−�A/2, with �A the autoionzation rate of the core-ionized
N2

+. In this paper, the applied x-ray and IR pulses are linearly
polarized, and their polarization directions are parallel to
the molecular axis. The molecule to be studied is assumed
to be rotationally frozen; therefore, Eq. (3) can be reduced
to a one-dimensional equation that is much easier to solve
by replacing the vector �R with the scalar R. This is a good
approximation since the natural timescale for rotation of
a molecule is usually much larger than that for vibration
of the same molecule. We solve the simplified Eq. (3)
by using the split-operator fast Fourier transform method
[47], and the dipole moment functions Dmk (R) between the
electronic states in N2

++ are taken from Ref. [33].
When applying the MCWP approach to simulate double

ionization of N2, one strategy is to solve Eq. (3) in the charge

state of N2, N2
+, or N2

++, with the stochastic occurrence
of quantum jumps. Such a full-time evolution of the nuclear
wave packets from N2 is a stochastic trajectory. According
to the number of jumps, there are three categories of tra-
jectories: Trajectories without any jump lead to neutral N2

fragments; trajectories with one jump lead to single charged
N2

+ fragments; and trajectories with two jumps lead to doubly
charged N2

++ fragments. The more detailed execution of this
stochastic sampling strategy can be found in Ref. [48]. To
obtain results that capture real physics, we have to include as
many trajectories as possible. To greatly reduce the computa-
tional costs, we use the deterministic sampling method instead
to pick up trajectories with two quantum jumps. This sam-
pling method was confirmed to perform well in earlier works
[40–43]. In this case, we solve Eq. (3) in each charge state, and
the jump operator determines the initial nuclear wave packet
in the new charge state. Suppose the jump takes place at t
from the |φe

R,m〉 state to the |φe−1
R,n 〉 state; then the initial total

wave function in the new charge state at the next time step is
|�(t + �t )〉 = Cmn|�(t )〉

〈�(t )|Cmn
+Cmn|�(t )〉 . Correspondingly, the initial

nuclear wave packet in this charge state is χn(R, t + �t ) =
〈φe−1

R,n |�(t + �t )〉. The probability of each trajectory is related
to the ionization probabilities at the first and second jump
times t1 and t2 (t2 > t1). The nuclear KER spectrum shows
the yield of the two N+ fragments at different total kinetic
energies. For a given trajectory, it is extracted from the final
nuclear wave packet χN2

++
m (R, te) in N2

++:

PE ,mk (t2; t1) =
∣∣∣∣
∫

dRKE (R)χN2
++

m (R, te)

∣∣∣∣
2

. (4)

Here, χN2
++

m (R, te) depends implicitly on the first and second
jump times. It is the nuclear wave packet in the |φN2

++
R,m 〉 state

in N2
++ at the time instant of te. In general, for N2 interacting

with a single x-ray pulse, te is the second jump time t2; when
there is an additional IR pulse inducing a large coupling be-
tween the electronic states in N2

++, te is the end of the IR
pulse. We see from Fig. 1 that the potential energy curves
for the electronic states in N2

++ are not purely dissociative,
and thus, some metastable N2

++ fragments are long-lived. In
Eq. (4), KE (R) specifies either the eigenstates of the potential
energy curves for the electronic states in N2

++ or the energy-
normalized Coulomb wave functions for the 1/R curve. These
two options correspond to the two spectral methods applied
to obtain the nuclear KER spectra in the following section.
The nuclear KER spectrum following double ionization of N2

is then obtained by a weighted sum of the KER spectra for a
large amount of deterministic trajectories, i.e.,

PE =
∑

m,n,t1,k,t2

P1(t1)P1mn(t1)P2(t2; t1)P2k (t2; t1)

× PE ,mk (t2; t1). (5)

For a given trajectory, P1(t1) = dP(t )
dt |t=t1 is the probabil-

ity for the first jump taking place at t1, where P(t ) is the
monotonically decreasing probability staying in N2 due to
photoionization induced by the x-ray pulse. It is closely re-
lated to the optical parameters of the applied x-ray pulse.
For example, for N2 interacting with a 4-fs sine-square x-ray
pulse with a photon energy of 15.44 a.u., the photoionization
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cross-section at this photon energy is ∼0.1 a.u. [49], and
the total ionization probability for a N2 molecule is P(t =
4 fs) − P(t = 0) = 0.0063 when the peak field strength is
0.05338 a.u. When there is more than one state in either N2 or
N2

