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We report on a systematic investigation of the dissociation dynamics of H2
+ in intense laser fields, and study

how the kinetic energy spectrum of the dissociating proton can be modulated by the wavelength and intensity of
the driving laser field. In the experiment, H2 is dissociatively ionized by an intense laser pulse with varying carrier
wavelengths ranging from 800 to 1800 nm and varying peak intensities. A model based on Floquet theory and
Landau-Zener theory is adopted to explain the experimental observations. The intensity effect is further explored
in a few-cycle pump-probe experiment. We observed a significant intensity-dependent proton kinetic energy shift,
which can also be well explained by the theoretical simulation. The wavelength- and intensity-dependent proton
spectra reveal the mechanism of selective excitation of vibrational levels of H2

+ in intense laser fields.
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I. INTRODUCTION

The interaction of the simplest molecule, hydrogen, and
intense laser fields has been extensively investigated in both
experiments [1–4] and theoretical studies [5–7] in order
to understand and control the laser-molecule interactions.
Photoinduced dissociation and ionization pathways, such
as bond softening (BS) [4,8], above-threshold dissociation
(ATD) [4,5,9], nonsequential double ionization (NSDI) [2,10],
and charge-resonance-enhanced ionization (CREI) [4,11,12],
have been discovered. By shaping the temporal profile of the
driving laser pulses, such as carrier envelope phase (CEP)
controlled few-cycle pulses [13,14], synthesized two-color
field [15,16], and pump-probe pulses [17,18], one can not
only control the interaction results but also gain deeper
understanding of the evolution of electronic and nuclear wave
packets [19–21] during the interaction. In addition to the wave-
form control, the wavelength is also an important parameter for
controlling the molecule dissociation and ionization dynamics.
In 2003, Niikura et al. used a femtosecond laser field with
different wavelengths to control the timing of electron-ion
recollision in D2

+ and achieved attosecond resolution for
probing the nuclear wave-packet dynamics [22]. In 2008,
Litvinyuk et al. used a different-wavelengths femtosecond
laser field to study the kinetic energy spectrum of D+
resulting from Coulomb explosion and found that there is a
wavelength-dependent high-energy band which is attributed
to the three-photon dissociation process [23].

The dissociation dynamics of H2
+ can be understood by

a simple scheme: Upon the first ionization of H2 a coherent
nuclear wave packet (NWP) is promoted to the ground state
(1sσg) of H2

+ and moves outward along the 1sσg potential
curve [20]. Efficient coupling between 1sσg and the first
repulsive states (2pσu) can be achieved when internuclear
separation of H2

+ reaches to the one-photon or three-photon

*hanxu1981@gmail.com
†peng@siom.ac.cn

avoided crossing [1,20], where H2
+ dissociates by absorbing

or emitting an odd number of photons. The kinetic energy
(KE) distribution of protons from dissociation channels is
affected by many factors, including the ratio between different
dissociation pathways [3,4,24], the internuclear separation of
radiative coupling [25,26], the electric field induced Stark
shift [1], and the population of vibrational states [3,20,27].

In this paper, we investigate the dissociation dynamics of
H2

+ in infrared intense laser fields. We find that the KE of
proton from dissociation of H2

+ shifts to a lower energy range
with increasing carrier wavelength, and the KE distribution is
also significantly influenced by the intensity of laser fields. In
the few-cycle pump-probe experiment, we further investigate
the intensity effect on the dissociation of H2

+. The measured
KE spectrum of protons as a function of time delay shows that
the KE shifts to a lower energy range for higher laser intensity.
The measurements can be well explained and reproduced by
our theoretical simulations. The paper is organized in the
following way: Section II introduces the experimental setup
and theory model. Section III A discusses the wavelength
tuning experiment and wavelength effect. In Sec. III B, we
present the few-cycle pump-probe experiment and intensity
effect. The summary of this paper is given in Sec. IV.

