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Electron localization in the dissociation of the symmetric linear molecular ion H2+
3 is investigated. The numerical

simulation shows that the electron localization distribution is dependent on the central frequency and peak electric field
amplitude of the external ultrashort ultraviolet laser pulse. When the electrons of the ground state are excited onto the
2pσ2Σ+

u by a one-photon process, most electrons of the dissociation states are localized at the protons on both sides
symmetrically. Almost no electron is stabilized at the middle proton due to the odd symmetry of the wave function. With
the increase of the frequency of the external ultraviolet laser pulse, the electron localization ratio of the middle proton
increases, for more electrons of the ground state are excited onto the higher 3pσ2Σ+

u state. 50.9% electrons of all the
dissociation events can be captured by the middle Coulomb potential well through optimizing the central frequency and
peak electric field amplitude of the ultraviolet laser pulse. Besides, a direct current (DC) electric field can be utilized to
control the electron motions of the dissociation states after the excitation of an ultraviolet laser pulse, and 68.8% electrons
of the dissociation states can be controlled into the middle proton.
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1. Introduction
Coherent controls of electrons and fragments in chemical

reactions and photoelectron processes have attracted a great
deal of interest. One of the main goals is to find a way to
selectively break and form molecular bonds in photochemical
reactions.[1–3] For searching for the underlying mechanism in
realizing electron localization control in the dissociation pro-
cess, several solution routes have been proposed, which in-
clude the mixture of the 1sσg and 2pσu states,[4] the interfer-
ence between the 2pσu and 3sσg states,[5] the superposition of
the 2pπg and 2pπu states,[6] etc. In addition, the other quantum
coupled equations[7–9] or laser-induced Stark shift effect[10–12]

have also been used to reveal the dissociation control mecha-
nism.

As is well known, the linear molecule in H2+
3 does not

exist in the field-free case. However, the one-electron linear
H2+

3 can be stabilized at high intensities and frequencies due to
high nonlinear electron-field interaction.[13] The linear molec-
ular ion H2+

3 can also exist in a strong magnetic field, and the
direction of the molecular axis is parallel to the direction of
the magnetic field.[14] Furthermore, the collision between H+

and H+
2 or the dissociative ionization of H+

3 can obtain H2+
3

too.[15]

Compared with the simplest double-well molecular ion
H+

2 and its isotopes, the linear molecular ion H2+
3 includes

three nuclei along the molecular axis. The main goal of this

paper is to enhance the electron localization ratio of the dis-
sociation states of the middle proton. The simulation results
show that the electron localization ratio of the middle proton is
dependent on the central frequency and peak electric field am-
plitude of the external linearly polarized ultrashort ultraviolet
(UV) laser pulse. When the central frequency of the UV laser
pulse is 0.2 a.u., about 31.8% electrons of the ground 1sσ2Σ+

g

state are excited into the exciting 2pσ2Σ+
u state through a one-

photon process. There exists a symmetric electron localization
distribution, as a result of the symmetric distribution of the
Coulomb potential wells of the linear molecular ion H2+

3 . The
most electrons of the dissociation states are stabilized at the
protons on both sides, and almost no electron is localized at the
middle proton due to the odd symmetry of the wave function of
the 2pσ2Σ+

u state. With the increase of the central frequency of
the UV laser pulse, more electrons of the ground state are ex-
cited onto the higher 3pσ2Σ+

u state by a three-photon process.
The electron localization ratio of the dissociation states of the
middle proton increases from 0.3% to 50.9%, by optimizing
the central frequency and peak electric field amplitude of the
external UV laser pulse. Besides, a direct current (DC) electric
field can be used to steer the electron motion after the excita-
tion of a UV laser pulse. The symmetric electron localization
distribution is broken seriously, as a result of the dressing ef-
fect of the DC electric field. The electrons of the dissociation
states of the dressed-down potential well move in the direction
opposite to the dc electric field force, and are captured by the
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middle potential well. 68.8% electrons of all the dissociation
states can be steered onto the middle proton with the variation
of the amplitude of the DC electric field.