+, the first ionization events can take place via several ion-
ization channels. The probability for each ionization channel
is P1mn(t1) = 〈�(t1 )|Cmn

+Cmn|�(t1 )〉∑
mn〈�(t1 )|Cmn

+Cmn|�(t1 )〉 , with |�(t1)〉 the total wave
function in N2 at the time step when the first ionization occurs.
In our simulation, we involve one state in both N2 and N2

+;
thus, there is only one ionization channel from N2 to N2

+,
i.e., m = 1 and n = 1, and we have P111(t1) = 1. Once the first
jump occurs, the system evolves in N2

+ until the second jump,
i.e., autoionization, takes place. Here, P2(t2; t1) is the condi-
tional probability for the second jump event taking place at t2,
when the first jump occurs at t1. It has a similar form with P1,
i.e., P2(t ) = dP(t )

dt |t=t2 , and the only difference is that P(t ) here
is the monotonically decreasing probability staying in N2

+.
Similarly, the eight states in N2

++ indicate that there are eight
autoionization channels and P2k (t2; t1) = 〈�(t2 )|C1k

+C1k |�(t2 )〉∑
k〈�(t2 )|C1k

+C1k |�(t2 )〉 ,
with k = 1, 2, 3..., 8 specifies the probability for each indi-
vidual second ionization channel, with |�(t2)〉 the total wave
function in N2

+ at the time step when the second ioniza-
tion occurs. According to the calculated state-resolved Auger
yields in Ref. [33], the relative probabilities P2k for the indi-
vidual channels with the initial states in N2

++ corresponding
to the 21	g

+, 11�g, 11	u
+, 11�g, 11�u, X1	g

+, 21�g, and
31�g states are 0.412, 0.204, 0.145, 0.119, 0.074, 0.046, 0,
and 0, respectively.

To obtain the nuclear KER spectrum that captures real
physics, we manage to minimize the unphysical reflections
of the nuclear wave packets from the boundaries by increas-
ing the simulation box size to avoid the use of the complex
absorbing boundaries. The total propagation time tT varies
on a case-by-case basis, which depends on the autoioniza-
tion rates, the pump-probe delay, the pulse duration, and the
spectral methods applied. In this paper, the simulation box
extends from Rmin = 1.5 a.u. to Rmax = 45.4 a.u. Meanwhile,
to ensure convergence of the final results, the spatial step is
chosen to be �R = 0.0214 a.u. and the time step to be �t = 1
a.u. The computational costs also depend on the sampling
densities for the first and second jumps.

In the ideal case, the trajectories are launched when the
first jumps take every time step during the x-ray pulse, and
the second jumps take every time step after the first jumps.
However, such a huge amount of trajectories mean unafford-
able time and resource consumption. To reduce the number
of trajectories to an acceptable level, we assume the first
jump to take place at the time instant of the maximum of
the temporal intensity profile of the x-ray pulse. This is a
reasonable treatment since the applied x-ray pulse is very
short, and by doing so, we have included the trajectories with
the largest ionization probabilities in the first jump. For x-ray
pulses with relatively large pulse durations, this assumption
is not valid, and more first jumps should be included. The
second jumps are assumed to occur every 50 time steps af-
ter the first jump takes place. For the core-ionized N2

+, the
probability of survival is 0.368 after its lifetime of 6.4 fs,
and it takes ∼1500 a.u. (36.6 fs) to almost totally decay to
N2

++ with the probability of survival being ∼0.0034. Thus, to

0

2

4

6 (a)

si
gn

al
(a

rb
.

un
it

s)

0

1

2 (b)

si
gn

al
(a

rb
.

un
it

s)

0
1
2
3
4
5 (c)

si
gn

al
(a

rb
.

un
it

s)
0

1

2

3

6 7 8 9 10 11 12 13 14

(d)

si
gn

al
(a

rb
.

un
it

s)

1st Spectral method
2nd, tT =100 fs

×10−5×10−5×10−5

E (eV)

×10−5

FIG. 2. State-resolved nuclear kinetic energy release (KER)
spectra obtained by the two spectral methods following double
ionization of N2 interacting with a single x-ray pulse. Results for
the dominant channels with the final states corresponding to the
(a) 21	g

+, (b) 11�g, (c) 11	u
+, and (d) 11�g states in N2

++. Opti-
cal parameters for the x-ray pulse are as follows: ωX = 15.44 a.u.,
τX = 4 fs, and FX 0 = 0.05338 a.u. The total propagation time is
tT = 100 fs.

include the dominant trajectories, there are ∼1500/50 = 30
second jumps after the first jump, resulting in the launch
of ∼8 × 30 = 240 trajectories in each simulation. We have
verified such a great reduction of the number of trajectories
can still capture well the main features of the nuclear KER
spectra.

