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Selective bond breaking of CO, in phase-locked w—2w two-color intense laser fields (1 = 800 nm and
400 nm, total field intensity / ~ 10 W cm™) has been investigated by coincidence momentum
imaging. The CO* and O* fragment ions produced by two-body Coulomb explosion, CO,2* — CO* +
O™, exhibit asymmetric distributions along the laser polarization direction, showing that one of the two
equivalent C—O bonds is selectively broken by the laser fields. At a field intensity higher than 2 x 10** W cm™2,
Received 1st November 2016, the largest fragment asymmetry is observed when the relative phase ¢ between the w and 2w laser fields
Accepted 26th December 2016 is ~0 and n. On the other hand, an increase of the asymmetry and a shift of the phase providing the
DOI: 10.1039/c6¢cp07471e largest asymmetry are observed at lower field intensities. The selective bond breaking and its dependence

on the laser field intensity are discussed in terms of a mechanism involving deformation of the potential
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1 Introduction

Light-matter interaction in the intense field regime (field intensity
I ~ 10" W cm?) drives a variety of interesting dynamics in
molecules.” It offers unique methods to soften or harden
chemical bonds®* or to control the electron localization in
the molecular frame® as demonstrated with H," (D,") molecules.
Since such molecular responses are determined by the property of
the applied laser electric fields, intense-field coherent control
is one of the most powerful approaches to manipulate photo-
dissociation dynamics at the quantum level.

Coherent control in the intense field regime has been demon-
strated with several approaches. In particular, pulse shaping
techniques using a spatial phase modulator have been success-
fully applied to a variety of photochemical reactions, such as
dissociation of Fe(CO)s,*” CpFe(C0O),Cl,>® acetophenone,’ acetone
and its derivatives,”'° bending of CO,,"* and isomerization of
1,3-cyclohexadiene'” as well as electron localization in hetero-
nuclear diatomic molecules.’®> Combined with the genetic
algorithm, the pulse shaping techniques allow optimization
of a number of parameters, such as intensity, phase, and
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energy surfaces and electron recollision in intense laser fields.

polarization of each wavelength component, to steer the system
into a target reaction pathway.

Two-color mixing is another interesting approach for the
coherent reaction control, as demonstrated with various targets
ranging from diatomic to polyatomic molecules.**>° For the
two-color laser fields consisting of the fundamental (w) and the
second harmonic (2w) fields, the laser electric field, F(¢), may be
expressed as

F(t) = F,(t) cos(wt) + Fo,(t) cos(2mt + ¢), (1)

where F,(f) and F,,(t) are the temporal envelopes of the
fundamental and second harmonic fields with carrier frequencies
of w and 2w, respectively. The relative phase, ¢, between the two
laser fields determines the waveform of the laser electric fields. At
¢ = 0 or &, the amplitude exhibits the largest asymmetry between
the positive and negative sides, while it becomes symmetric at
¢ =m/2 or 3n/2. Fig. 1(a) shows the schematic of the two-color laser
electric fields at relative phases ¢ = 0, n/2, and n. Although the
number of controllable laser parameters is limited, one can
vary the intensity and the relative phase of the two laser fields
independently (and systematically) to elucidate underlying
mechanisms of coherent control, which is important for a deeper
understanding and an efficient control of chemical reactions.

In the present study, we focus on the directional fragment
ejection from symmetric molecules in intense laser fields. The
demonstration of directional ejection control was performed
with D," using few-cycle carrier-envelope-phase (CEP) locked
laser pulses,”>! showing that the direction of deuteron ejection
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Fig. 1 (a) Schematic of the two-color laser electric fields used in the present study (« = /,,/l,, = 0.11), at relative phases ¢ = 0, n/2, and n. The Gaussian

functions are assumed for the envelopes, F..(t) and Fau(t). (b) Schematic of the experimental setup. The output of a Ti:Sapphire laser amplifier system
(800 nm, 1 kHz) was introduced to a B-barium borate (BBO, type I) crystal to generate a second-harmonic pulse (400 nm). The time-delay between the
fundamental (w) and the second harmonics (2w) was compensated by birefringent a-BBO crystals. A pair of fused silica wedges was used for fine tuning
of the relative phase, which was locked by a feedback loop utilizing the 2w—2w interference spectrum. The polarization axis (¢) of the w pulse was rotated
to be parallel with the 2w pulse by a dual-wavelength waveplate. DWP: dual-wavelength waveplate, CC: concave mirror, PSD: position sensitive detector.

in D," - D" + D varies sensitively depending on the CEP. The
directional fragment ejection from D," was also demonstrated
with w20 laser fields,'®'® presenting a kinetic energy dependent
asymmetric fragmentation.

