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Third order effect of postionization population redistribution in strong field
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In strong field ionization, the pump pulse not only photoionizes the molecule, but also drives efficient
population exchanges between its ionic ground and excited states. In this study, we investigate the population
dynamics after strong field molecular photoionization, using angular distribution of dissociative fragments. Our
results reveal that the first and third order processes of the post-ionization population redistribution mechanism
(PPRM) in the ion can be disentangled and classified by its angle-resolved kinetic energy release (KER) spectra.
We demonstrate that the imprints of PPRM in the KER spectra can be used to determine the branching ratio of
the population exchange pathways of different orders, by exploiting the pump-intensity-dependent variation of
the spectra.
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I. INTRODUCTION

The photoionization and dissociation of molecules induced
by intense femtosecond laser pulse are fundamental physical
processes of light-matter interactions [1,2]. The dissociation
dynamics can be resolved in detail by delayed ultrashort probe
laser pulses for a series of delays between the pump and
probe laser pulses, where the pump pulse excites or ionizes
the molecule and initiates the dissociation [3–13]. The ion-
ization and dissociation of few-electron molecules, such as
H2, have been exhaustively studied [14–26], e.g., Ref. [27]
gives an excellent explanation on the intensity dependence of
photofragments angular distributions of H+

2 with barrier low-
ering (or bond softening) theory and nonadiabatic transition
theory, and Ref. [28] provides a complete quantum modeliza-
tion for angle-resolved kinetic energy release (KER) spectra
of photofragments resulting from intense field dissociation
with an assumption that transition dipole vector is parallel to
the molecular axis.

However, the post-ionization electronic dynamics of many-
electron molecules does not have a coherent and comprehen-
sive characterization of the underlying physical processes due
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to the complexity of the involved electronic states. For N+
2 or

O+
2 , which has heavier core and larger energy difference, the

coupling between the laser field and electronic states has more
significant effect as the dissociation progresses.

In addition to the often adopted sudden ionization ap-
proximation, after the leaving of ionized electron from the
molecular ion in a few hundreds of attoseconds [29–31], the
electronic configurations between the ionic states can still be
significantly modified within the duration of the ionization
pulse, because the laser couples all the relevant ionic states al-
lowed by symmetry. The ionization pulses with pulse duration
of about 10 fs can provide sufficient time for such laser-
driven population dynamics. The resulting post-ionization
population redistribution mechanism (PPRM) has proven to
be important in many scenarios and applications of strong
field physics [32–36]. As a prominent example, PPRM is
especially crucial for the realization of population inversion
in the N+

2 air laser system driven by intense near infrared
laser [37]. Quantitatively resolving the dynamics of PPRM is
thus indispensable to devise new control mechanisms in these
applications.

In this paper, we study the third order effect in post-
ionization population redistribution which can be disentan-
gled from the usual first order process using kinetic energy
release spectra as a function of the angle between the molecu-
lar alignment axis and the linear polarization of the ionization
pump pulse. We demonstrate that the pathways of population
redistribution can be classified by the orders of transitions in
the ionic states, and their branching ratios can be quantified
by measuring angle dependent KER spectra of dissociative
fragments of pre-aligned molecules at various pump inten-
sities. The proposed theory can serve as a new recipe to
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analyze post-ionization population dynamics of molecules in
strong laser field by means of angle-resolved dissociative
ionization, e.g., using cold-target recoil-ion-momentum spec-
troscopy (COLTRIMS).

