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ABSTRACT
Light-induced deprotonation of molecules is an important process in photochemical reactions. Here, we theoretically investigate the tunnel-
ing deprotonation of H+2 and its asymmetric isotopologues driven by circularly polarized THz laser pulses. The quasi-static picture shows
that the field-dressed potential barrier is significantly lowered for the deprotonation channel when the mass asymmetry of the diatomic
molecule increases. Our numerical simulations demonstrate that when the mass symmetry breaks, the tunneling deprotonation is signifi-
cantly enhanced and the proton tunneling becomes the dominant dissociation channel in the THz driving fields. In addition, the simulated
nuclear momentum distributions show that the emission of the proton is directed by the effective vector potential for the deprotonation
channel and, meanwhile, the angular distribution of the emitting proton is affected by the alignment and rotation of the molecule induced by
the rotating field.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0195867

I. INTRODUCTION

Deprotonation is one of the fundamental processes in chemi-
cal reactions. It is the removal of a proton from a molecule, which is
the first step of the proton transfer occurring in proteins, enzymes,
and proton channels.1–3 Deprotonation is also an important pro-
cess in the photoelectrochemical water splitting for the production
of renewable hydrogen.4,5 Here, to explore the physical mechanisms
for increasing the reactivity of molecular deprotonation under radi-
ation, we theoretically investigate the proton tunneling in molecular
dissociation driven by circularly polarized THz laser pulses.

As H+2 and its asymmetric isotopologues, HD+ and HT+, are
the most elementary molecular systems in nature, their fragmen-
tation driven by lasers constitutes an ideal prototype reaction for
understanding the deprotonation in more complex chemical reac-
tions. The mechanisms of H+2 fragmentation in laser fields have been
widely investigated during the past few decades.6–19 The so-called
bond-softening15 and above-threshold dissociation16 are two typi-
cal mechanisms for removing a proton from H+2 with infrared laser

fields, where the molecule is stretched to critical internuclear dis-
tances and then dissociates into a neutral atomic hydrogen and a
proton via net-absorbing the photon energy. However, the reactivity
under these two mechanisms significantly declines when the nuclear
mass increases20 because heavier nuclei are less likely to reach the
internuclear distances for the resonant excitation.

Another mechanism for molecular dissociation is the nuclear
tunneling. Quantum tunneling of nuclei is increasingly found to
play an important role in many chemical transformations.21–23 It has
been shown that nuclear tunneling changes reaction paths,24 lowers
the necessary energy for chemical reactions,25 and enables distinct
reactivity modes.26 In a previous theoretical study, Li et al. focused
on the dissociation of H+2 driven by THz fields and demonstrated the
evidence of tunneling dissociation by showing the dissociation prob-
ability of the molecule in different initial vibrational states.17 Yet,
due to the limitation of their theoretical model, only linearly polar-
ized driving fields and symmetrical molecular ions were considered.
As circularly polarized laser pulses are commonly used to drive
and control the tunneling electrons from atoms in the studies of
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strong-field ionization,27,28 it is appealing to ask whether and how
a proton could be removed from a molecule under the tunneling
mechanism of dissociation driven by circularly polarized laser fields.

To address this question, in the present work, we investigate
the tunneling mechanism of the deprotonation process of H+2 and
its asymmetric isotopologues (HD+ and HT+) driven by circularly
polarized THz laser fields. We numerically solve the time-dependent
Schrödinger equation (TDSE) for the two-dimensional two-level
model of the diatomic molecular systems, in which the rotation of
the molecules during interactions with the circularly polarized fields
is taken into account. It is found that for the THz fields of given pulse
intensities, the probability of tunneling deprotonation increases
exponentially as the degree of the mass asymmetry of diatomic
molecules increases. We also demonstrate that the dependence of the
tunneling deprotonation on the mass asymmetry and pulse intensity
differs essentially from that in the multiphoton dissociation regime.
In addition, we show the simulated nuclear momentum distribu-
tions for HD+ induced by the circularly polarized THz laser fields
and further discuss the effect of molecular rotation on the tunneling
deprotonation.