The coherent control of directional fragment ejection has
been extended to polyatomic molecules, C,H, (C,D,).*#*** It was
shown that one of the two C-H (or C-D) bonds can be selectively
cleaved by CEP locked**** or two-color intense laser pulses.'®
Recently, such bond breaking control has been demonstrated
with CO, using two-color laser fields,” expanding the applicability
of selective breaking of equivalent chemical bonds to heavier
systems.

For D,", the asymmetric deuteron ejection is explained by
laser-induced coherent coupling of electronic states.>"®!%21:>4
Coherent superposition of o, and o, states with an appropriate
phase localizes the electron between the equivalent deuteron
sites to produce D" ion preferentially in one direction. On the
other hand, different mechanisms are proposed for acetylene,
such as coherent superposition of vibrational states*” and laser-
assisted bond weakening.”® In the former, it is proposed that
a wavepacket formed by a CEP-dependent superposition of
symmetric and anti-symmetric stretching vibrational states
propagates on a field-free dissociative potential energy surface
of acetylene dication, resulting in the directional ejection of H*.?*

In our previous study using two-color laser fields (pulse
duration ~ 100 fs),”° the Coulomb explosion of CO,, CO, —
CO,>" +2e” — CO" + O + 2e”, exhibits the largest fragment
asymmetry at ¢ = 0 and w, where the O" fragment is preferen-
tially ejected to the larger amplitude side. The result is in good
agreement with predictions by a previous theoretical study on
CO,*" in intense laser fields,”>?° suggesting that the selective
bond breaking in this long pulse regime is governed by laser-
induced deformation of the potential energy surface.

This journal is © the Owner Societies 2017

Since molecular responses in intense laser fields are often
highly non-linear, laser field intensity is an important control
parameter as demonstrated in previous studies.”’>° Here we
study the field intensity dependence of asymmetric Coulomb
explosion of CO, for a deeper understanding of the mechanisms
of selective breaking of the two equivalent C-O bonds in w-2w
two-color intense laser fields (I ~ 10" W cm™?).

2 Experiment

The schematic of the experimental setup is shown in Fig. 1(b).
The output of a femtosecond Ti:Sapphire laser amplifier system
(800 nm, 1 kHz) was introduced to an inline w-2w pulse
generator. A B-barium borate (BBO, type I) crystal was used to
generate the second harmonic (2w) pulse from the funda-
mental (w) pulse. The time-delay between the w and 2w pulses
associated with group velocity dispersion in the w-2w pulse
generator and the vacuum chamber window was compensated
by two birefringent o-BBO crystals. A pair of fused silica wedges
was used for fine-tuning of the relative phase ¢, which was
locked by a feedback loop utilizing the 2w-2w spectral
interference.”® The root mean square of the measured phase
distribution was 0.0437 (7.8°) without stabilization, which was
reduced to 0.0197 (3.5°) with stabilization. The long term (30 min)
drift of the mean phase was also reduced from —0.010m (—1.8°) to
—6 x 10" (—0.1°). The polarization axis of the » pulse was
rotated to be parallel to that of the 2w pulse by a true-zero order
dual-wavelength waveplate (/2 for w, 4 for 2w). The pulse dura-
tions of the w and 2w pulses were measured in the interaction
region to be 45 fs and 110 fs, respectively. The relative phase in
the interaction region was calibrated by a separate experiment
measuring the energy distribution of high-order above threshold
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ionization (ATI) peaks associated with the back-scattered electrons
from Xe.** The relative phase was calibrated so as to have the
maximum back-scattered electron energy at ¢ = 0.287 (50°).

