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Control of molecular dissociation by spatially inhomogeneous near fields
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Tailored intense laser fields can be used to steer electron and nuclear dynamics in molecules and control chemi-
cal reactions. Here we demonstrate that inhomogeneous nanoscopic near fields provide an additional mechanism
for controlling light-induced chemical reactions. This is investigated by quantum-dynamical calculations on
dissociation of H," in few-cycle near fields with a controlled carrier-envelope phase. Directional dissociation
asymmetry analysis reveals that the spatial asymmetry of the field is critical in controlling and in modifying
field-induced dissociation pathways such as zero-photon dissociation, bond softening, and above-threshold
dissociation. The degree of impact strongly depends on the maximum length scale of coherent control in a
dissociation channel. The results pave the way towards coherent control of molecular reactions in a wide range

of molecules in inhomogeneous near fields.
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I. INTRODUCTION

Experimental and theoretical studies of the interaction
of intense light pulses with molecular hydrogen have been
prototypical and illuminated fundamental processes such as
strong-field ionization [1], field-dressed states resulting in
bond softening and bond hardening [2—-6], ultrafast (coupled)
electronic-nuclear wave-packet motion [7-13], laser-induced
alignment [14,15], high-order harmonic generation [16], and
the control of chemical reactions with the waveform of the
electric field [17-34]. The vast majority of the theoretical re-
search in this area has only considered spatially homogeneous
laser fields, i.e., where electric fields E(r, t) = E(t) are only
functions of time. This is a legitimate hypothesis, considering
that the laser field changes at most on the scale of the wave-
length (typically 800-3000 nm), while a laser focus spans
several tens to a few hundred micrometers [35]. Additionally,
the electron dynamics is typically constrained to a few tens
of nanometers, even for the larger-wavelength cases. Thus,
the electron is unable to experience any spatial variation of
the laser field. In contrast, near fields around nanostructures
are spatially dependent on a nanometer scale. The local fields
can reach much larger amplitudes as compared to the incident
fields, a phenomenon known as field enhancement. Exper-
imental and theoretical studies have explored laser-matter
phenomena driven by enhanced near fields [36,37], including
above-threshold and strong-field ionization [38-51], electron
acceleration [52,53] and recollision dynamics [54-61], and
high-harmonic generation in solids [62,63]. The waveforms
of nanoscale near fields have been resolved with attosecond
and femtosecond spectroscopy [45,64,65].
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In a broader context, near fields open a wide range of
possibilities to enhance and/or shape spectral and spatial
properties of an incoming field [66]. In strong few-cycle
fields, control of the carrier-envelope phase (CEP) ¢ per-
mits control over the electric-field waveform [35] and in
turn electron and nuclear dynamics in molecules [29]. Here
near fields constitute a possibility to enable and modify the
strong-field control, where the scale of the field changes is of
comparable dimension to the size of the electronic excursion.
Very recently, Kazuma et al. demonstrated the role of near
fields for molecular dissociation on nanoscale structures [67].
One of the consequences of the field inhomogeneity is inver-
sion symmetry breaking (i.e., ¢ /4 ¢ + m) of the laser field,
which enables additional opportunities for coherent control.
Despite their clear potential and an ample range of studies
of strong-field processes in atoms (for a review see [37]),
studies of molecules are scarce. Recently, the manipulation
of electron localization in the field enhanced dissociation of
H,* was theoretically explored [68]. In this study, going
beyond pure ionization phenomena, we study the influence of
spatially inhomogeneous near fields on a chemical reaction,
the prototypical field-induced dissociation of H,*. The results
are compared to those obtained for conventional (spatially
homogeneous) fields.

II. MODEL

We solve the time-dependent Schrodinger equation
(TDSE) for Hy" in a linearly polarized laser field near a
nanotip [69]. The geometry of the nanostructure and the
position of the molecule relative to the nanostructure justify
an approximation for the near field as [65,70,71]

E(z,t) = E(t)exp(—z/d), (1
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FIG. 1. (a) Schematic showing the geometry for the interaction
of H,™ with an enhanced near field at a nanotip. The incident laser
field is a few-cycle pulse with a controlled carrier-envelope phase.
(b) Spatial variation of field enhancement calculation of the field
asymmetry parameter y. (c) Diabatic potential energy curves and
dissociation channels for H, ™.