II. THEORETICAL MODEL
Considering the molecular system of one electron and two

nuclei of the same charge, the TDSE is written as (in atomic units)18

i
∂

∂t
Φ(R, r, t) = [T̂N + T̂e + VeN(R, r)

+ VNN(R) + Vt(t)]Φ(R, r, t), (1)

where r is the coordinate of the electron with respect to the cen-
ter of mass and R is defined as the distance vector pointing from
the heavier nucleus (referred to as the left core) to the other one
(referred to as the right core). For the rest of the Hamiltonian terms,
T̂N and T̂e denote the nuclear and electronic kinetic energy, respec-
tively, VeN(R, r) denotes the Coulomb interaction of the electron
with the nuclei, VNN(R) denotes the Coulomb interaction between

two nuclei, and V t(t) denotes the interaction between the laser field
and the molecule, which is given by18

V(t) = [
mL −mR

mL +mR
R + (1 +

1
1 +mL +mR

)r] ⋅ E(t), (2)

with E(t) being the vector of the electric field and mL and mR
being the mass of the left (heavier) and right (lighter) cores,
respectively.

The full-dimensional simulation of the diatomic molecular ions
interacting with the circularly polarized laser fields would require
huge computation resources, but we could apply certain approxima-
tions according to the practical situations. In the present work, the
nuclear motion is restricted in the two-dimensional space. Mean-
while, the linear field intensity is restricted below 1014 W/cm2 to
avoid significant ionization and excitation in highly excited elec-
tronic states. Under such a condition, the molecular dynamics can
be well described in terms of the two lowest-lying electronic states,
as demonstrated in many previous studies.19,30–32 Then, within
the Born–Oppenheimer approximation, the wave function can be
written as

Φ(R, r, t) = χg(R, t)ϕg(R, r) + χu(R, t)ϕu(R, r), (3)

where ϕg(R, r) and ϕu(R, r) represent the wave functions of the
electronic eigenstates (1sσ g and 2pσu) and χ g(R, t) and χu(R, t)
denote the corresponding nuclear wave functions. Consequently, we
have

[T̂e + VeN(R, r)]ϕg(R, r) = E1(R)ϕg(R, r), (4)

[T̂e + VeN(R, r)]ϕu(R, r) = E2(R)ϕu(R, r), (5)

where E1(R) and E2(R) are the eigenenergies of the electron in the
1sσ g and 2pσu states at each internuclear distance, respectively. By
submitting Eqs. (1)–(3) and applying Eqs. (2), (4), and (5), one can
eventually obtain the following equation set:

i
∂

∂t

⎛
⎜
⎝

χg(R, t)

χu(R, t)

⎞
⎟
⎠
=
⎛
⎜
⎝

T̂N + Vg(R) + a1R ⋅ E(t) a2D(R) ⋅ E(t)

a2D(R) ⋅ E(t) T̂N + Vu(R) + a1R ⋅ E(t)

⎞
⎟
⎠

⎛
⎜
⎝

χg(R, t)

χu(R, t)

⎞
⎟
⎠

(6)

with

a1 = [−1 +
1
2
(1 +

1
1 +mL +mR

)](
mL −mR

mL +mR
) (7)

and

a2 = 1 +
1

1 +mL +mR
. (8)

Here, V g(R) = E1(R) + VNN(R) and Vu(R) = E2(R) + VNN(R)
are the potential surfaces of the 1sσ g and 2pσu states, respectively.
D(R) = ⟨ϕg(R, r)∣r∣ϕu(R, r)⟩ denotes the transition dipole moment,
which is approximately given by29

D(R) =
R

√
4 − 4d2

R

(9)

with

dR = e−∣R∣(1 + ∣R∣ +
1
3
∣R∣2). (10)