II. THEORETICAL METHODS

A. Model for the kinetic energy release spectra

Kinetic energy release spectra are crucial for the analysis
of electronic dynamics and structural evolution of molecules
in dissociative ionization experiments [10,13,21,38]. Because
the tunneling ionization rate depends exponentially on the
strength of laser electric field, the ionization dominantly
occurs near the peak of the pump laser pulses. Supposing a lin-
early polarized ionization laser is used with polarization along
the space-fixed Z axis, and θ is the alignment angle between
the molecular z axis and the polarization of the ionization laser
pulse. In our model, the dissociation of the ionic diatomic
molecule is divided into two processes. First, ionization of a
neutral molecule by an ultrashort intense pump laser happens
mainly at the peak laser intensity and generates molecular
ions in different excited electronic states within the Franck
Condon approximation [33], and the θ -dependent angular dis-
tributions of ionic molecules are described by MO-PPT theory
[39], which correspond to the ionization rates Wν (θ ) into
electronic states ν. Second, after the generation of molecular
ions at peak laser intensity, the remaining half-falling pulse
triggers the electronic state transition and dissociation of the
molecular ions with alignment angle θ [37]. The dissociative
state transferred from initial state ν dissociates and generates
the kinetic energy spectra Dν (θ, ε) for the molecular ions,
where ε is the kinetic energy of the fragments. Thus, the total
KER spectra can be constructed incoherently from the two
processes described above as

IKER(θ, ε) =
∑

ν

Wν (θ )Dν (θ, ε). (1)

B. Alignment-angle dependent dissociation

To simulate the post-ionization population redistribution
and dissociation dynamics induced by the ionization laser
pulse, let us consider a diatomic molecular cation with align-
ment angle θ relative to the laser polarization axis, which is
produced by ionization at the peak of the laser pulse [33].
The electronic states |ν〉 and |λ〉 with potential energy curves
(PEC) Vν (r) and Vλ(r) are coupled by the strong field of
the laser pulse, when allowed by symmetry selection rules.
Denote the distance between two atoms in diatomic molecule
to be r, the Hamiltonian Ĥθ of the molecular ion for a given θ

can be written as

Ĥθ = T̂ + Ĥ ′
θ − iŴ , (2)

where T̂ is kinetic energy operator and Ŵ = η�(r − rc)(r −
rc)2 is the perturbed complex absorbing potential (CAP) [40].
�(r − rc) is step function, where rc is the position of the
flux plane and is chosen such that the potentials become con-
stant for r > rc. The potential and laser-molecule interaction

Hamiltonian Ĥ ′
θ could be written as

Ĥ ′
θ =

⎛
⎜⎜⎝

Vν Dνλ · · ·
D†

νλ Vλ · · ·
...

...
. . .

⎞
⎟⎟⎠, (3)

where ν, λ label electronic states, Dνλ=μνλE cos θ or
μνλE sin θ for allowed transitions with transition dipole mo-
ment μνλ being parallel or perpendicular to the molecular
axis, respectively, and E is electric field of the laser. The
symmetries of the coupled electronic states play the role to
determine the selection rules of the electronic transitions.
Because the molecular axis has an angle θ relative to the polar-
ization axis of the ionization laser, the nonzero perpendicular
and parallel components of the transition dipoles drive the
population transfer within the duration of the ionisation pulse.
We solve the time-dependent Schrödinger equation (TDSE)
of the nuclear wave packet, using the multiconfiguration time-
dependent Hartree (MCTDH) approach [40,41],

i
∂

∂t

⎛
⎜⎜⎝

	ν

	λ

...

⎞
⎟⎟⎠

θ

= Ĥθ

⎛
⎜⎜⎝

	ν

	λ

...

⎞
⎟⎟⎠

θ

, (4)

where 	ν is the nuclear wave functions in electronic eigen-
state |ν〉, and the atomic unit is used throughout the paper.
The efficient implementation of the MCTDH algorithm is
advantageous for the simulation involving various alignment
angles and ionization laser intensities. The flux analysis is able
to give the intensity of wave packet components of specific
kinetic energies, which go through the flux plane at r = rc.
The population of dissociated wave packet is given by the
S-matrix elements,

|Sν (εν )|2θ = d

dt
θ 〈φ+

ν |�(r − rc)|φ+
ν 〉θ , (5)

where φ+
ν denotes the asymptotic wave function of electronic

state |ν〉. And the corresponding S-matrix elements could be
calculated using CAP as [40,42]

|Sν (εν )|2θ = 1

|�(εν )|2
∫∫

dtdτ θ 〈	(t + τ )|Ŵ |	(t )〉θ
× exp(−iετ ), (6)

where the energy density function of the initial wave packet is

�(εν ) = 〈	(t = 0)|δ(Ĥ − ε)|	(t = 0)〉, (7)

and εν is the eigenenergy of continuum components of the
outgoing wave packet. The alignment-angle-dependent and
state-resolved kinetic energy release (KER) spectra of disso-
ciative ionization fragments could be thus obtained by Eq. (6)
for each electronic state |ν〉 as Dν (θ, ε) = |Sν (εν )|2θ , where
the asymptotic energy of each state εas

ν is subtracted, i.e.,
ε = εν − εas

ν .