IV. RESULTS AND DISCUSSIONS

In this section, the simulation results from the MCWP
method for the process described in Sec. II are presented and
analyzed.

A. N2 interacting with a single x-ray pulse

We first present the state-resolved nuclear KER spectra
for the dominant autoionization channels following pho-
toionization of N2 through interacting with an x-ray pulse
in Fig. 2. The x-ray pulse has a sine-square envelope,
and its nonzero temporal field distribution satisfies FX (t ) =
FX0 sin2( πt

τX
) cos(ωX t ), 0 � t � τX . In this paper, the optical

parameters of the x-ray pulse are as follows: The photon
energy is ωX = 15.44 a.u., the pulse duration is τX = 4 fs,
and the peak field strength is FX0 = 0.05338 a.u. We assume
the photoionization cross-section of N2 at the x-ray photon
energy is σX = 0.1 a.u., which is comparable with the result
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in Ref. [49]. The corresponding photoionization rate takes the
form of �X (t ) = IX (t )σX

h̄ωX
, where IX (t ) is the temporal intensity

profile of the x-ray pulse. The four panels in Fig. 2 correspond
to the contribution from the channels with the final states of
21	g

+, 11�g, 11	u
+, and 11�g in N2

++. In each panel, we
first apply the spectral method to obtain the nuclear kinetic
energy spectrum by projecting the final nuclear wave packet in
N2

++ on the eigenstates of the corresponding potential energy
curve (the solid line). It is clear that, for the metastable states
in Figs. 2(a) and 2(c), the allowed vibrational resonances
appear as very sharp peaks at the low kinetic energy region,
indicating relatively large lifetimes for these resonances. The
long-lived N2

++ fragments would eventually decay into two
N+ fragments. However, because of the limited vibrational
resolution and measurement time in the experiments, authors
of very few works witnessed the presence of such sharp vibra-
tional resonances in the nuclear KER spectra.

To illustrate the properties of the vibrational resonances in
each electronic state, we apply an alternative spectral method
by projecting the final nuclear wave packets in N2

++ on the
Coulomb wave functions for the 1/R curve. It is a reasonable
treatment since these potential energy curves in N2

++ are
almost parallel to the 1/R curve at internuclear distances R �
4.5 a.u., as we can see from Fig. 1. We show the corresponding
results by the dashed lines in Fig. 2. We see that, if the poten-
tial energy curves are dissociative, the two spectral methods
can provide very similar results, as shown in Figs. 2(b) and
2(d). If the potential energy curves are not purely dissociative,
there are apparent discrepancies between the spectra obtained
by the two methods. In fact, whether the spectrum from this
spectral method reproduces well the spectrum from the other
method has a close relationship with the total propagation time
tT . To better elucidate the influence of tT , we present in Fig. 3
the results for the two metastable states 21	g

+ and 11	u
+

with tT =100, 150, and 300 fs. It is clear that, for an increased
propagation time, the difference between the results from the
two methods is reduced, and the sharp resonances are grad-
ually present and reproduced in the spectra obtained by the
second spectral method. This means that different vibrational
resonances have different lifetimes, and they take different
times to tunnel through the barriers of their potential energy
curves. For a measurement time that is not sufficient for the
long-lived vibrational resonances to decay, we propose to use
a combination of these two spectral methods to get the nuclear
KER spectrum for the metastable state in N2

++: Apply the
first spectral method to obtain the high-energy part of the
nuclear KER spectrum, and apply the second spectral method
to obtain the remaining part of the nuclear KER spectrum.
The boundary between the low- and high-energy regions of
the nuclear KER spectrum is the high-energy limit for the
vibrational resonances, which is indeed the dissociation en-
ergy from the top of the barrier to infinitely large internuclear
distances of the potential energy curve.