The circularly polarized electric field E(t) is defined via the vector
potential as

E(t) = −
d
dt

A(t), (11)
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where

A(t) = −
E0

ω
sin2
(

ωt
2n
) × [sin (ωt + ϕ)ex − cos (ωt + ϕ)ey] (12)

with the electric field amplitude E0, the laser frequency ω, the total
number of laser cycles n, and the carrier-envelope phase ϕ (ϕ = 0
unless stated otherwise). Note that there are the following two main
limitations of the present model: (i) the vibration and rotation of the
molecule is restricted in the plane of polarization of the laser pulse
and (ii) the ionization and the excitation to excited states beyond the
first excited state are not included. Therefore, to apply the present
model, one should ensure that (i) the nuclear motion beyond the
laser polarization plane does not play a key role in the investiga-
tion and (ii) the ionization and highly excitation of the systems are
neglectable.

In the present study, we numerically solve Eq. (6) with the split-
operator method33 and obtain the time-dependent wave functions
χ g(R, t) and χu(R, t), which describe the nuclear motion on a two-
dimensional Cartesian grid (Rx, Ry) in parallel to the polarization
plane of the electric field. The grid ranges from−29.975 to 29.975 a.u.
in each direction, with the same grid size of ΔRx = ΔRy = 0.05 a.u.
The time step for the propagation is 0.1 a.u. The convergence of the
simulation has been confirmed with shorter time steps.

The initial ground state is obtained via the imaginary time
propagation of the wave function.34 For real-time propagation, to
avoid the nonphysical reflection at the boundary of the simula-
tion grid, the wave functions are, in turn, split into the inner and
asymptotic parts as follows:

χg,u(R, t) = χI
g,u(R, t) + χA

g,u(R, t)

= χg,u(R, t)Vs(R) + χg,u(R, t)[1 − Vs(R)], (13)

with the splitting function V s(R) defined as35

Vs(R) = 1 − [1 + exp(
−(∣R∣ − Rs)

δR
)]

−1

, (14)

where we set the parameters as Rs = 21 a.u. and δR = 0.9 a.u. so that
the wave functions are smoothly split in the region where the poten-
tial is nearly zero. In our calculations, the wave functions are split
every 8 a.u. of time.

After the separation, the inner parts χI
g,u(R, t) are kept on

propagating numerically under the full Hamiltonian, while the
asymptotic parts χA

g,u(R, t) can be propagated analytically.30 In the
asymptotic region, the potential energy V g,u(R) is zero and the
transition dipole moment D(R) diverges as R/2. Thus, the coupled
equations in Eq. (6) can be decoupled via introducing the following
wave functions:

χR,L(R, t) =
1
√

2
[χA

g (R, t) ± χA
u (R, t)], (15)

where χR,L are the nuclear wave functions indicating that the elec-
tron is localized on the right (lighter) and left (heavier) nuclei,
respectively. The time evolution of χR,L(R, t) is then given by

i
∂

∂t
χR,L = [T̂N + (a1 ±

a2

2
)R ⋅ E(t)]χR,L. (16)

It can be seen that Eq. (16) is formally analogous to the TDSE (in
length gauge) for a free electron driven by the electric field. By apply-
ing χ′R,L = e−iA1,2(t)RχR,L with A1,2(t) = (a1 ± a2/2)A(t), Eq. (16) is
transformed to

i
∂

∂t
χ′R,L =

1
2μ
[p̂ N +A1,2(t)]2χ′R,L, (17)

with μ−1
= m−1

L +m−1
R and p̂N = (−i∂/∂Rx,−i∂/∂Ry). Now that

there is no scalar potential term in Eq. (17), one can analytically
propagate the wave functions in the momentum space and eventu-
ally obtain the momentum distributions of the dissociating nuclear
wave packets.30

III. RESULTS AND DISCUSSION
When molecules are exposed to laser fields, the molecu-

lar potential curves (or potential surfaces) can be dressed. To
obtain an intuitive physical picture of the field-dressed potential
curves/surfaces of the diatomic molecules, we calculate the so-called
quasi-static states that result from diagonalization of the interaction
Hamiltonian given by29

Ĥint(R, t) =
⎛
⎜
⎝

Vg(R) + a1R ⋅ E(t) a2D(R) ⋅ E(t)

a2D(R) ⋅ E(t) Vu(R) + a1R ⋅ E(t)

⎞
⎟
⎠

.