C. Alignment-angle dependent ionization

Alignment-angle dependent tunneling ionization rates
Wν (θ ) from neutral to cationic state |ν〉 is modelled with the
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(a) (b) (c)

(d) (e) (f)

FIG. 1. Rate of tunneling ionization from N2 to N+
2 as a function of the alignment angle θ between the molecular axis and the laser

polarization at peak laser intensities of 1.0 × 1014 W/cm2 (a)–(c) and 2.2 × 1014 W/cm2 (d)–(f). Black solid line, red dashed line, and blue
point dashed line denote the ionization rates to the final states X 2�+

g , A2�u, and B2�+
u of N+

2 cation.

MO-PPT theory [39,43], which is written as

Wν,MO−PPT(E , ω, θ )

=
(

3E

πκ3

)1/2 ∑
m′

B2(m′)
2|m′||m′|!

Am′ (ω, γ )

κ2Zc/κ−1
(1 + γ 2)|m

′ |/2+3/4

×
(

2κ3

E

)2Zc/κ−|m′|−1

(1 + 2e−1γ )−2Zc/κe[−(2κ3/3E )g(γ )],

(8)

where E is the electric field strength, κ = √
2Ip, Ip is the

ionization potential of given molecular orbital, θ is the angle
between molecular axis and laser polarization axis, and γ =
ω
√

2Ip

E is the Keldysh parameter. Here, ω and Zc are the laser
wave vector and the asymptotic charge seen by the electron.
In this equation g(γ ) can be written as

g(γ ) = 3

2γ

[(
1 + 1

2γ 2

)
sinh−1 γ −

√
1 + γ 2

2γ

]
, (9)

and the coefficient Am′ (ω, γ ) can be written as

Am(ω, γ ) = 4√
3π

1

|m|!
γ 2

1 + γ 2

×
∞∑

κ�ν

e−α(γ )(κ−ξ )wm(
√

β(γ )(κ − ξ )), (10)

where

wm(x) = x2|m|+1

2

∫ 1

0

e−x2t t |m|
√

1 − t
dt,

α(γ ) = 2

(
sinh−1 γ − γ√

1 + γ 2

)
,

β(γ ) = 2γ√
1 + γ 2

, ξ = Ip

ω

(
1 + 1

2γ 2

)
,

κ =
〈E0

ω
+ 1

〉
+ S, (S = 0, 1, . . .). (11)

FIG. 2. Normalized distribution of total ionization rate to final
states X 2�+

g , A2�u, and B2�+
u of N+

2 as a function of alignment
angle between molecular axis and laser polarization for different
peak laser intensities.
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FIG. 3. The potential energy curves of electronic states of N+
2 .

Red solid line is for the cationic ground state X 2�+
g , and green solid

line is for the dissociative state 2�u.

The symbol 〈〉 indicates the integer part of the value inside.
And for linear molecule,

B(m′) =
∑

l

ClmDl
m′,m(θ )Q(l, m′), (12)

where

Q(l, m′) = (−1)(m′+|m′ |)/2

√
(2l + 1)(l + |m′|)!

2(l − |m′|)! , (13)

Dl
m′,m(θ ) is rotation matrix, and Clm are the coefficients of

molecular orbital given in [30,31].

III. RESULTS AND DISCUSSION

In this section, we present the simulation of dissociative
ionization of laser aligned N2 and O2 molecules, and the
analysis of the post-ionization population dynamics of the
molecular ions induced via PPRM by the ionization pulse. For
all numerical applications discussed in this paper, we consider
laser pulse with a fixed wavelength of 800 nm and a FWHM of
40 fs. The center of the pulse is chosen to be at t = 0 fs, where
ionization mainly occurs [37]. The population redistribution
and dissociation dynamics takes place in the falling edge of
the laser pulse [33].