where d is the decay length and d — oo implies a
conventional homogeneous field (see Fig. 1). The decay
length is on the order of the radius of curvature of the
nanostructure and can be as small as a few nanometers.
The time-dependent part of the near field is taken as
E(t) = Eo f(t)cos(wot + ¢). Here f(t), wy, and ¢ are
the pulse envelope, laser frequency, and carrier-envelope
phase (CEP), respectively, and Ej is the field amplitude of
the near field at the position of the molecule and can be
enhanced by a factor of 10 compared to the incident field,
depending on the nanotip’s geometry [71,72]. Here we take
the polarization of the laser field and molecular axis of H,* to
be aligned along the apex of the nanotip, as shown in Fig. 1(a),
since this configuration is maximal in terms of dissociation
efficiency [8]. In order to exclusively investigate the effect
of the inhomogeneity of the field, we do not consider
the surface of the nanostructure. The laser wavelength is
A =800 nm and f(¢) is a Gaussian-shaped pulse with
two-cycles (5.4-fs FWHM of the field envelope). The field
intensity of the near field at the position of the molecule is
chosen as I = 240 TW/cm?. In order to quantify the effect
of the spatial asymmetry of the field on the dissociation
dynamics, we introduce an inhomogeneity parameter, the
field asymmetry y =[E(z = —Ry;/2) — E(z = R4/2)]/Ey
[see Fig. 1(b)]. Here R, is the distance beyond which the
dissociation can be observed, which we set to 10 a.u. The
y parameter is a measure of the relative difference in field
strength between the left and right nuclei. Throughout the
paper, we consider that the H,™ molecule is populated in
the electronic lso, ground state and the Franck-Condon
weighted superposition of the first 20 vibrational states,
as obtained from the ionization of H,, before interacting
with the few-cycle laser field (i.e., at t = —o0). Finally, for
numerical simulations, the field-matter interaction term can
be found by integrating the field E(z,¢) as V(z, R, t) =
[FE@, ndZ — [JIE@/2,1) — E(=7'/2,0)ldZ,  which
corresponds to V(z,t) = zE(t) for homogeneous fields, as
expected [73]. For the case of the near field, expressed in
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FIG. 2. (a) Instantaneous wave-packet distributions at different
times. The range of the horizontal axis z is from —10.0 to 410.0
a.u. and the range of the vertical axis R is from 4.0 to 15.0 a.u.
Horizontally dashed lines at R, = 10 a.u. indicate the position of
the detector (see the text). (b) Gray lines and the right axis show
temporal profiles of the field E(¢) for y = 0. Blue (dark gray) lines
and the left axis show variation of the dissociation asymmetry A(z)
for y = 0. (c) Same as in (b) but for y = 0.2. The inset shows the
time dependence of the asymmetry contrast C(z), as defined in the
legend, near the asymptotic limit.

Eq. (1), the interaction potential becomes

V(z, R, t)=d{(1—e “/?)—4[cosh(R/2d)—11}E(t).  (2)

III. RESULTS AND DISCUSSION

To quantify the directionality during molecular dissocia-
tion, we use the asymmetry A of molecular dissociation com-
puted from A = (P, — P;)/(P, + P; + ¢), where P, (P;) indi-
cates dissociation probability for the positive (negative), i.e.,
z 2 0 (z < 0), region, corresponding to electron localization
on the left (right) nucleus of the dissociated molecule [19].
Additionally, we include a regularization parameter ¢ to avoid
spurious A values when P, + P, ~ 0.

First, the time evolution of the field-driven dissociat-
ing wave packet is studied to understand the influence of
y on the direction of HT versus H emission. We simu-
late the dynamics of A(¢) for ¢ = O[Ap(¢)] and 7[A,(¢)]
[cf. Fig. 2(b)]. Dissociation probabilities are calculated by
P(t)= fot dt’ [ j(z, R4, t')dz, where j is the nuclear flux
density of the leaking wave packet beyond R; = 10 a.u. and
the limits of the second integral are set to [0, 25 a.u.] and
[-25 a.u., 0] for P.(¢) and Pi(t), respectively. Figure 2(b)
shows that for y = 0, the field swings the electron between
the two nuclei and A(t) for ¢ = 0 begins oscillating at the
rising edge of the laser field. We attribute this initial behavior
to dissociation from vibrational states with high quantum
number, which have a sizable probability close to R;. By the
time the field reaches beyond the maximum, higher-frequency
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components (e.g., at 3w) and irregular substructures in A(t)
are observed. This is due to interference of the different
components of the wave packet (dissociative and bound) as
well as different dissociative channels. Asymmetry decreases
as the field disappears, but then a large oscillation of asym-
metry emerges between ~15 and 25 fs, due to field-free
propagation of the dissociating wave packet [see snapshots
in Fig. 2(a)]. Beyond this time frame, a certain fraction of
the wave packet remains on the right nucleus due to trapping
by the potential barrier. This asymptotic asymmetry is experi-
mentally measurable and can be controlled by the CEP. When
the CEP is changed by m, the field gets inverted and so does
the resulting A(¢). Therefore, A9 = —A, for y = 0. When
the field asymmetry y > 0 is introduced, the system is not
inversion symmetric anymore and the dissociation in a certain
direction is expected to be favored, since the field strength
experienced by each nucleus differs. Indeed, we find that the
inversion symmetry of A(t) between ¢ = 0 and = is broken,
as can be seen in Fig. 2(c). After the peak of the field, both
Ap(t) and A, (¢) are instantly enhanced up to |0.3| within # =~
0-5fs compared to y = 0. However, in the asymptotic limit,
the A parameters for both ¢ =0 and ¢ = m are negative.
This means that the electrons are more likely localized on the
right nucleus. In order to better measure the influence of the
field asymmetry on the breaking of the inversion symmetry,
we introduce the contrast between Ag(7) and A, (t), defined
as C = [Ag — (—A;)]/[Ao + (—A,)]. As shown in the inset
of Fig. 2(c), C(t — 00) is zero for y = 0 but increases to
0.04 for y = 0.02 and 0.36 for y = 0.2. Hence, the contrast
parameter increases with field asymmetry.