(18)

The resulting quasi-static eigenvalues V±(R, t) are

V±(R, t) =
Vg(R) + Vu(R)

2
+ a1R ⋅ E(t)

±

√

[Vg(R) − Vu(R)]2

4
+ [a2D(R) ⋅ E(t)]2. (19)

One can see from Eq. (19) that the field-dressed potentials depend
not only on the electric field but also on the parameter a1 that is
determined by the asymmetry of the nuclear masses [see Eq. (7)].
In Fig. 1(a), we show the field-dressed potential curves V±(Rx;
Ry = 0) of H+2 , HD+, and HT+ under the electric field pointing at ex.
The field-dressed potential surfaces V−(R) of H+2 and HT+ are also
shown in Figs. 1(b) and 1(c), respectively. One can see that the 1sσ g
potential curves/surfaces are bent by the external field and the poten-
tial barriers with finite height along the field direction are formed. In
such a case, if the electric field changes slowly enough with respect
to the nuclear motions, there would be a possibility for the nuclear
wave packet tunneling through the barrier,17 as indicated by the
horizontal dotted arrows shown in Fig. 1. Interestingly, the forma-
tion of the barriers is affected by the nuclear mass. For instance,
the potential surface for H+2 is symmetrically bent [see Fig. 1(b)],
whereas for the asymmetric molecules, the potential barriers to the
dissociation channels on the left-hand side (HD+ → H +D+ and
HT+ → H + T+) are much thicker than those on the right-hand side
(HD+ → D +H+ and HT+ → T +H+). It indicates that the tunnel-
ing of the proton would be easier compared to the tunneling of the
heavier nucleus from the molecule. On the other hand, by compar-
ing the potential barriers of H+2 , HD+, and HT+ on the right-hand
side of Fig. 1(a), one can see that the barrier becomes shorter and
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FIG. 1. (a) Field-dressed quasi-static potential curves V±(Rx ; Ry = 0) of H+2
and its isotopologues. (b) Field-dressed quasi-static potential surface V− of H+2 .
(c) Field-dressed quasi-static potential surface V− of HT+. The thick solid arrows
indicate the polarization of the electric field. The dotted arrows indicate the tun-
neling dissociation channels through the barriers. The field amplitude used for the
calculation is ∣E∣ = 0.0292 a.u.

lower for heavier asymmetric isotopologue. It suggests that the pro-
ton tunneling would be easier if the other nucleus of the molecule is
heavier. In particular, the potential barrier to the dissociation chan-
nel T +H+ is so small [see Fig. 1(c)] that tunneling deprotonation is
expected to take place easily even if the electric field is weak.

To study the tunneling dissociation affected by the nuclear
mass as discussed above, we numerically solve Eq. (6) and calcu-
late the dissociation probabilities for an artificial molecule, HX+,
driven by the circularly polarized THz pulse with the wavelength of
46 000 nm. Here, the letter X indicates the nucleus with the elec-
tric charge of +1 a.u. and the mass of mx varying from one to three
times the proton’s mass mp. The total dissociation yields under the
three pulse intensities are shown in Fig. 2. The data for Figs. 2(a)
and 2(b) are the same but they are shown on the linear and loga-
rithmic scales, respectively. It is shown that as the nucleus X gets
heavier, the dissociation probability increases exponentially until the
dissociation eventually approaches saturation. Such phenomenon
seems counterintuitive, as heavier molecules are expected to dissoci-
ate with a lower probability under the infrared laser pulses.20 In fact,
this seeming contradiction is due to the distinct underlying dissocia-
tion mechanisms that are classified with the dissociation adiabaticity
parameter,36