II. EXPERIMENTAL SETUP AND THEORY MODEL

The three-dimensional momentum distribution of the pro-
tons resulting from the dissociation of H2

+ is measured
by using the cold-target recoil ion momentum spectroscopy
(COLTRIMS) technique [28], where H2, introduced by a
supersonic jet, is dissociatively ionized by tightly focused
laser pulses through a concave mirror (f = 7.5 cm). The peak
intensity of the laser pulses is calibrated by using the recoil
momentum method [29,30]. The acceleration length of the
spectrometer in COLTRIMS is 8.1 cm and the drift length
is 16.2 cm. With a homogeneous electric field (∼10 V/cm)
applied to the acceleration region which steers the protons
toward the detector, a momentum resolution of 0.02–0.05 a.u.
can be achieved along the z axis, which is defined as the
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FIG. 1. (a) Schematic picture for the dissociation mechanisms
of H2

+. The black (thin) line labeled “adiabatic” indicates potential
curves for the ground state (1sσg) of H2

+ dressed with n(n = 0,2)
photons and the first excited state (2pσu) of H2

+ dressed with
m(m = 1,3) photons. The H2

+ can dissociate through the BS channel
[the bold blue (dark gray) line] or the ATD channel [the bold green
(light gray) line]. The bold blue (dark gray) line and the bold green
(light gray) line are calculated by using Floquet theory [6] at the laser
field of 800 nm, 1.0 × 1013 W/cm2. The dashed red lines indicate the
H2

+ vibrational levels in the absence of laser fields. The width of the
lines indicates the relative population of each vibration state obeying
the Frank-Condon distribution [34]. (b) shows the principle of the
theory model (for more details please see the text).

direction of flying ions to the microchannel plate (MCP)
detector. More details of the experimental setup are given
in [31,32].

In the wavelength tuning experiment, the laser pulses with
different carrier wavelengths are delivered from a Ti:sapphire
laser system (800 nm) and a custom-built three-stage optical
parametric amplifier (OPA 1400 and 1800 nm) [31] pumped
by the Ti:sapphire laser system. For the few-cycle pump-probe
experiment, 6-fs pulses are generated from a neon-filled hollow
fiber. This pulse is then split into two pulses via a Mach-
Zehnder interferometer, where the intensity of each pulse can
be independently controlled by using apertures.

There are mainly three steps [as shown in Fig. 1(b)] to
calculate the proton KE from the dissociation of H2

+ giving
the wavelength and intensity of laser fields.

Step 1. The ground-state and excited-state potential of H2
+

couples in intense laser fields and the energy gap can be
calculated using the Floquet theory [1,6,33],

E±(R) = Vg(R) + Vu(R) − �ω

2

± 1

2

√
[Vg(R) − Vu(R) + �ω]2 + (�ωR)2, (1)

where Vg(R) is the potential of the ground state (1sσg) of
H2

+; Vu(R) the potential of the first excited state (2pσu)

of H2
+; �ω the photon energy; ωR the Rabi frequency:

�ωR[cm−1] = E0d = 1.17 × 10−3
√

I [W/cm2]d[a.u.]; I the
intensity of laser field, d the transition dipole moment; and
E±(R) the potential curves [6].

Step 2. The dissociation probability of each vibrational state
can be calculated from the coupled potentials and the velocity
of nuclear motion based on Landau-Zener theory [26,35],

PL−Z(v) = 1 − exp

(
− π

2�V

�2

|F1 − F2|
)

, (2)

where PL−Z(v) is the dissociation probability of each vibration
state, V the nuclear vibrational motion velocity, � the size
of the gap, and F the slope of potential curve; � and F are
calculated from E±(R) by Eq. (1).

Step 3. By assuming that the initial vibrational population
obeys the Franck-Condon distribution [34], the final proton
kinetic energy (EPK ) spectrum is given by summing the
contributions from all the vibrational states according to the
energy conservation formula [3],

EPK (E) =
∑

v

CF−C(v)PL−Z(v) exp

[
− (Ev − EKv)2

�E2

]
,

(3)
where CF−C(v) is the Frank-Condon distribution of each vi-
bration state, PL−Z(v) the dissociation probability of each
vibration calculated in step 2, �E the energy width of each
vibration, EKv the proton KE for an individual vibrational
level, EKv = (n�ω − |Ev|)/2, �ω the photon energy, and Ev

the bonding energy of a vibration state ν.
We will show that our simulation by this straightforward

model generates results consistent with our experimental
observations.