Two laser pulses were collinearly focused on the molecular
beam of CO, by a concave mirror (f = 75 mm) placed in an
ultrahigh vacuum chamber (see Fig. 1(b)). The fragment ions
produced by Coulomb explosion of CO,, CO, — CO,>" +2¢~ —
CO" + O" + 2¢7, in intense laser fields were accelerated by four
electrodes in a velocity map configuration and detected by a
position sensitive detector (PSD) for coincidence momentum
imaging.>'?> The three-dimensional momentum vector,
P = (px Py, P2), of respective ions was calculated from the
position and the arrival time at the detector for each dissociation
event.>"*? The total kinetic energy release was defined as the sum

of the kinetic energy of the fragments, Eii, = 3. |p,|*/2m;, where
i

p: and m; are the three-dimensional momentum and the mass of
the i-th fragment ion, respectively. The momentum matching
condition, |pco’ + po'| < 15 a.u., was applied to discriminate
true coincidence events (detecting the CO* and O fragment ions
from a single CO,>" parent ion) from false events.

The laser field intensities of the w and 2w laser fields, I, and
L, in the interaction region were calibrated separately by using
the ponderomotive energy shift of the ATI photoelectron peaks of
Xe atoms. The photoelectron images were recorded by the same
experimental setup with inverted electrode polarity. In this paper,
the total laser field intensity is denoted as I,,154, = I, + I, and the
ratio of the w and 2w laser field intensity, « = I,,,/I,,, is fixed to 0.11
as used in the previous study for the phase calibration.*

3 Results and discussion

Fig. 2 shows a coincidence momentum image of the O" ions
for the two-body Coulomb explosion pathway, obtained by

Yields (arb. u.)

o

-100 0
p, (a.u.)

Fig. 2 The phase-averaged coincidence momentum image of the O*
fragments in the p,—p, plane with the vertical momentum |p,| < 5 a.u.
obtained for the Coulomb explosion of CO, — CO,2* + 2~ — CO* +
O* + 2e” in two-color intense laser fields (800 nm and 400 nm, /42, =
5.6 x 10%* W cm™2). The momentum areas used to evaluate the ion yields,
Y, and Y_, are indicated by dashed line. ¢ denotes the laser polarization
direction.

100
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averaging over ¢ (from 0 to 2m). The total laser field intensity
is Iyize = 5.6 x 10 W em™? (I, = 5.1 x 10 W cm 2 and
I = 5.3 x 10 W em ™%, « = L,/I,, = 0.11). The momentum
image shows slightly asymmetric distribution along the laser
polarization direction (x-axis), as observed for the one-color
case,” due to non-uniform detector sensitivity. Contrary to the
expectation from the n molecular orbital,**** strong peaks are
observed along the laser polarization direction as reported in a
previous study using ~ 100 fs laser pulses.?® In addition, a weak
isotropic feature was observed in Fig. 2 forming a circular
distribution in the same kinetic energy region. The former
and the latter are assigned to the direct dissociation from the
ground state of CO,”" (X’L, ") and the predissociation of the
metastable excited states (a'Ay and b'Z,"), respectively.”****’

To evaluate the asymmetry of fragment ions, we defined an
asymmetry parameter,

Y)Y (#)

AP =¥ B T 7o)

(2)

Here Y,(¢) and Y. (¢) are the yields of the O fragments from
CO,>" with positive (p, > 0) and negative (p, < 0) momenta
along the laser polarization direction. These yields are evaluated
from the coincidence events observed in the areas denoted in
Fig. 2, after the detector sensitivity correction (5%). The radial
range corresponds to the total kinetic energy E;, between 3 eV
and 10 eV. The angular range with respect to the laser polarization
direction is set between —45° and 45° to reduce the contributions
from the metastable components.