γN =

√
2Dp

UN
, (20)

where Dp is the potential energy for dissociation and UN

= E2
0/(4 μω2

) is the nuclear ponderomotive energy. The dissociation

FIG. 2. Dissociation probability of HX+ as a function of the mass ratio mx/mp

under three intensities (I1 = 4 × 1013 W/cm2, I2 = 6 × 1013 W/cm2, and I3
= 8 × 1013 W/cm2) of the three-optical-cycle circularly polarized THz pulse.
The pulse wavelength is 46 000 nm. The data are shown on the linear and
logarithmic scales for (a) and (b), respectively. The total dissociation probabil-
ity of HX+ is defined as P = PX+H+ + PH+X+ = ∫ ∣χ′L(px , py ; t = t f )∣

2 dpxdpy

+ ∫ ∣χ′R(px , py ; t = t f )∣
2dpxdpy . In addition, mx and mp denote the mass of the

artificial nucleus X and the proton, respectively.

is considered to be in the multiphoton regime when γN ≫ 1 and in
the tunneling regime when γN ≲ 1.

For infrared driving pules where γN ≫ 1, the dissociation is
dominated by multiphoton excitation. As the heavier nuclei are less
likely to be driven to the internuclear distances for resonant exci-
tation, the dissociation yield would decline with increasing nuclear
mass. Figures 3(a) and 3(b) show the probabilities of two dissocia-
tion channels (PX+H+ and PH+X+ ) of HX+ driven by the circularly
polarized infrared and THz pulses, respectively. For the 800-nm
pulse, as expected, the total dissociation probability declines with
increasing mx. Meanwhile, the probability of removing the proton
from the molecule is almost equal to that of removing the nucleus
X+, as shown in Fig. 3(a). In this case, the dipole moment of the
asymmetric molecule only leads to slightly different probabilities
between the two dissociation channels.

In contrast, for the 46 000-nm pulse where γN < 1, the nuclear
tunneling dominates the dissociation. As shown in Fig. 3(b), as the

FIG. 3. Dissociation probability of the two channels (HX+ → H + X+ and HX+

→ X + H+) as a function of the mass ratio mx/mp under the laser pulses with
wavelengths of 800 nm (a) and 46 000 nm (b). The probabilities for the two
dissociation channels are calculated by PX+H+ = ∫ ∣χ′L(px , py ; t = t f )∣

2dpxdpy

and PH+X+ = ∫ ∣χ′R(px , py ; t = t f )∣
2dpxdpy , respectively. The field amplitudes are

0.0506 and 0.0292 a.u. for the ten-optical-cycle circularly polarized infrared pulse
and the three-optical-cycle circularly polarized THz pulse, respectively. The data
are shown on logarithmic scales.
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symmetry of the molecule breaks, the probability of dissociation into
X +H+ is higher than that of H + X+ by a few orders. This is because
the potential barrier to the X +H+ channel is significantly lower
than that to H + X+ for the asymmetric molecules where mx > mp,
as shown in Fig. 1. Moreover, the results in Fig. 3(b) show that
the probability of the dissociation channel X +H+ increases sig-
nificantly with increasing mx. This can also be understood from
Fig. 1(a), which shows that the potential barrier to the X +H+

channel becomes lower for heavier isotopologues. Therefore, the
observation of the dissociation yields agrees with the physical picture
regarding the nuclear wave packet tunneling through the field-
dressed quasi-static potentials shown in Fig. 1. So far, our numerical
results demonstrate that (i) the removal of the proton from the
molecule is the dominant dissociation channel of the asymmetric
diatomic molecule in the THz fields and (ii) the corresponding reac-
tivity becomes even higher if the degree of the mass asymmetry of
the molecule is larger.