Having demonstrated the applicability of the two spectral
methods, now we apply them to obtain the nuclear KER
spectra following double ionization of N2 for a specific mea-
surement time. We present in Fig. 4 the nuclear KER spectrum
for N2 interacting with the x-ray pulse mentioned above (the
solid line) for tT = 100 fs. We see that the spectrum has peaks
at ∼7.3, 7.7, 8.2, and 11.5 eV, which reproduces the peaks
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FIG. 3. State-resolved nuclear kinetic energy release (KER)
spectra following double ionization of N2 interacting with an x-ray
pulse obtained by the second spectral method with tT = 100, 150,
and 300 fs. Results for the final states of (a) 21	g

+ and (b) 11	u
+

in N2
++. The optical parameters for the x-ray pulse are identical to

Fig. 2.

at ∼8 and 11 eV in the experiments [25,38]. To figure out
the origins for these peaks, we also present the state-resolved
spectra from individual channels of different final states in
N2

++ in Fig. 4 (the dashed lines). It is clear that the 11�u

state in N2
++ contributes most to the peak of 7.3 eV. The peak

of 7.7 eV is mainly from the contribution of the 21	g
+ state.

These two peaks are sharp and mainly come from tunneling
decay of the vibrational resonances through the barriers of the
potential energy curves. In addition, the 11�g state contributes
most to the peak of 11.5 eV, which results from direct disso-
ciation of the nuclear wave packets along the corresponding
potential energy curve. The peak of 8.2 eV mainly comes
from the 21	g

+ state. This peak is ascribed to the occurrence
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FIG. 4. Nuclear kinetic energy release (KER) spectra following
double ionization of N2 interacting with a single x-ray pulse (the
solid line) obtained by the two spectral methods with tT = 100 fs.
The state-resolved spectra are also plotted (the dashed lines).
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FIG. 5. (a) Nuclear kinetic energy release (KER) spectra follow-
ing double ionization of N2 in the x-ray-pump–infrared (IR)-probe
configurations for tT = 150 fs. The optical parameters for the IR
pulses are as follows: The wavelength is 800 nm, the pump-probe
delay is 0 fs, the peak intensity is either I0 = 2.24 × 1014 W/cm2

or I0 = 0.56 × 1014 W/cm2, and the full width at half maximum
(FWHM) duration is τIR = 10.7 fs (4 optical cycles), 21.3 fs (8
optical cycles), or 42.7 fs (16 optical cycles). The spectra of the
11�g state, of the 11�u state, and of the states without the 11�g

state are also plotted for the case of I0 = 0.56 × 1014 W/cm2 and
τIR = 42.7 fs. (b) Time-dependent populations of the 11�g and 11�u

states for a trajectory with t1 = 83 a.u., t2 = 99 a.u., and 11�u as the
initial state in N2

++ (I0 = 0.56 × 1014 W/cm2 and τIR = 42.7 fs).

of over-the-barrier dissociation of the nuclear wave packets
along the potential energy curve.

B. N2 in the x-ray-pump–IR-probe configuration

For N2 interacting with an x-ray pulse, as the x-ray pho-
ton energy is much larger than the energy gaps between the
states in N2

++, the interaction between the doubly charged
N2

++ and the remaining part of the x-ray pulse can be ne-
glected. Authors of previous studies [16,32–34] have shown
that the near-IR pulse can strongly couple the states in N2

++
and thus dramatically influences the fragmentation dynamics
of N2

++. To explore the influence of the optical param-
eters of the IR pulse such as the peak intensity and the
pulse duration on the nuclear dynamics, we present in Fig. 5
the nuclear KER spectra for N2 in different x-ray-pump–
IR-probe configurations with a pump-probe delay of τ = 0
fs for tT = 150 fs. The applied IR pulses have Gaussian

envelopes, and the temporal electric fields satisfy FIR(t ) =
F0 exp[−(t − τX/2 − τ )2/τ 2

IR] cos(ωt ). As an extended study,
the optical parameters for the IR pulses are taken identical to
Ref. [33]: The wavelength is λ = 800 nm, the peak intensity
is 0.56 × 1014 W/cm2 or 2.24 × 1014 W/cm2, and the full
width at half maximum (FWHM) duration is τIR = 10.7 fs (4
optical cycles), 21.3 fs (8 optical cycles), or 42.7 fs (16 optical
cycles), respectively.