Fig. 3 shows the asymmetry parameters recorded as a
function of the relative phase ¢ at two different total laser field
intensities. At a total field intensity of I, = 5.6 x 10** W em ™2,
the asymmetry parameter A(¢) exhibits a clear oscillatory behavior
with its maximum and minimum at ¢ ~ 0 and ,*° respectively.
On the other hand, at a reduced total field intensity of I, =
0.76 x 10 W em > (I, = 6.9 x 10 W em 2 and I, = 7.3 x
10" W em™?), the oscillation amplitude increases from 0.04
to 0.07. In addition, a positive shift of the phase was observed.
These results suggest that different mechanisms are involved in
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Fig. 3 Asymmetry parameters of the O* fragment ions at two different
total laser field intensities, /12, = 5.6 x 10** W cm™2 (red circle) and
0.76 x 10** W cm~2 (blue square). Solid lines are numerical fits by a cosine
function.
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the selective breaking of equivalent bonds of CO, depending on
the laser field intensity.

Laser field intensity dependence of the directional ejection
of fragment ions has been discussed with several molecules,
D,",*” DCI*,*® HOD?® and toluene®® in CEP-locked intense laser
fields, which show a decrease in the asymmetry with increasing
field intensity, as observed in the present study. For an asym-
metric molecule DCI",*® the decrease in the asymmetry is
interpreted in terms of molecular tunneling ionization rates,
which become less sensitive to the molecular orientation as the
field intensity increases. For a symmetric molecule D,",*” on
the other hand, it is attributed to the increase in the range of
the initial phase for the coherent coupling. As the laser field
intensity increases, the time range for the recollision excitation
to occur within an optical cycle becomes broader, which results
in a reduced visibility of quantum interference between g and u
states or a decrease in the fragment asymmetry. However,
quantum interference may not be the dominant mechanism
of the selective bond breaking of CO, because many excited
states could be involved in the dissociation process.*® Indeed,
unlike D,",*” the asymmetry parameter shows no clear depen-
dence on the total kinetic energy Ey;, in the field intensity range
investigated in the present study (not shown, see Fig. 4(c) in
ref. 20).

To clarify the origin of the field intensity dependence, we
measured the phase dependence of the asymmetry parameter at
various total intensities, I, ranging from 0.54 x 10"* W em >
to 5.6 x 10" W cm™? with the fixed intensity ratio (x = 0.11).
The asymmetry parameters are analyzed at each intensity by a
least-squares fitting to a cosine function of ¢,

A(P) = Aq cos(¢p — o), 3)
] 0.2
0.08 4= ¥ @
g 5 - 0.1
< Q EO
0.04 — Q o)
? - 0.0
_ ' -
0.00 - -0.1
4 56 %éé; 2 3 4 5678

1,

wH2w

/10" (W/em?)

Fig. 4 Obtained fitting coefficients Ag (circle) and ¢q (square) of asym-
metry parameters as a function of the total laser field intensity, /,+2.,. Note
that the ratio of the fundamental and second harmonic field intensity
o = Ix,/l, is fixed to 0.11. Colored areas correspond to the intensity of
sequential (blue, /.2, < 1.1 x 10¥* W cm™2) and non-sequential (red,
lps2e > 1.8 x 10** W cm™2) double ionization of CO;, in two-color laser
fields (see the text for the details).

This journal is © the Owner Societies 2017

View Article Online

PCCP

where the amplitude 4, and the relative phase providing the
maximum asymmetry ¢, are adopted as fitting parameters.
It should be noted that, with ¢, = 0, the O' fragments are
preferentially ejected on the larger electric field side of the
w-2w two-color laser pulses, while ¢, = m corresponds to the
ejection of O" on the smaller electric field side.

Fig. 4 shows the obtained parameters 4, and ¢, as a function
of the total field intensity. The amplitude A, remains almost
constant (~0.04) against an intensity decrease from I, =
5.6 x 10" W em™ to 2 x 10" W em™?, but shows a clear
increase to 4y ~ 0.07 at 5, = 1-2 x 10" W cm ™. A step-like
feature is observed also for the phase ¢, in the same intensity
range. In order to understand this characteristic behavior, we
examine the electron recollision process in linearly polarized
-2 laser fields. Electron recollision can be decomposed to
the following steps based on the three-step model:*° (i) generation
of a free electron by tunneling ionization, (ii) electron acceleration
by alternating laser electric fields and (iii) electron recollision.
Here, we calculated the kinetic energy of recolliding electrons,
Egee, by solving one-dimensional classical equations of motion
along the laser polarization direction. The envelopes of two laser
electric fields are assumed to be constant over time, F,,(£) = F,, and
I_«“Zw(t) = F,, in eqn (1), and the ratio of the two electric fields is
fixed at 0.33 (corresponding to o = I,,/I, = 0.11).