Via ab initio quantum chemistry calculations by the MOL-
PRO package [44], we constructed accurate PECs of nitrogen
molecule that consist of the three low-lying electronic states
directly accessible by ionization (X 2�+

g , A2�u, and B2�+
u ),

the dissociated state 2�u, and intermediate states B2�+
u ,

C2�+
u , D2�g, and 2�g of N+

2 , and the ground state X 1�+
g of

N2 [45,46]. For the oxygen molecule, we calculated the PECs
for the low-lying electronic state a4�u, dissociated state f 4�g

and intermediate states b4�−
g , c4�+

u , 4�−
u , 4�+

u , f 4�g, and
4�+

g of O+
2 , and the ground state 3�−

g of neutral O2. Specif-
ically, Dunning’s aug-cc-pVTZ basis, active space including
14 valence orbitals of N atoms and O atoms were employed
in the complete active space self-consistent-field (CASSCF)
calculations. The calculated PECs are presented in Fig. 3 for
N2 and N+

2 and Fig. 7 for O2 and O+
2 .

A. Ionization and dissociation of N+
2 cation

Using the MO-PPT theory [39,43], we calculated the rate
of tunneling ionization from neutral N2 to N+

2 cation as a
function of alignment angle θ between molecular axis and
laser polarization for two representative ionization laser peak
intensities I0 (1.0 and 2.2 × 1014 W/cm2). In the calculation
of MO-PPT, S is cut off at 35 to ensure the conversion of

(a) (b) (c)

(d) (e) (f)

FIG. 4. Alignment-angle-integrated energy distribution (upper panel) and energy-integrated alignment angle dependence (lower panel) of
normalized dissociation yields D(θ, ε) of N + N+ fragments. From left to right columns, the peak intensity of laser is 2.2 × 1014 W/cm2,
1.0 × 1014 W/cm2, and 0.5 × 1014 W/cm2, respectively.
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FIG. 5. The temporal population evolution of 2�u and intermediate states B2�+
u ,C2�+

u , D2�g, 2�g of N+
2 at peak laser intensities of

2.2 × 1014 W/cm2, 1.0 × 1014 W/cm2, and 0.5 × 1014 W/cm2, respectively, and at alignment angle θ = 60 degrees.

ionization rate. And the alignment-angle-dependent ionization
rate is shown in Fig. 1. The ionization rate of the final state
X 2�+

g and B2�+
u maximizes when molecular axis is parallel

to laser polarization and minimizes when perpendicular, while
ionization rate of final state A2�u maximizes at perpendicular
alignment and minimizes at parallel alignment [31].

As shown in Fig. 2, the angular dependence of the ion-
ization rate under different laser intensities by summing over
states X 2�+

g , A2�u, and B2�+
u shows that the intensity does

not affect the total angular distribution of ionization rate, and
after the ionization the X 2�+

g state is mostly populated.
Because of fast decoherence induced by the outgoing pho-

toelectron in the sub-fs time scale [29], the coherence between
the X 2�+

g , A2�u, and B2�+
u states are neglected in our model.

And for the dissociation dynamics, the contribution from
initial states A2�u and B2�+

u is negligible. Because from
the MO-PPT calculation, even for the peak field intensity of
2.2 × 1014 W/cm2, ionization rate from neutral N2 to cationic
X 2�+

g state is two orders of magnitude higher than that to
A2�u and B2�+

u .
For the N+

2 cation, X 2�+
g , A2�u, B2�+

u , D2�g, 2�g are
bound states and 2�u is a dissociative state, which is crossed
by another state 2�u at r = 2.64 a.u. (see Fig. 3). The
predissociative C2�+

u state shows long lifetime of several
nanoseconds [47], and its contribution to the KER spectra is
negligibly small comparing to the direct dissociation channel
in 2�u state, as confirmed by the MCTDH simulation. The

TABLE I. The first and third order pathways from X 2�+
g to 2�u

and the dependence of transition amplitude on electric field strength
and alignment angle. μ⊥ denotes transition dipole along the direction
perpendicular to the molecular axis and μ‖ denotes transition dipole
along the parallel direction.