We see in Fig. 5(a) that these spectra generally look similar
except that the signals peaking at around E = 7.5 and 11.5 eV
are suppressed, and the signals peaking at around E = 9 and
10 eV are enhanced for increasing the IR pulse duration or
peak intensity. This effect is a manifestation of the laser-
induced transitions between the states in N2

++ and is more
pronounced in a spectrum for a larger IR pulse duration or
peak intensity. To illustrate the origin for the newly appeared
peaks at ∼9 eV, we also present in Fig. 5(a) the spectra of the
11�g state, of the 11�u state, and of the states other than the
11�g state for a given case: The duration of the IR pulse is
42.7 fs, and the peak intensity is 0.56 × 1014 W/cm2. After a
comparison with the state-resolved spectra in Fig. 4, we can
conclude that the enhancement at ∼9 eV and the suppression
at ∼7.5 eV reflect a net transition from the 11�u state to the
11�g state due to the one-photon resonance when the nuclear
wave packet along the 11�u curve moves to the internuclear
positions at around R = 3 a.u. This transition can be con-
firmed in Fig. 5(b) by the time-dependent populations of the
11�u and 11�g states for a given trajectory with t1 = 83 a.u.,
t2 = 99 a.u., and 11�u as the initial state in N2

++. Thus, an
IR pulse with a relatively larger pulse length or peak intensity
can be applied to induce relatively larger transitions from
the 11�u state to the 11�g state. These transitions result in
a relatively smaller portion of the nuclear wave packet left
in the inner barrier of the 11�u curve, and tunneling of the
nuclear wave packet through this barrier is consequentially
suppressed. In addition, the peak at ∼10 eV in Fig. 5(a), which
becomes more pronounced for longer and more intense IR
pulses, comes directly from the 11�u state and indicates a net
transition from the 11�g state to the 11�u state.

Finally, we are interested in investigating the influence of
the pump-probe delay on the nuclear dynamics involved in the
double ionization process of N2. We first present the nuclear
KER spectra with tT = 150 fs in Fig. 6(a) for N2 interacting
with the x-ray and IR laser pulses for delays ranging from 0
to 60 fs. Here, a positive delay means the maximum of the
temporal intensity envelope of the x-ray pulse arrives before
that of the IR pulse. The optical parameters of the IR pulses
are also identical to the pulse parameters in Ref. [33]: The
wavelength is λ = 800 nm, the pulse duration is τIR = 10.7 fs,
and the peak intensity is 2.24 × 1014 W/cm2. We can see that
the spectra at most delays in Fig. 6(a) have similar structures,
and the peaks at ∼7.8, 8.2, and 11.5 eV in the delay-averaged
nuclear KER spectrum in Fig. 6(b) have similar origins as the
corresponding peaks in Fig. 4. Despite the overall similarity
of the spectra in Fig. 6(a), we can still see that the spectra
change dramatically when the delays are ∼17 fs, where the
signal peaking at ∼11.5 eV is greatly suppressed and a peak
at ∼10 eV appears. This signature, as discussed in Fig. 4,
comes from the enhanced transition from the 11�g state to the
11�u state due to the one-photon resonance at around R = 3
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FIG. 6. (a) Nuclear kinetic energy release (KER) spectra with
tT = 150 fs following double ionization of N2 as a function of the
delay between the x-ray pump pulse and the infrared (IR) probe
pulse. (b) Averaged nuclear KER spectrum for the spectra with
delays between 0 and 60 fs. (c) Total yield for the fragmented N2

++

as a function of delay. The other optical parameters of the IR pulses
are identical to Fig. 3.

a.u. Thus, we are aware that it takes the nuclear wave packet
along the 11�g curve ∼17 fs to move from the Franck-Condon
region at around R = 2.1 a.u. to the internuclear positions
of R = 3 a.u. To verify this speculation, we show the evolu-
tion of the nuclear wave packets along the 11�u and 11�g

curves in Figs. 7(a) and 7(b) for a trajectory that dominates
the variations of the 11.5- and 10-eV peaks in the nuclear
KER spectrum at ∼17 fs in Fig. 6(a). The parameters for the
selected trajectory are as follows: t1 = 83 a.u., t2 = 99 a.u.,
and 11�g as the initial state in N2

++. It is clear that the nu-
clear wave packet first evolves along the 11�g curve to larger
internuclear distances, and then the delayed IR pulse comes
and induces a large dipole transition from the 11�g state to
the 11�u state at around R = 3 a.u., leaving the nuclear wave
packet eventually evolving along the 11�u curve.

