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Semi-classical explanation for the dissociation control of H;*
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A semi-classical model is utilized to explain the dissociation control of the hydrogen molecular ion (Hz+ ). By ana-
lyzing the curve of the dissociation asymmetry parameter as a function of the time delay between the exciting and steering
pulses, we find that the dissociation control is dependent not only on the peak intensity and direction of the electric field of
the steering pulse, but also on the peak intensity of the exciting pulse.
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1. Introduction

Coherent control of electrons and fragments in chemical
reactions and the photoelectron process has attracted much
attention.!'] One of the main goals is to find a way to se-
lectively break and form molecular bonds in photochemical
reactions.[*! With the advent of new laser technologies, in par-
ticular the carrier envelope phase (CEP) stabilized few-cycle
pulses and isolated subfemtosecond pulses, several control

strategies have been proposed.>~1?]

HEL is a simple molecule, and its isotopes play an impor-
tant role in the theoretical and experimental studies of electron
localization in the dissociation of molecules. In previous stud-
ies, many models have been utilized to explain the electron
localization control during the dissociation of H;” and its iso-
topes, including the mixture of the 1s o, and 2p o, states,!3)
the interference between 2p o, and 3s o, states,!'*! and the

(151 The quantum

superposition of the 2p 7, and 2p 7, states.
coupled equations are also used to discuss the origin of the
dissociation control. %]

In this work, a CEP locked terahertz (THz) pulse!'’-2?! is
used to steer the electron motion between the two protons of
H;’ after an ultrashort ultraviolet (UV) laser pulse has excited
the electron wave packet onto the dissociative states. Both the
THz and UV pulses are linearly polarized. By controlling the
peak intensity of the UV pulse and the time delay between the
two pulses, an unprecedentedly high ratio to localize electrons
on one of the two nuclei can be achieved,”*! more importantly,
this scheme can reveal the origin of the electron localization

control during H2+ dissociation.
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2. Simulation model and the parameters of the
electric fields

We use a reduced-dimensional model for the H; molec-
ular ion in the calculation, in which the molecular axis
is assumed to be parallel to the polarization direction of
the two laser fields. We apply the one-dimensional (1D)
non-Born—-Oppenheimer time-dependent Schrodinger equa-
tion (TDSE)[2*23] which can be written as (¢ = h = m = 1

in atomic units (a.u.), which are used throughout the paper un-

less otherwise stated),2>-28!
. d
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where R is the relative internuclear distance, z is the electronic
coordinate with respect to the center of mass of the two nuclei,
and m. and my, are the electron and proton mass (m. = 1 and
myp = 1837), respectively.

The UV pulse is defined as E,(t) = Eagsin(nt/Tz)?
sin(@yt), where Tp is the total length of the pulse, i.e.,
7.9 f5.1?°l The THz pulse is defined by the vector potential
A(t) = —Ejo/ oy sin(nt/T;)? cos wt), where Tj is the total
length, one cycle of the THz pulse, then E;(t) = —dA(t)/dt
as shown in Fig. 1. The total simulation time is defined by fepq,
which can be much longer than the THz pulse. For time be-
yond the total length of the THz pulse, the electric field is set
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to be zero. Here At is the time delay between the two pulses,
which is defined as the difference in set-out between two elec-
tric fields. More details can be found in Ref. [23]. The two

channels of Hj dissociation are defined as[!6-30-321
Rinax £R/2.0+5.0 )
Po=[ "ar | dzlo@ R, 3
J10.0 +R/2.0-5.0

where Rpn,x corresponds to the boundary of the R-axis and ¢
(2, R;tenq) 1s the final wave function of the system. In the sim-
ulation, f.ng = 106.8 fs when P., the probabilities for the elec-
tron localized on one of the protons (left — or right +), are
stable.
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Fig. 1. (color online) The THz pulse utilized in this study.

In this simulation, the 228-nm UV pulse with an intensity
of 5.0 x 10'* W/cm? and a pulse length 75 of 7.9 fs is used
to resonantly excite the electron wave packet onto the disso-
ciative 2p o, state. Then the 25.6-um (11.7-THz frequency)
THz pulse with an intensity of 3.8 x 10'> W/cm? and a pulse
length 77 of 85.3 fs (one-cycle) is used to steer the electron
motion. This THz pulse does not induce any further ioniza-
tion. In the calculation, we set the dissociation asymmetry
parameter A = (Py — P_) /(P + P_).