Channel (θ, E )-dependence

2�u
μ⊥←− X 2�+

g E sin θ

2�u

μ‖←− D2�g
μ⊥←− B2�+

u

μ‖←− X 2�+
g E 3 cos2 θ sin θ

2�u

μ‖←− 2�g
μ⊥←− B2�+

u

μ‖←− X 2�+
g E 3 cos2 θ sin θ

2�u

μ‖←− D2�g
μ⊥←− C2�+

u

μ‖←− X 2�+
g E 3 cos2 θ sin θ

2�u

μ‖←− 2�g
μ⊥←− C2�+

u

μ‖←− X 2�+
g E 3 cos2 θ sin θ

time-dependent wave functions in Eq. (4) are obtained by us-
ing the multiconfiguration time-dependent Hartree (MCTDH)
method [40,41]. η = 0.03 a.u. and r0 = 10 a.u are used for
CAP to calculate the photodissociation by flux analysis [42].
512 sine-DVR basis functions are used for the r grid [48]. In
the simulation we include all the possible alignment angles
of the molecular axis relative to the linear polarization of the
ionization laser.

In the following sections, we investigate angle-resolved
ionization rate of nitrogen molecule and the angle-resolved
KER spectra D(θ, ε) of dissociated fragments, as well
as their dependence on peak intensity of the ionization
pulse, and they together provide the route towards disen-
tangling the different pathways of population redistribution.
In Fig. 4, we present the alignment-angle-integrated disso-
ciation D(θ, ε) spectra for peak laser intensities of 2.2 ×
1014 W/cm2, 1.0 × 1014 W/cm2, and 0.5 × 1014 W/cm2,
respectively.

As demonstrated in Eq. (1), the final KER intensity de-
pends on both the ionization rate and dissociation rate. In our
MCTDH calculation from equally populated initial condition,
the ratio of dissociation yields between X 2�+

g , A2�u, and
B2�+

u states is 764 : 75 : 221, which are of similar magni-
tude. However, multiplying the branching ratio of tunneling
ionization, the ratio of dissociation yields from initial state
X 2�+

g , A2�u, B2�+
u is approximately 1 : 4.3 × 10−2 : 8.6 ×

10−2, respectively. For N+
2 and O+

2 [31] cations considered

FIG. 6. The angular dependence of dissociation yields of N +
N+ when only first order pathway between X 2�+

g and 2�u states
exists at various peak laser intensities.
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FIG. 7. The potential energy curves of electronic states of O+
2

cation. The orange solid line is for the initial excited state a4�u, and
the purple solid line is for the final dissociative state f 4�g.

in this work, the single initial state approximation can be
a reasonable assumption. In the case that multiple initial
states must be taken into account, one has to get the state-
resolved dissociation yields from Eq. (1), incorporating the
calculated ionization rate Wν to different initial state. The
energy-integrated and alignment-angle-resolved yields reveal
that D(θ, ε) maximizes at θ = π/2 and minimizes at θ = 0
and π . At t = 0 the molecular nitrogen ions are generated
from neutral nitrogen molecules and populate the low-lying

excited states. The population redistribution starts to occur
due to the coupling induced by the remaining laser field. As
shown in Fig. 5, from 0 to 5 fs most population in N+

2 (X 2�+
g )

state is transferred to N+
2 (A2�u) state, and the population

in the N+
2 (A2�u) state is greatly enhanced, forming popu-

lation inversion relative to the cationic ground state X 2�+
g .

Meanwhile, certain amount of population is transferred to the
dissociative N+

2 (2�u) state. The symmetry selection rule per-
mits first order coupling between N+

2 (X 2�+
g ) and N+

2 (2�u). In
the period between 5 and 10 fs, the population of N+

2 (X 2�+
g )

is transferred mainly through the intermediate states, B2�+
u ,

C2�+
u , D2�g and 2�g, to the dissociative states via the third

order pathways as listed in Table I. Oscillatory population
exchange between the X 2�+

g and A2�u states is originated
from Rabi cycles in the laser field. Since the transition dipole
moments between X 2�+

g and 2�u, B2�+
u and D2�g, B2�+

u

and 2�g, C2�+
u and D2�g, C2�+

u and 2�g are perpendicu-
lar to the molecular axis, the projection of the electric field
on the molecular axis amounts to an effective field strength
Eeff⊥ = E0 sin θ , where E0 ∝ √