III. RESULTS AND DISCUSSIONS

A. Wavelength tuning experiment and wavelength effect

Figure 2 shows the measured KE spectrum of a proton
(H+), which is generated by linearly polarized infrared laser
pulses with carrier wavelengths of 800 nm (∼40 fs), 1400 nm
(∼50 fs), and 1800 nm (∼50 fs). As we are interested in

FIG. 2. KE spectrum of proton from dissociation of H2
+, which

is ionized by linearly polarized femtosecond laser pulses with carrier
wavelength of (a) 800, (b) 1400, and (c) 1800 nm, respectively.
(d) is the KE spectrum measured with 0.17 PW/cm2 for all three
wavelengths.
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the H2
+ dissociation channel, to preferentially select the H+

fragments from dissociation channels, we choose those ioniza-
tion events where only one H+ is detected. In the experiment,
we use a low density of molecules to avoid the space charge
effect and the ion signal count rate is as low as 0.05–0.4 per
laser shot.

Figure 2(a) shows the measured proton KE spectrum for an
800-nm pulse with three different peak intensities. Comparing
with previous results [1,4,25,27], the measured KE spectrum
shows a similar double peak structure. The lower-energy peak
(at around 0.1 eV) mainly comes from the BS channel which
corresponds to one-photon absorption upon dissociation, while
the higher-energy peak (at around 0.58 eV) is dominated by the
ATD channel, where H2

+ absorbs three photons at the three-
photon avoided crossing followed by emitting one photon at
the one-photon avoided crossing. We normalized all the BS
peaks for comparison between different laser intensities. ATD
yield shows much stronger intensity dependence since it is a
multiphoton process and more sensitive to the laser intensity
than the BS which is a one-photon process.

Unlike the well separated BS peak and ATD peak for 800
nm, the KE spectrum for 1400 nm does not display a clear
double peak structure [see Fig. 2(b)], making it difficult to
discriminate the BS and ATD peaks. And more interestingly,
the peak position of the KE spectrum for 1400 nm shifts from
0.2 to 0.4 eV when the laser intensity increases from 1.3 × 1014

to 2.3 × 1014 W/cm2, while in the case of 800 nm the KE
spectrum shows a constant peak position for all the intensities
scanned. Figure 2(c) shows the KE spectrum for 1800 nm
which is similar to that of 1400 nm, but shows a much smaller
intensity induced KE peak shift. In Fig. 2(d), the comparison
of the KE spectrum for different wavelengths measured with
the same intensity (0.17 PW/cm2) is shown, where we can see
the trend that the KE of the proton shifts to as lower energy
range with increasing carrier wavelength.

To understand the observed wavelength and intensity
dependence, we performed a simulation based on the model in-
troduced in Sec. II, which can assist to resolve the contributions
from the BS and ATD processes separately. Figure 3(a) shows
the calculated proton kinetic energy spectrum for 800-nm
pulses with varying peak intensities. Firstly, the calculated KE
of the BS peak (0.1 eV) and ATD peak (0.58 eV) in Fig. 3(a)
are in good agreement with the measurements. For the BS
process, the one-photon crossing gap opened near the outer
turning point of vibrational level 9 (v = 9) as shown in Fig. 1.
According to the formula Ek = (n�ω − |Ev=9|)/2, the kinetic
energy contributed by v = 9 is 0.4 eV, which is higher than
the observed 0.1 eV. However, the barrier near the gap could
be suppressed by the laser induced Stark shift, which allows
the lower vibrational levels (v > 5) to dissociate. Additionally,
since the lower vibration levels have a larger population, shown
in Fig. 1(a), the contribution to the KE spectrum from v = 6
is more dominant than from v = 9, which is consistent with
the measured BS peak with lower kinetic energy. Secondly,
the calculated yield ratio of ATD/BS increases with laser
intensity, which agrees qualitatively with the measurements
shown in Fig. 2(a). The differences of the ratio of ATD/BS
between calculations and measurements may attribute to the
focal-volume effect. Figures 3(b) and 3(c) show the calculated
KE spectra for 1400 and 1800 nm, respectively. For a 1400-nm