In order to determine the physical mechanism responsible
for the field asymmetry dependence, we next investigate the
energy-resolved dissociation asymmetry of H,* through ki-
netic energy release (KER). Dissociation can primarily occur
via photon transitions [8]. Based on the Floquet dressed-
state theory, three major channels can lead to dissociation:
(i) Iso, — 2po, — Ow, the zero-photon dissociation (ZPD);
(i) 1so, — 2po, — w, the bond softening (BS) channel [2];
and (iii) lso, — 2po, — 3w — lso, — 2w, referred to as
above-threshold dissociation (ATD) [cf. Fig. 1(c)] [8,74].
In the asymptotic limit, when the dissociated wave packet
is relaxed, the KER can be found from Exgr = nhw —
|Ee1v|, where n is the number of absorbed photons and
E,, is the electronic energy at the vth vibrational state.
Thus, due to contributions from vibrational bound levels,
relatively broad spectra arise with Exgg ~ 0.1-1.5 eV for
BS and Exgr ~ 0.5-3.0 eV for ATD (for A = 800 nm). To
obtain the energy-resolved asymmetry A(E), we calculate
the KER spectra P(E) of the field-induced dissociation,
ie, H,™ +y — H' + H, employing the so-called virtual-
detector method [69,75].

We now inspect the CEP dependence of the directional
dissociation. Figures 3(a) and 3(b) show the KER-resolved
dissociation asymmetry for two different CEP values. We see
that the contrast between ¢ = 0 and ¢ = 7 is zero due to
inversion symmetry but it increases with the inclusion of field
asymmetry, due to the fact that y causes the asymmetry to
shift upward with field inhomogeneity, as shown in Fig. 3(b).
Next the energy- and CEP-resolved asymmetry A(E, ¢) =
[P(E,¢)— P.(E,®)/[P(E,¢)+ P.(E,$) + €] is calcu-
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FIG. 3. Variation of the dissociation asymmetry A as a function
of KER for (a) y =0 and (b) y = 0.2 and for two different CEP
values. The asymmetry contrast C is indicated for two KER points.

lated for different y and a laser intensity of 7 = 240 TW/cm?.
In general, A(E, ¢) is strongly controlled by CEP in few-
cycle laser fields, and studies have shown that A(E, ¢)
is typically periodic for y =0 and follows A(E, @) ~
A(E) cos[¢ + ¢o(E)], where A(E) is the asymmetry ampli-
tude and ¢o(E) is an offset phase [22]. As shown in Fig. 4(a),
the variation of asymmetry A(E, ¢) with CEP is periodic,
where all extrema are separated by A¢ = . For y =0 we
find, as expected, |A(E, ¢)| = |A(E, ¢ + m)|.

The periodicity in CEP variation is still largely valid
for inhomogeneous fields with parameters as high as y =
0.2 [Fig. 4(b)]. Except for the low-KER region, there are
no clearly apparent changes in the asymmetry maps. Dif-
ferences become more evident in integrated asymmetries
[f A(E, ¢)dE], as shown in Figs. 3(c)-3(f). Here we choose
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FIG. 4. Asymmetry maps A(E, ¢) for dissociation of H,"* for
(@) y=0and (b) y = 0.2. (c)-(f) The CEP variation of integrated
asymmetry for different KER ranges as indicated in (a) and (b) for
y = 0 (dashed lines) and y = 0.2 (solid lines).
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FIG. 5. (a) The CEP variation of the integrated asymmetry for different field asymmetries y. The arrows indicate the systematic up-shift
of A (see the text). (b) Variation of contrast C between the maximum and minimum A for different KER ranges and as a function of y.
(c) and (d) Results of the semiclassical dynamics of different dissociation channels for the case of y = 0 and y = 0.2. (¢) Time variation of the
dynamical distance R(t) for ¢ = 0. The top left inset shows a closeup of the time variation of R(¢) for the BS and ATD channels. The bottom
right inset shows the ratio between R(t) for y = 0 and y = 0.2. (d) Trajectory of dissociation of H,". The black circles indicate moments of

photon transitions.