2. Simulation model
A reduced-dimensional model for the symmetric linear

H2+
3 molecular ion is utilized in the calculation. The molecular

axis is assumed to be parallel to the polarization direction of
the UV laser field. The middle proton P1 is set to be in the cen-
ter of the coordinate system. The inter-nuclear distances from
P3 and P2 to P1 are R1 = R2 = R/2. In other words, the UV
laser pulse is assumed to have no effect on the motions of the
protons. Here P2 and P3 are the protons located on each side of
P1. The R is the relative inter-nuclear distance between P2 and
P3, and more details can be found in Fig. 1. Then we can adopt
the one-dimensional non-Born–Oppenheimer time-dependent
Schrödinger equation (TDSE) to conduct the simulation. The
corresponding TDSE can be written as (e = h̄ = 1.0 in atomic
unit (a.u.), which are used throughout the paper unless other-
wise stated)[16–18]

i
∂

∂ t
ϕ(R,z; t) = [T (R,z)+V0(R,z)+W (z, t)]ϕ(R,z; t), (1)

where T (R,z) is the field-free Hamiltonian of the system,
V0(R,z) refers to the soft-core Coulomb interaction, W (z, t)
indicates the interaction of the particle with the external laser
pulse and z represents the electronic coordinate with respect to
the center of the coordinate system.

R

R2/R/ R1/R/

P1 P3P2 z/R↼↪ ↽ e

Fig. 1. Geometrical setting for the symmetric linear H2+
3 molecular ion

along the z axis. The middle proton P1 is stabilized in the center of
the coordinates. The inter-nuclear distances from P3 and P2 to P1 are
R1 = R2 = R/2, where R is the relative inter-nuclear distance between
the protons of P2 and P3.

For our model, the kinetic energy in Eq. (1) reads

T (R,z) =− 1
mp

∂ 2

∂R2 −
(

2mp +me

4mpme

)
∂ 2

∂ z2 , (2)

then the Coulomb potential of the system can be expressed
as[19]

V0(R,z) = − 1√
(z+R/2)2 +α

− 1√
(z−R/2)2 +α

− 1√
z2 +α

+
3√

R2 +β
. (3)

Here me and mp are the electron mass and proton mass (me =

1.0, mp = 1837.0), respectively. The soft-core parameters here
are α = 1.0, and β = 0.03.

The interaction of the system with the external laser field
can be described as

W (z, t) =
(

1+
me

2mp +me

)
zEUV(t). (4)

Here EUV(t) refers to the electric component of the UV laser
field.

The time dependent electric field component of the UV
pulse is defined as EUV = E0 sin(πt/T )2 sin(ωt). Here E0 is
the peak electric field amplitude in atomic units, T is the pulse
duration, and ω is the central frequency of the UV pulse. The
three dissociation channels (see Fig. 2), i.e., the electron local-
ization probabilities of the left, middle, and right protons are
defined, respectively, as

PL =
∫ Rmax

7.2
dR
∫ −(R−7.2)/4.0

−(R+7.3)/1.45
dz |ϕ(R,z; tend)|2,

PM =
∫ Rmax

7.2
dR
∫ (R−7.2)/4.0

−(R−7.2)/4.0
dz |ϕ(R,z; tend)|2,

PR =
∫ Rmax

7.2
dR
∫ (R+7.3)/1.45

(R−7.2)/4.0
dz |ϕ(R,z; tend)|2. (5)

Here Rmax corresponds to the boundary range of the R axis,
and ϕ(R,z; tend) is the final wave function of the system. In
the simulation, tend is taken as 92.6 fs after the on-set of the
UV pulse, when the probabilities with which the electron are
localized, respectively, on the three protons (left PL, middle
PM, and right PR), are all stable. The electron localization ra-
tios of the dissociation states of these three protons are set to
be LL/M/R = PL/M/R/(PL +PM +PR), respectively.

z/a.u.

R
/
a
.u

.

7.2 a.u. 20 a.u.

PL PR

PM

I

II III

IV

Fig. 2. Configuration space regions associated with different dissocia-
tion channels. The four dotted curves marked with I, II, III, and IV can
be expressed as R = −1.45z− 7.3, R = −4z+ 7.2, R = 4z+ 7.2, and
R = 1.45z−7.3, respectively.

3. Simulation results and discussion
In the simulation, a UV pulse with an intensity of 1.3×

1014 W/cm2 and a pulse duration of 10.6 fs is used to excite the
electron wave packet onto the dissociative states. Figure 3(a)
shows the plots of electron localization probabilities PL/M/R

versus central frequency ω of the UV laser pulse for differ-
ent localization ratios LL/M/R of the three protons. From this
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figure one can find that there exists a symmetric electron lo-
calization distribution with PL = PR due to the symmetric dis-
tribution of the Coulomb potential well of the linear molecular
ion H2+