FIG. 3. Calculated proton kinetic energy for (a) 800, (b) 1400,
and (c) 1800 nm. As in the measured proton kinetic spectrum, we
normalized the BS to unit. (d) shows the kinetic energy spectrum of
BS and ATD for different carrier wavelengthsranging from 600 to
2000 nm for the low intensity of 1013 W/cm2 and the pulse duration
is 40 fs, where the energy shift due to the intensity effect is ruled out.

pulse, the measured KE spectrum and calculated spectrum
both have a very broad single peak structure and the peaks are
around 0.2–0.4 eV. Increasing the laser intensity shows that
the peak shifts from 0.2 to 0.4 eV. Similarly a single-peak KE
spectrum structure and its intensity dependence is also found
for 1800-nm pulses. The less resolvable BS peak and ATD
peak for longer wavelength can be explained by the low photon
energy of the pumping laser, as the energy separation of the
two peaks is determined by the photon energy. The calculation
shows the peak positions of the BS and ATD channels for both
1400 and 1800 nm are much closer to each other [as shown
in Fig. 3(d)] compared to the case of 800-nm pumping. As
BS and ATD have different intensity dependence, the yield
ratio of ATD/BS changes with the increasing intensity, which
is confirmed by the calculation, and also explains the observed
changes of the yields of the peaks as shown in Fig. 2(b).

It has been shown that in the electron localization ex-
periments with pumping pulses of 800 nm [13], in order to
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observe the interference between the ATD and BS channels,
one has to use a few-cycle pulse that has sufficient bandwidth
so that the ATD and BS channels can have an overlap in the
KE spectrum, as the ATD peak and the BS peak are widely
separated. However, our calculation and experiment show that,
in the case of infrared pump, the BS peak and ATD peak are
almost overlapping even with a multicycle driving pulse, which
implies that the electron localization could be achieved even
with CEP-stabilized multicycle infrared pulses.

The evolution of the KE spectrum with varying wavelength
(from 600 to 2000 nm) is shown in Fig. 3(d); with the increase
of the wavelength, the KE spectrum shifts to the lower energy.
The coupling (or gap) occurs at those internuclear separations
where the energy difference between the ground state and
the first repulsive state is equal to the photon energy [6].
For example, the one-photon avoided crossing occurs at the
internuclear separation of 4.8 a.u. for the 800-nm intense laser
field because the energy difference between the ground state
and the first repulsive state is 1.55 eV [20]. And for 1400-nm
(1800-nm) intense laser fields, the one-photon gap opens at
the distance of 5.5 a.u. (5.9 a.u.). Therefore, for longer carrier
wavelengths, the gap opens at a larger internuclear separation
which will in turn cause the decrease of the KE of protons [36].
The simulated BS and ATD spectrum shown in Fig. 3(d) is
calculated for the low intensity of 1013 W/cm2 and the pulse
duration is 40 fs, where the energy shift due to the intensity
effect is ruled out [26].

B. Few-cycle pump-probe experiment and intensity effect

According to the Floquet theory [6], the increased laser in-
tensity can suppress the barrier potential of the coupling states
even more [7], so that the lower-vibrational-level molecules
are able to be excited to generate the low-energy protons [36].
In the single-pulse wavelength tuning experiment, H2

+ is
generated at the peak of the pulse while the dissociation
process happens at its tail. When we modulate the intensity
around the tail of the pulse, we also modulate its peak intensity,
which can lead to a high double ionization probability and
consequently the depletion of H2

+. To avoid the depletion,
the intensity scan has to be limited to a small range, making
it hard to observe an obvious intensity-dependent KE shift.
In order to confirm this intensity effect experimentally, we
propose a few-cycle pump-probe experiment. The full width at
half maximum (FWHM) of the few-cycle pulse is 6 fs, and the
intensities of the pump pulse and the probe pulse are 6.0 × 1014

and 6.0 × 1013 W/cm2, respectively. The polarizations of
pump pulse and probe pulse are both linear and parallel to each
other. The time delay between the pump and probe pulses is
scanned from 5 to 45 fs with a step of 0.67 fs.