I0 is the peak field strength of
the ionization pulse. The transition-dipole moment between
X 2�+

g and B2�+
u , X 2�+

g and C2�+
u , D2�g and 2�u, 2�g

and 2�u is parallel to the molecular axis, and the projec-
tion of the electric field on the molecular axis amounts to
an effective field strength Eeff‖ = E0 cos θ . Thus the angular
dependence of the third order transitions in Eeff⊥ and in Eeff‖
translates into a spectrum structure for θ between 0 and π .
The analysis above suggests that the intensity dependence of
alignment-angle-resolved yields contains information about
the population dynamics and can be used to quantitatively
analyze the pathways of PPRM.

After ∼50 fs, the population reaches equilibrium because
the laser coupling disappears. The simulation shows that the

(a) (b) (c)

(d) (e) (f)

FIG. 8. Kinetic energy and alignment angle dependence of O+
2 dissociation induced by strong field ionization. The upper panels (a)–(c) are

alignment angle-integrated energy distributions. The lower panel (d)–(f) are energy-integrated angular distributions. From left to right columns,
the intensity of laser is 2.2 × 1014 W/cm2, 1.0 × 1014 W/cm2, and 0.5 × 1014 W/cm2, respectively.
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FIG. 9. Temporal population evolution of a4�u, b4�−
g , c4�+

u , 4�−
u , 4�+

u , f 4�g, and 4�+
g states of O+

2 cation under different ionization
laser intensity at alignment angle θ = 60 degrees. From left to right, the peak laser intensity is 2.2 × 1014 W/cm2, 1.0 × 1014 W/cm2, and
0.5 × 1014 W/cm2, respectively.

N+
2 dissociation is dominated by the 2�u state, and the wave

packet reaches the flux plane at ∼70 fs. The 2�u state also
provides minor contribution to dissociation, which does not
exceed 10% at highest pulse intensity in our study.

Next we examine the interpretation of alignment-angle-
resolved yields based on PPRM for various ionization pulse
intensities. As shown in Figs. 4(d)–4(f), the alignment angle-
resolved yields exhibit apparent broadening as the peak
intensity of ionization pulse increases.

It should be noted that although there is direct coupling
between the N+

2 (X 2�+
g ) and dissociative 2�u states, the par-

ticipation of the intermediate states N+
2 (B2�+

u , C2�+
u , D2�g,

and 2�g) is indispensable for generating the observed inten-
sity dependent angular distribution at the non-perpendicular
angle. As evidenced by Fig. 6, if we remove the coupling
between N+

2 (X 2�+
g ) and intermediate states (B2�+

u , C2�+
u ,

D2�g, and 2�g), dissociated states 2�u and those intermediate
states, the dissociation will dominantly take place for θ = π/2
and exhibit almost no intensity dependence.

B. Ionization and dissociation of O+
2 cation

Similarly, the potential energy curves of neutral and
cationic oxygen molecule are shown in Fig. 7 [49,50], and
a4�u state is dominantly populated when O2 is ionized via
strong field tunneling mechanism [8,31]. In Fig. 8, we present
the normalized alignment-angle-integrated yields for ioniza-
tion pulse with peak intensities of 2.2 × 1014 W/cm2, 1.0 ×
1014 W/cm2, and 0.5 × 1014 W/cm2, respectively. The peak
at ∼0.17 eV is solely contributed from dissociation in f 4�g

state, which is excited from a4�u (see Fig. 7). Moreover, the
kinetic-energy-integrated angle-resolved yields are presented
in Fig. 8. The laser intensity dependent angular distribution of
dissociation yields of O+

2 can be similarly explained with the
different pathways of PPRM. The O+

2 dissociation dominantly
takes place on the f 4�g state, when the initial wave packet is
launched in the a4�u state by strong field ionization [8].