Fig. 5(a)-(e) show the w-2w laser electric field for I, =
1.39 x 10" Wem™? (I, = 1.25 x 10" W em™? and I, = 1.36 x
10" W em™?, « = 0.11) as a function of time, F(¢), for selected
relative phases ¢ = 0, n/4, n/2, 3n/4, and =, respectively. Also
plotted is the recollision energy of electrons (born at ¢). The
recollision energy exhibits two peaks within a cycle. Fig. 5(f)
shows how these peak recollision energies depend on the
relative phase. They vary in the range between 19 eV and 30 eV,
corresponding to 2.5Up(w) and 4.0U,(w) with the ponderomotive
energy of the fundamental laser field Up(w) = 7.6 eV at I, = 1.25 X
10" W cm 2 These upper and lower bounds of the peak
recollision energy scales linearly with the total field intensity
I,120 as long as the field intensity ratio is fixed to « = I,,,/I,, = 0.11.
Since the ionization potential of CO," is I, (CO,") = 23.6 eV,
non-sequential ionization from the ground state of CO," to CO,>*
by electron recollision can occur at a limited phase range at this
total field intensity.

For I, > 1.8 x 10" W cm™?, the recollision energy
exceeds the ionization threshold of CO," at all relative phases
(2.5Up(w) > I,(CO,"), while the recollision energy is below the
threshold irrespective of the phase for I,.,,, < 1.1 x 10** W cm ™2
(4.0U(w) < I,(CO,"). The intensity gap between these two
regimes agrees with the intensity range where the shifts in the
asymmetry amplitude, 4,, and the phase, ¢,, are observed in
Fig. 4. This finding suggests that the recollision process is
responsible for the changes in the control mechanism.

Now we discuss the mechanisms of the selective C-O bond
breaking and the dependence on the laser field intensity. In the
high field region (I,s5,, > 1.8 x 10" W ecm™?), CO,>" is directly
populated by electron recollision to undergo the interaction
with the laser fields. Sato et al.>>?° treated the dynamics of the
structural deformation of CO,>" in two-color intense laser fields

2
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Fig. 5 The two-color laser electric fields as a function of time, F(t), (blue) and the recollision energy E¢ec Of electrons born at t (red), for (a) ¢ = 0O, (b) /4,
(c) n/2, (d) 3n/4, and (e) &, respectively. (f) Relative phase dependences of two peaks observed in the recollision energy within a cycle. The color intensity

corresponds to the field amplitude at the ionizing time. The intensities of the fundamental and second harmonic electric fields are 1.25 x 10** W cm

-2

and 1.36 x 10" W cm™2, respectively. This fundamental laser intensity, /,, corresponds to a threshold intensity of non-sequential double ionization of
CO, by electron recollision in one-color intense laser fields. The ratio of two laser field intensities is fixed to o = I,,,/1,, = 0.11. The ponderomotive energy

of the fundamental laser fields is Uplw) = 7.6 eV.

by using the time-dependent adiabatic state approach, where
the electronic Hamiltonian including the interaction with the
instantaneous laser electric field is solved by quantum chemical
methods. Averaged over optical cycles, the ground-state potential
energy surface of CO,>" is deformed asymmetrically along the
two C-O stretching coordinates. Since the asymmetric potential
deformation is attributed mainly to the non-zero cycle-averaged
cubic-electric field (F*(¢)) of the two-color laser field, the largest
asymmetry of the potential energy surface is expected at ¢ = 0 and
n when (F(£)) is maximized, showing that selective breaking of
one of the two equivalent C-O bonds is expected at these relative
phases. Wavepacket calculations on the deformed potential show
that the dissociation of CO,>" proceeds more preferentially along
one of the C-O bonds than the other, with O' being preferentially
ejected in the larger electric field side. This is in good agreement
with the observed phase relation ¢, = 0 at high field intensities
(T2 > 1.8 x 10" W cm™2).