As shown in Fig. 4(a), the neutral H2 is singly ionized
by the pump pulse, which initiates the NWP propagation
along the potential curve of the 1sσg state. The probe pulse
is then applied while the NWP is passing the one-photon
avoided crossing (R = 4.8 a.u. for 800 nm). By tuning the time
delay between pump and probe pulses, we can modulate the
instantaneous intensity at the moment when the one-photon
excitation happens, which can in turn modulate the KE of
the BS peak. As the probe pulse is extremely short (∼6 fs),
which is comparable with the time for the NWP reaching the

FIG. 4. (a) The NWP will experience different intensity with
different time delay at the coupling point, which can lead to different
laser induced Stark shift. For example, the Stark shift effect is more
distinct at delay2 than at delay1 or delay3. (b) The measured KE
spectrum of the dissociation channel as a function of time delay. (c)
The comparison of measured averaged KE and calculated averaged
KE. The averaged KE minimizes at the time delay of ∼15 fs.

one-photon avoided crossing, it is possible to observe a clear
delay-dependent KE modulation of the BS peak.

Figure 4(b) shows the measured KE (KE is half of the
kinetic energy release of dissociation of H2

+ [3,20,26]) spec-
trum as a function of time delay. To highlight the dissociation
channel, we only show the spectrum of a proton with KE less
than 0.7 eV. The higher-energy double ionization channels,
especially the CREI channel with a double peak structured
R-dependent ionization rate, can be found in [37]. As expected,
the measured KE spectrum shows a distinct delay dependence.
The KE shifts to lower energy around a delay time of 15 fs,
which indicates that it took ∼15 fs for the initial NWP to
reach the one-photon avoided crossing. For other delays, the
BS energy shows a much weaker delay dependence, because
the Stark shift is mainly produced by the tail of the pump pulse.
To evaluate the shift of KE quantitatively for better comparison
with the simulation, we plot the weighted averaged KE using

〈E〉 =
∑0.7 eV

E=0 eV EC(E)∑0.7 eV
E=0 eV C(E)

, (4)

where 〈E〉 is the weighted averaged KE and C(E) is the counts
at the KE of E.

In the simulation, we use a 6-fs Gaussian pulse with carrier
wavelength of 800 nm and peak intensity of 1014 W/cm2, and
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the laser intensity that causes the dissociation of H2
+ is given

by I (τ ) = I0 exp[−(τ − t0)2/τ 2
0 ], where τ0 = 6 fs is the pulse

duration; t0 is set as 15 fs to match the measured delay time
for NWP to reach one-photon avoided crossing.

The measured delay-dependent averaged KE and the
corresponding calculation are shown in Fig. 4(c). Both show
a similar delay-dependent shift (0.1–0.2 eV), which can be
explained by the delay-dependent Stark shift. We note that
the measured KE spectrum in Fig. 4(b) oscillates at the laser
oscillation period (2.7 fs). The oscillations come from the
intensity modulation due to the interference between the probe
pulse and the tail of the pump pulse. At the constructive inter-
ference time delay, the proton yields increase for the high
intensity and vice versa. So we can see the periodic modulation
of the yield in the measured kinetic energy spectrum as
a function of time delay. In the simulation, we ignore the
interference effect and only consider the probe laser fields, so
there are no oscillations in the simulation shown in Fig 4(c).
The measured delay-dependent averaged KE spectrum which
shows a maximum modulation amplitude around 15 fs indi-
cates that it takes the initial Frank-Condon NWP about 15 fs
to reach the one-photon avoided crossing.

IV. SUMMARY

We experimentally investigate how the wavelength and
intensity of the driving laser field can affect the kinetic
energy of the proton from dissociation of H2

+. To study
the wavelength effect, H2

+ is dissociatively ionized using a

single pulse with varying carrier wavelengths; we find that
the KE spectrum shifts to lower kinetic energy with increasing
wavelength under the same intensity and the yield ratio of ATD
and/or BS increases with the increasing of laser intensity. In
the few-cycle pump-probe experiment we explore the intensity
effect, where the intensity of one-photon excitation taking
place is modulated by changing the delay between pump
and probe, which in turn modulates the strength of the laser
induced Stark shift. We find that the higher laser intensity
can shift the BS peak to lower kinetic energy. A model based
on Floquet theory and Landau-Zener theory can reproduce
the experimental observations very well. The wavelength- and
intensity-dependent proton spectra reveal the mechanism of
selective excitation of vibrational levels of H2

+ in intense laser
fields.
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