To explore more features of the nuclear tunneling mechanism,
we investigate the dependence of the deprotonation of H+2 , HD+,
and HT+ on the intensity of the THz laser pulse. The calculated
deprotonation yields as a function of the pulse intensity are shown
in Fig. 4(a). For comparison, Fig. 4(b) also shows the results for
the infrared driving pulse. One can see the distinct intensity depen-
dence of the deprotonation between the multiphoton and tunneling
regimes of the dissociation. For the 800-nm driving pulse, the depro-
tonation yield grows exponentially as the pulse intensity increases
exponentially, and the trends for the three molecules are similar in
general. For the 46 000-nm driving pulse, however, the trends appear
differently. As the pulse intensity increases, the deprotonation for
three molecules stays low at first, but then it is enhanced abruptly
at different critical intensities and eventually approaches saturation.
In this case, the overall probability of the dissociation under the

FIG. 4. Deprotonation yield of H+2 and its isotopologues as a function of the
laser intensity for the three-optical-cycle 46 000-nm circularly polarized THz pulse
(a) and the ten-optical-cycle 800-nm circularly polarized infrared pulse (b). The
data are shown on logarithmic scales.

THz laser pulses is remarkably higher than that under the infrared
laser pulses. The abrupt enhancement can be seen as a sign of the
dynamical regime changing from tunneling to over-barrier dissoci-
ation, which is similar to the strong-field over-barrier ionization.37

According to the second term on the right-hand side of Eq. (19),
the field-dressed potential barrier depends on the product of the
pulse intensity and the mass asymmetry parameter a1. It indicates
that a1 being larger would essentially play the role of amplifying the
field amplitude for the dissociation. Therefore, the abrupt deproto-
nation enhancement takes place at relatively lower pulse intensity for
heavier asymmetric isotopologues. If the other nucleus is substituted
by further heavier nucleus, one might expect a more pronounced
deprotonation even in lower pulse intensities.

Next, Fig. 5 shows the dependence of the deprotonation yields
on the wavelength of the THz pulse. The corresponding pulse inten-
sities are 9.6 × 1013, 4.6 × 1013, and 3 × 1013 W/cm2 for H+2 , HD+,
and HT+, respectively. The intensities are chosen differently to guar-
antee that the dissociation yields for the three molecules are neither
too low nor near saturation when the wavelength varies. As the
wavelength increases from 38 000 to 82 000 nm, the dissociation adi-
abaticity parameter [Eq. (20)] decreases from 0.87 to 0.40 for H+2 ,
from 1.45 to 0.67 for HD+, and from 1.91 to 0.88 for HT+. One
can see that the deprotonation yields as a function of the wave-
length decline in general. Such tendency is analogous to the case of
strong-field ionization in the tunneling regime.38

So far, we have demonstrated the tunneling deprotonation
channel by showing the dissociation yields depending on the pulse
intensity, wavelength, and the mass asymmetry of the molecular sys-
tem. In order to gain more insight into the dynamical processes of
the nuclear tunneling in the dissociation, we calculate the nuclear
momentum distributions for HD+ driven by the circularly polarized
THz pulses. The results for the wavelengths of 38 000 and 52 000 nm
are shown in Figs. 6(a) and 6(b), respectively. The corresponding
effective vector potentials −A2(t) [Eq. (17)] for the deprotona-
tion channel (D +H+) are also depicted in the nuclear momentum
distributions for comparison, respectively. One can observe the
streaking patterns that are similar to those observed in the attoclock
scheme for studying strong-field tunneling ionization.27 In general,

FIG. 5. Deprotonation yield of H+2 and its isotopologues as a function of the pulse
wavelength. The data are shown on logarithmic scales.
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FIG. 6. (a) and (b) The nuclear momentum distributions for the deprotonation of HD+ driven by the three-optical-cycle circularly polarized THz pulses. The white solid curves
on the distributions show the effective vector potentials −A2(t) for the deprotonation channel. (c) and (d) The time evolution of the angular density distributions of the nuclear
wave packets. The red solid and dashed curves indicate the time-dependent field direction. The vertical white dash–dotted line indicates the time when the electric field
reaches the peak. The corresponding field amplitude is 0.0256 a.u. for both cases.