On the other hand, in the case of 1,15, < 1.1 X 10** W em ™2,
the electron recollision energy is not large enough to ionize

3554 | Phys. Chem. Chem. Phys., 2017, 19, 3550-3556

CO,". The asymmetric fragmentation in this intensity range can
be explained by recollision induced excitation with subsequent
ionization (RESI). In this process, singly charged excited states
populated by electron recollision are ionized to the doubly
charged states by subsequent interaction with the laser
fields."®*'™** Since electronically excited states have diffuse
wavefunctions in general, excited molecules are more sensitive
to the parameters of applied laser fields than those in the
tightly bound ground states. Indeed, our previous study shows
that the fragments from the excited states of CO,>" exhibit
larger amplitudes in the anisotropy than those from the ground
state of CO,>*.*° This suggests that the potential energy surfaces of
the recollisionally excited states of CO," could be distorted more
significantly than that of the ground state of CO,>" (as long as the
excited electron is involved in the bonding). Since the subsequent
ionization transfers the nuclear dynamics in excited CO," to
CO,>", the fragment asymmetry in this intensity range is expected
to be larger than the case of direct ionization of CO,>", as observed
experimentally. It should be noted that the recollision excitation

This journal is © the Owner Societies 2017
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to CO,™* can occur above the intensity threshold for the non-
sequential double ionization. The RESI mechanism would therefore
contribute to the weak dependence of the A, parameter on the laser
field intensity above 1.8 x 10" W cm™ > (see Fig. 4).

The RESI mechanism also facilitates interpretation of the
positive phase shift (¢, = +0.1n) observed in this intensity
range. As shown in Fig. 5, the kinetic energy of the recolliding
electron is sensitive to the relative phase. The maximum kinetic
energy increases as ¢ increases from —0.34n to 0.54m. This
indicates that recollision excitation to the excited states of
CO," is more efficient for a positive phase than ¢ = 0. The
competition between the deformation of the potential energy
surfaces favoring a phase ¢ = 0 (or mn) and the recollision
excitation favoring a positive ¢ should determine the phase that
provides the maximum asymmetry. This suggests that the defor-
mation of the potential energy surfaces of the excited states of
CO," in two-color intense laser fields plays an important role in
the selective bond breaking of CO, in the low field region.

Alternatively, the asymmetric fragmentation from CO,>" at
Iyize < 1.1 x 10" W ecm 2 may be interpreted in terms of
sequential double ionization via CO,". If one of the C-O bonds
stretches by the interaction with the laser fields to (OC-0)",
the tunneling ionization to CO,>" becomes dependent on the
molecular orientation as observed for asymmetric molecules.?®
If laser electric fields directing from OC to O favor the ionization,
for example by electron localization**™*® in the up-field O site,
the fragment produced by subsequent Coulomb explosion
should show positive and negative asymmetry parameters at
¢ =0 and m, respectively, as observed in the present experiments.
For a deeper understanding of the control mechanism, experiments
at longer wavelength'® would be useful.

4 Summary

In the present study, we investigated selective bond breaking
of CO, in Coulomb explosion from the doubly charged states,
CO, — CO,>" +2e~ — CO" + O + 2e7, in phase-locked two-
color intense laser fields (800 nm and 400 nm, ~10"* W cm™?)
by coincidence momentum imaging. Clear intensity depen-
dences of the amplitude and the phase of the asymmetry
parameter were observed, exhibiting a step-like features at
Iyize = 1-2 x 10" W em™>. The selective breaking of the two
equivalent C-O bonds and the intensity dependences are inter-
preted in the following way. For I, > 1.8 x 10" W cm 2,
CO,*" formed directly by electron recollision undergoes selective
breaking of two equivalent C-O bonds due to the deformation of
potential energy surfaces. Below the recollision double ionization
threshold (I,15, < 1.1 x 10" W cm™?), we proposed recollision
excitation followed by the potential deformation of excited CO,",
which can explain both the increase of the asymmetry and the
phase shift observed in the present study. The mechanisms
discussed in the present study are broadly applicable to other
systems in intense laser fields with relatively long pulse duration
thus providing prospects for intense-field coherent reaction
control.
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