3. Simulation results and discussion

Figure 2(a) shows the variations of asymmetry parame-
ter A, the ionization probability I, P, and P, with Az, the
time delay between the THz and UV pulses. The intensi-
ties of the THz and UV pulses are I; = 3.8 x 10! W/cm?
and I, = 5.0 x 10'* W/cm?, respectively. A large dissocia-
tion asymmetry parameter A = 0.921 can be obtained when
At = 53.4 fs, which corresponds to an electron localization
ratio as high as 96.07% of all the dissociation events. For
curve A, if we neglect the curve distortions around the delays
of 20.0 fs and 34.9 fs, the whole curve is similar to that of the
electric field of the THz pulse. But these distortions can re-
veal the origin of the asymmetric distribution of the electrons
during the dissociation of H;r .
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Fig. 2. (color online) (a) Results of asymmetry parameter A, ion-
ization probability I, and Py versus time delay Af, calculated from
the TDSE simulation. The intensities of the THz and UV pulses are
3.8 x 10" W/ecm? and 5.0 x 10'* W/cm?, respectively. (b) Results of
asymmetry parameter A and the probabilities of electrons localized on
the left y; and right y; protons versus d, calculated from the coupled
equations.

The key role that the THz pulse plays in the dissociation
of the H;r ion can be explained as follows. In the previous two-
pulse schemes, the delayed pulse should induce single-photon
coupling between the upper and lower states to achieve the
electron localization. However, the photon energy of the THz
pulse is too low to induce single-photon coupling between two
states. So we carry on the simulation further with the follow-

ing coupled equations: 2333

()

—ia—2+V(R) Veu (R,1)
B my OR2 8 guih
- 1 9?2
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where W, (R,t) and y,(R,?) are the nuclear wave packets of
Is o, and 2p o, states, respectively, V4(R) and V,(R) de-
note the binding and dissociative potential curves, respec-
tively, which can be obtained with Eq. (1), and V,(R,t) is
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the interaction of the external laser field with the electron. To
investigate the electron localization, the nuclear wave packets
on the right y; and left y; protons can be written, respectively,
as

1
V2

lVl(Rat):\ﬁ(wg(th)_Wu(th))‘ )

Wr(R7t): (Wg(th)"_Wu(R»t))v

-5

Then we can rewrite Eq. (4) with this representation as
.0 1 9%  V,(R)+V.(R
2w - [ 2 BEOEE®

ot mp OR 2
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In Eq. (6), the electron jumping between the two protons
(y:| Vi |y) is determined by the interaction potential V! =
[Ve(R) — Vii(R)] /2. However, V{ is independent of the exter-
nal laser field and decreases very fast (almost in the manner
of ek for large R) with the increase of internuclear distance
R. To investigate the role of the THz pulse, we use Eq. (4) to
perform the further simulation, in which a Gaussian-type wave
packet located at R = 3.3 a.u. (resonant with the 228-nm pulse)
is pre-excited onto the dissociative state y, and the steering
pulse has the same wavelength as that of the THz pulse uti-
lized in the TDSE simulation and the adjustable intensity. Fig-
ure 2(b) shows the asymmetry parameter A as a function of
time delay dr between the pre-excitation of the Gaussian-type
wave packet and the start of the THz pulse, which varies in a
similar way to the curve A of Fig. 2(a) except that the curve is
damaged around the time delays of 20.0 fs and 34.9 fs.

Figure 3 shows the time evolutions of the electron prob-
abilities on the left and right protons under the THz pulses
of different peak intensities at dr = 21.4 fs. When the peak
intensity of the THz pulse is small (Fig. 3(a)), the electron
probabilities on the two protons are nearly the same. With the
increase of the peak intensity, more and more electrons are
pulled from the right proton to the left one. When the peak in-
tensity of the THz pulse is strong enough, most of the electrons
can be localized on the left proton during the dissociation of
H; (Fig. 3(d)). In these simulations, the electron probabilities
on the right proton ([ | y;|* dR) and left proton ( [ |yj|* dR) are
integrated from R = 5.7 a.u. to the boundary, so they are zero
at first. After about 12.0 fs, these two probabilities become
stable, although the probabilities of the lower state ¥, and up-
per state y,, are still changing (Fig. 3(c)). This is because the

phases of two wavefunctions y; and y; are still affected by the
THz pulse. When the THz pulse ends, the oscillations of the
states W, and y, will also stop.
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Fig. 3. (color online) Results of electron probabilities on the v, v,
v, and y; states, calculated from the coupled equations. The time de-
lay between the pre-excited Gaussian-type wave packet and the THz
pulse df = 21.4 fs. The peak intensities of the THz pulse are 3.8 x 10°,
3.8 x 108, 3.8 x 10'°, and 3.8 x 10'2> W/cm?, respectively. After about
18 fs, the nuclear wave packet reaches the boundary and is absorbed by
the mask.