we find that the nuclear momentum distributions follow the effec-
tive vector potentials, which can be seen as further evidence for
the proton tunneling during the interactions. The average nuclear
momentum appears to be larger than the corresponding effective
vector potential. This might be associated with the nonadiabatic
effect that would induce an initial transverse momentum shift of the
tunneling particle driven by rotating fields.28

Furthermore, one can find a significant offset angle between the
peak of the proton distribution and the peak of the vector potential
for the case of 38 000 nm shown in Fig. 6(a), while two local max-
ima appear in the distribution for the case of 52 000 nm shown in
Fig. 6(b). To understand the observations, Figs. 6(c) and 6(d) show
the time evolution of the angular density distributions of the nuclear
wave packets for the two cases, respectively. The solid and dashed
curves indicate the direction of the rotating fields, and the verti-
cal dashed-dotted lines indicate the peaks of the electric fields. At
the beginning of the interaction, the angular density distribution is
isotropic. For the case of 38 000 nm, the nuclear wave packet is grad-
ually localized along a certain direction and rotates during the first
optical cycle of the interaction, but there is an offset between the field
direction and the localized wave packet. The angular distribution of
the wave packet eventually peaks at about 1.68 optical cycles when
it is also aligned with the driving field. This process would lead to
yield a maximum beyond the peak of the electric field. As a result,
the nuclear momentum distribution shown in Fig. 6(a) is signifi-
cantly deflected from the peak of the vector potential. For the case
of 52 000 nm, the localized wave packet oscillates over and behind
the rotating field direction. The oscillating density peaks before and
after the peak of the electric field, respectively. This would lead to
two bursts of the tunneling wave packet and, thus, two local max-
ima are observed in the nuclear momentum distribution shown in
Fig. 6(b).

As we can see, the observation of the proton tunneling in
molecular dissociation driven by circularly polarized THz laser
pulses is similar to that of strong-field tunneling ionization. On the
other hand, however, the underlying dynamics for proton tunneling
from molecules is more complex due to the alignment and rotation

of the molecule. Nevertheless, the angular streaking of the nuclear
momentum distribution indicates that it is possible to control not
only the deprotonation yield but also the direction of the emitting
proton with the few-cycle circularly polarized THz laser pulses.

IV. CONCLUSION
In conclusion, we have investigated the tunneling mechanism

of deprotonation in molecular dissociation driven by circularly
polarized THz laser pulses. The numerical results and theoreti-
cal analysis show that the tunneling deprotonation is significantly
enhanced for asymmetric molecules due to the lowered quasi-
static potential barrier associated with the mass asymmetry of the
molecules. In particular, the proton tunneling appears much easier
for the heavier isotopologues of H+2 under the same driving pulse.
Our results indicate that the tunneling mechanism lowers the neces-
sary pulse intensity for the deprotonation, particularly for molecules
with a high degree of mass asymmetry. In addition, we have shown
that the emission of the proton can be directed by the vector poten-
tial of the driving field and that the alignment and rotation of the
molecule would modify the angular distribution the emitting proton.

For the current development of THz lasers, the experimen-
tal observation of the tunneling dissociation of molecules driven
by THz fields remains challenging. Nevertheless, based on the
present theoretical study, we can see that the THz field intensity
required for observable tunneling deprotonation could be further
lowered if the degree of mass asymmetry becomes larger [see the
results in Fig. 4(a)]. Therefore, for those diatomic molecular systems
with higher degrees of mass asymmetry (HCl+, for example), there
might be chances for experimental observation of the tunneling
dissociation at lower THz field intensities.
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