In the MCTDH simulation, we assume that the cation
is generated from neutral oxygen molecules at t = 0 and
dominantly populates the excited state O+

2 (a4�u). During
the time period between 0 and 15 fs, most population in
O+

2 (a4�u) state is transferred to O+
2 (b4�−

g ) stateas shown

in Fig. 9, and Rabi cycles exist between a4�u and b4�−
g

states. In the period between 15 and 50 fs, the population of
O+

2 (a4�u) is transferred to the dissociative state O+
2 ( f 4�g)

via first order laser-induced coupling and via intermediate
states b4�−

g , c4�+
u , 4�−

u , 4�+
u , and 4�+

g due to the third-
order laser-induced coupling, as listed in Table II. Since the
transition-dipole moments between a4�u and 4�+

g , a4�u and
b4�−

g , 4�+
u and f 4�g, c4�+

u and f 4�g, 4�−
u and f 4�g are

perpendicular to the molecular axis, the projection of the
electric field on the molecular axis amounts to an effective
field strength Eeff⊥ = E0 sin θ . The transition dipole moments
between a4�u and f 4�g, 4�+

g and 4�+
u , 4�+

g and c4�+
u ,

b4�−
g and 4�−

u are parallel to the molecular axis, and the pro-
jection of the electric field on the molecular axis amounts to
an effective field strength Eeff‖ = E0 cos θ . The θ dependence
of the third order transition in Eeff⊥ and in Eeff‖ translates
into variation of angular distribution of fragments between
θ = 0 and π . This fact suggests that the angular distribution of
alignment-angle-resolved yields contains information about
the pathways to reach the dissociative final states, and from
which we could classify the pathways of population transfer
by their orders. For time after 50 fs, the population of mainly
populated dissociative state f 4�g slowly decreases as the
wave packet reaches the flux plane, and in the calculation, the
f 4�g state contributes to over 97% of the total dissociation
yield.

We then examine the PPRM interpretation in alignment-
angle-resolved yields for weaker pulse intensities. For this
purpose, we show angle-integrated and energy-integrated

TABLE II. The first and third order pathways for population
transfer in O+

2 cation, and their dependence on alignment angle and
electronic field strength.

Channel (θ, E )-dependence

f 4�g

μ‖←− a4�u E cos θ

f 4�g
μ⊥←− 4�+

u

μ‖←− 4�+
g

μ⊥←− a4�u E 3 cos θ sin2 θ

f 4�g
μ⊥←− c4�+

u

μ‖←− 4�+
g

μ⊥←− a4�u E 3 cos θ sin2 θ

f 4�g
μ⊥←− 4�−

u

μ‖←− b4�−
g

μ⊥←− a4�u E 3 cos θ sin2 θ
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FIG. 10. The alignment angle dependence of dissociation yields
of O + O+ under various laser intensities, assuming that only first
order pathway is present. Black solid line, red dashed line and blue
dot dashed line denote the distributions at peak laser intensities of
2.2 × 1014 W/cm2, of 1.0 × 1014 W/cm2, and of 0.5 × 1014 W/cm2,
respectively.

yields for pulse peak intensities of 2.2 × 1014 W/cm2,
1.0 × 1014 W/cm2, and 0.5 × 1014 W/cm2 in Fig. 8, respec-
tively. The calculated angle-resolved yields exhibit intensity-
dependent angular distribution. As the peak intensity of
ionization laser increases, the amplitudes of third order pro-
cesses become stronger than that at 0.5 × 1014 W/cm2, and
the oscillatory behavior is smeared out in D(θ, ε), as the
transitions to intermediate O+

2 states b4�−
g , c4�+

u , 4�−
u , 4�+

u

and 4�+
g apparently interfere. As evidenced by Fig. 10, if we

remove the coupling between O+
2 (a4�u, f 4�g) and intermedi-

ate states (b4�−
g , c4�+

u , 4�−
u , 4�+

u , and 4�+
g ), the dissociation

will dominantly take place in parallel alignment, and the oscil-
latory to smooth transition in the alignment-angle-dependent
yield will not occur.