What causes the distortions of curve A in Fig. 2(a)? To an-
swer this question, we investigate the time-dependent electron
probabilities of different parts: PD.. (PD_) for the probability
of an electron being localized on the right (or left) proton, PG
for the electron probability of high vibrational bound states,
PGI. and PI; for the ionized electrons of the six sections,
respectively, as indicated in Fig. 4.
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Fig. 4. Time-dependent electron probabilities of different regions.
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Figures 5(al), 5(bl), and 5(c1) show the snapshots of the
common logarithm of the electron—nuclear probability density
distribution taken at the end of the simulation (fopq = 85.3 fs)
with the time delays Ar = 10.0, 20.0, and 29.4 fs, respectively.
From these figures, one can find that the electrons are excited
not only onto the 2p o, state, but also onto the higher 3s ¢
state. The temporal evolutions of the electron probabilities of
different parts are presented in Figs. 5(a2), 5(b2), and 5(c2),
where the integrations for PD start from R = 5.7 a.u. When
At = 10.0 fs, the dissociation starts at # = 17.9 fs. In this case,
the electric field of the THz pulse is close to zero when elec-
trons are excited and the following electric force is in the right
direction. From Fig. 5(a2), one can find that many electrons
on the right proton are ionized before the dissociation (PL,.).
Finally, we can obtain P, = 0.020, P_ = 0.143, and the disso-
ciation asymmetry parameter A = —0.755.
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In the case of Ar = 20.0 fs, the dissociation process starts
at t = 27.9 fs and the whole dissociation process happens
around the crest of the THz electric field. Following the above
analysis, more electrons on the right proton (PD.) should be
forced to move into the left one (PD_) by higher intensity
steering pulse. But in Fig. 5(b2), PD. is just a little larger than
PD_ finally. This is because the THz electric field is strong
when the electron is excited by the UV pulse. The dressing of
the strong THz pulse reduces the energy of the 3s o state of
the right proton and makes the 3-photon resonance possible.
Some of the electrons on the right proton are excited onto the
higher 3s o state, which dramatically damages the electron lo-
calization. The damage to the asymmetry parameter around
At =427 fs in Fig. 2(a) is caused by the same reason. In the
case of Fig. 5(a2), the intensity of the THz pulse is not strong
enough to induce a similar process.
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Fig. 5. (color online) Snapshots of the common logarithm of the electron—nuclear probability density distribution taken at f.,g = 85.3 fs for time delays
10.0 fs (al), 20.0 fs (b1), and 29.4 fs (c1) (right column), and their time-dependent electron probabilities of PD (t), PL.(t), PG(t), and PGIL.(t) (left

column).
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In the case of Ar = 29.4 fs, the dissociation process
starts at t+ = 37.3 fs, where the field strength of the THz
pulse is larger than that of Fig. 5(a2), but smaller than that
of Fig. 5(b2). At first, the ionization of the electron on the
right proton (PI.) makes PD. a little smaller than PD_. Af-
ter the reverse of the direction of the THz electric field at
t = 42.6 fs, more electrons are pulled from the right pro-
ton (PDy) to the left one (PD_). Finally, we can obtain
PD, =0.017, PD_ = 0.167, and the dissociation asymmetry
parameter A = —0.815, as shown in Fig. 5(c2).

If the peak intensity of the UV pulse is small, e.g.,
7.1 x 1013 W/cm?, the total dissociation ratio will be low and
the total ionization probability will be close to zero. More im-
portantly, almost no electron is excited onto the higher 3s o
state, which is caused by a 3-photon resonance process and
depends on the dressing of the THz pulse dramatically. Then
the THz pulse can control the motion of the excited electron
more efficiently. The curve A will be more similar to the sim-
ulation result of the coupled equation (Fig. 2(b)), as shown in
Fig. 6.
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Fig. 6. (color online) The same as Fig. 2(a) except that the peak inten-
sity of the UV pulse is 7.1 x 10'> W/cm?, the ionization probability is
near zero, so it is not plotted here.

4. Summary

We demonstrate that the electron localization control in
the dissociation of H2+ can be achieved by using the two laser
pulses in UV and THz spectral regimes. The results show that
the electron localization depends on the direction of the THz
pulse and the intensities of the UV and THz pulses. When
the peak intensity of the UV pulse is low, the total ioniza-
tion probability is near zero and the dissociative process can
be efficiently controlled by the THz pulse. A high asymme-
try parameter can be obtained, although the total dissociation
probability is low. If the peak intensity of the UV pulse is
high, the total dissociation ratio will be large and more elec-
trons will be ionized. More importantly, some electrons will
be excited onto the higher 3s ¢ state by a 3-photon resonance

process. In this case, a high asymmetry parameter can be ob-
tained only at some special time delay. So if one wants to ob-
tain a high asymmetry parameter, the half period of the steer-
ing pulse should match the effective time of the molecular dis-
sociation, which is about 16.0 fs for the dissociation of H;r .
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