KER ranges depicted in Figs. 4(a) and 4(b) with the intention
of avoiding both overlap between dissociation channels and
cancellation of asymmetry. Again the extrema are separated
by 7; however, we find that |A(E, ¢)| # |A(E, ¢ + )|. The
impact of y on the breaking of the m periodicity of |A] is
stronger for the low-KER range (0.1-0.2 eV). Here Apax
increases by 25% and A, decreases by 30% from y =
0 to y = 0.2. Furthermore, for varying y values, the CEP
variation of A(¢) is systematically upshifted due to directional
control of y, as shown exemplarily in Fig. 5(a) for the (0.25-
0.5)-eV range. This means that, with nonzero y, electrons
are more likely localized on the left nucleus, i.e., higher
fields. If we calculate the contrast between the maximum and
the minimum of the asymmetry variation as C = [Apax —
(—Amin)]/[Amax + (—Amin)], we find that the contrast almost
linearly increases within the studied y range as shown in
Fig. 5(b). This observation is consistent with our wave-packet
dynamics analysis (cf. Fig. 2) for low-energy regions, sug-
gesting that these regions are largely responsible for higher
contrast. Starting from y = 0, the contrast parameter increases
from C =0 up to C = 0.2 when y = 0.32. We evaluate the
contrast for different KER ranges and different y values in
Fig. 5(b). A strong control of C by y in the low-KER regions
is observed, which we attribute to ZPD. The control is weak
in the higher-KER regions, where BS and ATD are dominant.
The impact of y on the contrast for different KER regions
suggests that the length scale (i.e., stretching of the molecule)
for photon transitions associated with a certain dissociation

channel is a crucial factor, as illustrated in Fig. 1(c). The
impact of y is enhanced for larger distances relative to the
molecular center [see Fig. 1(b)] and each dissociation chan-
nel acquires a different degree of stretching (~10, ~5, and
~3 a.u. for ZPD, BS, and ATD, respectively) before a tran-
sition to the repulsive state. The different behaviors seen in
Figs. 4(a)—4(f) suggest that the spatial inhomogeneity of the
near field provides an additional mechanism for controlling
chemical reactions.

To qualitatively address the physical mechanism behind
the channel dependence of the impact of the field asymme-
try, we devise a semiclassical two-state model based on"the
dynamics of a particle in an inhomogeneous field u,R =
—0r[Dgu(R)+ V(R, t;y)]. Here u, is the reduced proton
mass, Dg(R) and D, (R) are the potentials of 1so, and 2po,
states presented in Fig. 1(c), respectively, and V(R,t;y)
is the interaction potential approximated from Eq. (2). The
system is initially assumed to be in the equilibrium distance of
2 au. with zero momentum. The semiclassical dynamics
are simulated for different dissociation channels by execut-
ing the nonclassical interstate transitions (for BS and ATD)
at the moment the resonance condition (i.e., R distance where
the potential energy curves differ by a multiple of Zw) is met.
One can see that a certain amount of stretching is necessary
for the BS, ATD, and ZPD channels to be activated [as can be
understood from Fig. 1(c)], which can then be coupled with
the length scale of the field asymmetry. Considering the time
variation of R, in Fig. 5(c), we see that BS and ATD channels
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are activated at the rising edge of the field at relatively short
distances, where the influence of y is relatively small. On the
other hand, ZPD strives for longer intermolecular distances,
which coalesce with increasing impact of y. As a result, both
BS and ATD are less affected by the field asymmetry than
ZPD. Figure 5(d) shows semiclassical trajectories in an inho-
mogeneous field represented in the phase space. In all cases,
the particle first oscillates under the field and later dissociates,
attaining a constant momentum. The ZPD occurs very slowly
relative to the other states but gains extra momentum with field
asymmetry. Trajectories of both BS and ATD are visibly less
affected by y. Our semiclassical analysis clearly shows that
the length scale of the dissociation channel is critical for the
dissociation control of y.

IV. CONCLUSION

We have studied the control of dissociation of the H,™
molecular ion by spatially inhomogeneous fields, i.e., field
asymmetry, with TDSE simulations. The field inhomogeneity
results in a breaking of the inversion symmetry of the CEP-
dependent dissociation direction asymmetry. We investigated
the ZPD, BS, and ATD channels in more detail and found that
the field asymmetry length scale, given by the y parameter,
and the length scale of the various dissociation reactions
determine how much a certain reaction channel is affected

and controlled by the inhomogeneity. Our results pave the
way towards using spatially inhomogeneous near fields as
a control mechanism for the manipulation of electron and
nuclear dynamics in molecules driven by intense laser fields.
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