3 . The electron localization probabilities and localiza-
tion ratios of these three protons are all dependent on ω . When
the central frequency is ω = 0.2 a.u., the central wavelength
of the UV laser pulse is 228 nm. The electron localization
probabilities of these three protons are PL = PR = 0.1584, and
PM = 0.00095, respectively. Most electrons of the dissociation
states are stabilized at the protons on both sides as shown in
Fig. 4(a). When the central frequency of the UV laser pulse is
0.2 a.u., about 31.8% electrons of the ground 1sσ2Σ+

g state are
excited onto the exciting 2pσ2Σ+

u state through a one-photon
process, see Fig. 3(b).[20] For the electrons of the 2pσ2Σ+

u

state, most of them are stabilized at the protons on both sides,
and almost no electron is localized at the middle proton due
to the odd symmetry of the wave function, which can be seen
from Fig. 4(c). At the end of the simulation, the electron local-
ization ratios of the dissociation states of these three protons
are LL = LR = 0.4985, and LM = 0.003, respectively. Only
0.3% electrons of the dissociation states are localized at the
middle proton.
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Fig. 3. (color online) (a) Variations of electron localization probabilities
PL/M/R with central frequency ω of the UV laser pulse for different lo-
calization ratios LL/M/R = PL/M/R/(PL +PM +PR) of the three protons,
where the UV laser pulse intensity is 1.3×1014 W/cm2. (b) Variations
of lowest four electronic energy levels of field-free linear symmetric
molecular ion H2+

3 with R.

With the increase of ω , more electrons of the dissocia-
tion states are captured by the middle proton. For example,

when the central frequency is ω = 0.292 a.u., the electron lo-
calization probabilities of these three protons are PL = PR =

0.1458, and PM = 0.2603, respectively, which can be seen
from Fig. 4(b). The 47.2% electrons of the dissociation states
are stabilized at the middle proton at the end of the simula-
tion. When the central frequency of the UV laser pulse is
ω = 0.292 a.u., some electrons of the ground state 1sσ2Σ+

g

state are excited onto the higher 3pσ2Σ+
u state through a three-

photon process (see Fig. 3(b)). Electrons of the 3pσ2Σ+
u state

can be captured by the middle proton, because the wave func-
tion includes two peaks near z = 0.0a.u. as shown in Fig. 4(d).

When the central frequency of the UV laser pulse is
ω > 0.292 a.u., the electron localization ratio of the middle
proton decreases due to the decrease of the electron localiza-
tion probability of the 3pσ2Σ+

u state.
From Figs. 4(a) and 44(b) one can find that the elec-

tron localization starts from about R = 7.2 a.u. Thus we use
R≥ 7.2 a.u. in the definition of PL/M/R, see Eq. (5).

Figure 5 depicts the plots of electron localization proba-
bilities PL/M/R versus peak electric field amplitude E0 of the
UV laser pulse for different localization ratios LL/M/R of the
three protons. The central frequency of the UV laser pulse is
0.292 a.u.. When E0 is low, most electrons of the dissociation
states are localized at the protons on both sides. For exam-
ple, when the peak electric field amplitude of the UV laser
pulse is E0 = 0.007 a.u., PL = PR = 0.198, and PM = 0.0036.
The electron localization ratios of the left and right protons
are LL = LR = 0.4955, only 0.9% electrons of the dissocia-
tion states are stabilized at the middle proton which is because
when the peak intensity of the UV pulse is low, the one-photon
process is dominant. The electrons of the ground state can be
excited only onto the exciting 2pσ2Σ+

u state through a one-
photon process. For the electrons of the 2pσ2Σ+

u state, most
of them are stabilized at the protons on both sides, and almost
no electron is localized at the middle proton due to the odd
symmetry of the wave function. With the increase of E0, more
electrons are localized at the middle proton, which is because
when the central frequency of the UV laser pulse is 0.292 a.u.,
the electrons of the ground state can be excited onto the higher
3pσ2Σ+

u state through a three-photon process. The electrons of
the 3pσ2Σ+

u state can be captured by the middle potential well.
The excitation ratio of the three-photon process is dependent
on the peak electric field amplitude E0 of the UV laser pulse
seriously. For example, when the peak electric field amplitude
is 0.0475 a.u., the electron localization probabilities of these
three protons are PL = PR = 0.1686, and PM = 0.3494, respec-
tively. The 50.9% electrons of all the dissociation events are
stabilized at the middle proton.