In Fig. 6(a), we also notice that the peaks at ∼9 eV become
more pronounced, and the peaks at ∼7.5 eV become less
pronounced in the nuclear KER spectra for delays ∼17 fs.
The change of these peaks have the same origin as the similar
structure in Fig. 5. More importantly, this delay-dependent
structure manifests that it also takes ∼17 fs for the nuclear
wave packets in the 11�u state to move from the Franck-
Condon region to the one-photon resonance region at around
R = 3 a.u. One can similarly confirm this speculation by using
Figs. 7(c) and 7(d) to show the evolution of the nuclear wave
packets along the 11�u and 11�g curves for a selected dom-
inant trajectory with t1 = 83 a.u., t2 = 99 a.u., and 11�u as
the initial state in N2

++. We also present the total yield of the
fragmented N2

++ for delays between 0 and 60 fs in Fig. 6(c)
by integrating the individual spectra in Fig. 6(a) with all the
KER values. It is clear that the yield of fragmented N2

++
generally increases when the delay increases. This trend is
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FIG. 7. The evolution of the nuclear wave packets along the
(a) 11�u and (b) 11�g curves for the trajectory with selected pa-
rameters: t1 = 83 a.u., t2 = 99 a.u., and 11�g as the initial state in
N2

++; the evolution of the nuclear wave packets along the (c) 11�u

and (d) 11�g curves for the trajectory with selected parameters:
t1 = 83 a.u., t2 = 99 a.u., and 11�u as the initial state in N2

++. The
optical parameters for the infrared (IR) pulse are identical to Fig. 6
except that the pump-probe delay is ∼17 fs. The intensities of the
four nuclear wave packets are magnified by 40, 6.25, 6.25, and 71.4,
respectively.

consistent with the results in Refs. [32–34], where an decrease
of the yield of the unfragmented N2

++ for increasing delays
was reported. A further analysis of the time-resolved nuclear
KER spectra can help to uncover the other nuclear dynamics
involved.

V. CONCLUSIONS

In this paper, we investigate the ultrafast nuclear dynam-
ics following inner-shell photoionization of N2 in different
pulse settings by using the MCWP method. We have obtained
the nuclear KER spectra of N2

++ from the nondissociative
states that support sharp vibrational resonances by using two
spectral methods. We have discussed the origins of the peaks
in the spectrum of N2 interacting with a single x-ray pulse:
The peaks at ∼7.3 and 7.8 eV come from tunneling of the
barriers of the potential energy curves for the nondissociative
states of 11�u and 21	g

+; the peak at ∼8.2 eV comes from
over the barrier dissociation of the 21	+

g curve; and the peak
at ∼11.5 eV comes from direct dissociation along the 11�g

curve. In addition to N2 interacting with a single x-ray pulse,
we apply an x-ray-pump–IR-probe setup to study the influ-
ence of the optical parameters of the IR pulses on the nuclear
dynamics in N2

++. The IR pulses couple the states in N2
++ to-

gether and thus open the possibility of controlling the ultrafast
nuclear dynamics by adjusting the optical parameters of the
IR pulses. From the nuclear KER spectra for six selected IR
pulses, we see suppression of the signals peaking at ∼7.5 and
11.5 eV and an enhancement of the signals peaking at ∼9 and
10 eV for IR pulses with larger peak intensities or longer pulse
durations. We find that the enhanced transition between the
11�u and 11�g states near the one-photon resonance positions
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accounts for the suppression of the KER spectral signal peak-
ing at ∼11.5 eV (7.5 eV) and the enhancement of the signal
peaking at ∼10 eV (9 eV). Finally, we use the time-resolved
nuclear KER spectra to extract the nuclear dynamics involved.
We can see it takes ∼17 fs for the nuclear wave packets in the
11�g and 11�u states to move from the Franck-Condon region
to the internuclear distances at around R = 3 a.u.

The results obtained in this paper show that the two spectral
methods are useful in obtaining the nuclear KER spectrum
for molecular dications and can be applied to investigate the
nuclear dynamics involved in double ionization of other multi-
electron diatomic molecules.
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