IV. BRANCHING RATIO OF PPRM PATHWAYS

Using symmetry selection rules listed in Table I and
Table II, the transitions from cationic ground states to fi-
nal dissociative states involve only odd order processes.
Since the highest laser intensity in our investigation is 2.2 ×
1014 W/cm2, which corresponds to the field strength of 0.079
a.u., processes higher than third order are neglected. As shown
in Fig. 11, the model consisting of first and third order tran-
sitions excellently reproduces the variation of dissociation
yields as a function of ionization laser intensity for both
N+

2 and O+
2 cation. In the model, we fit the alignment-

angle-dependent dissociation yields for N+
2 and O+

2 using the
following equations:

DN+
2

(θ ) = A2
0M sin2 θ + B2

2M sin2 θ cos4 θ

+ 2A0MB2MC sin2 θ cos2 θ,

DO+
2

(θ ) = A2
0M cos2 θ + B2

2M cos2 θ sin4 θ

+ 2A0MB2MC sin2 θ cos2 θ, (14)

where A0M , B2M are transition amplitudes of first and third
order transitions with 0 and 2 intermediate states, respectively.
C = cos φ represents the effective phase difference φ between
two types of channels. For N+

2 cation, though transitions from
initial X 2�+

g state to the final 2�u state could also provide
minor dissociation yield (<0.1 under highest laser intensity),
it has the same alignment angle-dependence as the transitions
between X 2�+

g and 2�u states, i.e., the amplitudes are pro-
portional to E sin θ for first order transition and proportional
to E3 cos2 θ sin θ for third order transitions.

The branching ratio of first and third order channels for
N+

2 and O+
2 is shown in Table III and Table IV, respec-

tively. As expected, the branching ratio of third order
channels greatly increases at higher laser intensities, which

(a) (b) (c)

(d) (e) (f)

FIG. 11. The upper panel shows the comparison of N+
2 dissociation yields between MCTDH simulation and the model in Eq. (14) for peak

laser intensities 2.2 × 1014 W/cm2, 1.0 × 1014 W/cm2, and 0.5 × 1014 W/cm2, respectively. The lower panel shows the comparison of O+
2

dissociation for the same set of intensities. Solid and dashed lines indicate the results of MCTDH simulation and the model, respectively.
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TABLE III. The branching ratio of first and third order pathways
of N+

2 under three ionization laser intensities.

Branching ratio

Peak laser intensity (1014 W/cm2)
A2

0M
A2

0M+B2
2M

B2
2M

A2
0M+B2

2M

2.2 0.880 0.120
1.0 0.990 0.010
0.5 1.000 0.000

indicates that PPRM affects the dissociation process by multi-
level transitions involving participation of intermediate states.
Because the non-Born-Oppenheimer radial coupling between
the electronic states are not taken into account, the dissociative
states could not receive transferred population after the laser
pulse, and the total dissociation ratio could be underestimated.
However, the nonadiabatic radial coupling does not depend
on the alignment angle and its contribution will not affect
the analysis of dissociative ionization pathways. Note that
the rotational-coupling is generally much smaller than the
radial-coupling and can be safely ignored.

V. CONCLUSION

We have performed theoretical investigations for the
post-ionization population redistribution and dissociation dy-
namics of N2 and O2 molecules with intense short ionization
laser pulse. We calculated the alignment-angle-resolved ki-
netic energy release spectra of the dissociated fragments and
the variation as a function of ionization laser intensity, from
which the branching ratio of first and third order population
transfer processes can be determined. Our method can be
conveniently applied in analysis of realistic experiments of

TABLE IV. The branching ratio of first and third order pathways
of O+

2 under three ionization laser intensities.

Branching ratio

Peak laser intensity (1014 W/cm2)
A2

0M
A2

0M+B2
2M

B2
2M

A2
0M+B2

2M

2.2 0.100 0.900
1.0 0.174 0.826
0.5 0.442 0.558

strong field dissociative ionization of molecules, and more
generally, in analyzing ultrafast population dynamics induced
by laser-molecule interaction. Though we have not addressed
the population transfer pathways to the final bound states of
the monocations in direct dissociative ionization process, our
method can be generalized to analyze the pathways to these
bound states as well following the same principle, e.g., by
introducing an ionization pulse that excites a final bound state
to a dissociative or predissociative state [51]. We could apply
the analysis in this work to the resulting dissociation yields.
Theoretical schemes to fully disentangle individual popula-
tion transfer pathways in systems consisting of multiple initial
and final states are being pursued.
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