With the further increase of E0, the electron localization
probabilities of these three protons all drop. More electrons
are ionized and escape away.
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Fig. 4. (color online) Upper panels: snapshots of the common logarithm of the electron-nuclear probability density distribution taken at the end
of the dissociation, with the central frequencies of the UV laser pulse being (a) 0.2 a.u. and (b) 0.292 a.u. Lower panels: the wave functions
corresponding to (c) 2pσ2Σ+

u and (d) 3pσ2Σ+
u states, respectively.
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Fig. 5. (color online) Plots of electron localization probabilities PL/M/R
versus peak electric field amplitude E0 of the UV laser pulse for dif-
ferent localization ratios LL/M/R = PL/M/R/(PL +PM +PR) of the three
protons. The central frequency ω of the UV laser pulse is 0.292 a.u.

The other way to enhance the electron localization ratio
of the dissociation states of the middle proton is to use a DC
electric field, whose polarization is assumed to be parallel to
the molecular axis, to steer the electron motion after the ex-
citation of an ultrashort UV laser pulse. For the UV pulse,
the pulse duration, central laser frequency, and intensity are
10.6 fs, 0.2 a.u., and 1.3× 1014 W/cm2, respectively. Fig-
ure 6(a) shows the variations of the electron localization prob-
abilities PL/M/R with the amplitude of the dc electric field Edc

for different electron localization ratios LL/M/R of these three
protons. When Edc approaches 0.0, there appears a symmetric
electron distribution with PL = PR, and almost no electrons of
the dissociation states are stabilized at the middle proton due
to the symmetric distribution of the Coulomb potential wells

of the linear symmetric molecular ion H2+
3 and the odd sym-

metry of the wave function of the 2pσ2Σ+
u state.
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Fig. 6. (color online) (a) Plots of electron localization probabilities
PL/M/Rversus the amplitude Edc of DC electric field for different localization
ratios LL/M/R = PL/M/R/(PL +PM +PR) of the three protons, in which a DC
electric field is utilized to steer the electron motions of the dissociation states
after being excited by a UV laser pulse with a central frequency and intensity
of 0.2 a.u. and 1.3× 1014 W/cm2, respectively. (b) Snapshot of the com-
mon logarithm of the electron-nuclear probability density distribution taken
at the end of the dissociation, with the amplitude of the dc electric field being
Edc = 0.02 a.u.
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With the increase of the amplitude of the dc electric field
Edc, the symmetric electron localization distribution is broken
seriously, as a result of the dressing effect of the DC electric
field. The ionized electrons escape away along the DC elec-
tric field force, see Fig. 6(b), while most of the electrons in
the dissociation states, which are localized at the left proton
subjected to a single UV laser pulse, move in the direction op-
posite to the DC electric field force, and are stabilized at the
middle proton.[21] When Edc > 0.015a.u., the electrons on the
right proton start to be ionized away while the electrons of the
middle proton are stabilized due to a deeper potential well.
When the amplitude of the DC electric field is Edc = 0.02 a.u.,
the electron localization probabilities of these three protons
are PL = 0.0122, PM = 0.1594, and PR = 0.0612, respectively,
which can be seen from Fig. 6(b). The 68.8% electrons of the
dissociation states are stabilized at the middle proton at the end
of the simulation.

With the further increase of the amplitude of the dc elec-
tric field, the electron localization ratio of the middle proton
decreases, for a further dissociation is induced.

4. Conclusions
In this work, the electron localization in the dissociation

of the symmetric linear molecular ion H2+
3 is investigated. The

numerical simulation shows that the electron localization ratio
of the middle proton is dependent on the central frequency and
peak electric field amplitude of the external UV laser pulse.
When the electrons of the ground state are excited onto the
2pσ2Σ+

u by a one-photon process, almost no electron is stabi-
lized at the middle proton due to the odd symmetry of the wave
function. With the increase of the central frequency of the UV
laser pulse, more electrons of the dissociation states are sta-
bilized at the middle proton, because more electrons of the
ground state are excited onto the higher 3pσ2Σ+

u state through
a three-photon process. The electron localization ratio of the
middle proton can be raised to 50.9% by optimizing the central
frequency and peak electric field amplitude of the UV pulse.
Besides, a DC electric field can be utilized to control the elec-
tron motions of the dissociation states after being excited by an

ultrashort UV laser pulse. The symmetric electron localization
distribution is broken seriously due to the dressing effect of
the DC electric field. The electrons of the dissociation states,
which are localized at the potential well of one side, move in
the direction opposite to the DC electric field force and are
stabilized at the middle proton. As the amplitude of the DC
electric field changes, 68.8% electrons of all the dissociative
events can be controlled onto the middle proton.
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