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By measuring the ejected neutral and ionic fragments as well as the freed electron in coincidence, we track
the laser induced dissociative frustrated double ionization (FDI) of D,, in which process one of the two tunneled
electrons is eventually recaptured by the outgoing nuclei of the breaking molecule after the conclusion of the
femtosecond laser fields. The dynamics are investigated in a pump-probe scheme by using an elliptically and
linearly polarized few-cycle laser pulses with tunable time delay. The distinct momentum distributions of the
escaped electrons governed by the light polarizations allow us to identify from which laser fields, i.e., the pump
or the probe fields, the electron is released and thus deduce the origin of the recaptured one. Our results show
that the electron released in the second ionization step after the stretching of molecular bond is favored to be

recaptured in the dissociative FDI of molecules.
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I. INTRODUCTION

When molecules are exposed to strong laser fields, the
excitation of electron from bound states to the continua gives
rise to a multitude of intriguing phenomena, such as the bond-
softening and hardening [1—4], the electron-nuclear sharing of
the absorbed photon energy [5-9], the nonsequential double
ionization [10-12], the laser-induced Coulomb explosion [13—
15], and the charge-resonance enhanced ionization (CREI)
[16-19]. After the conclusion of the laser pulse, besides es-
caping to the continuum, a substantial fraction of the detached
electrons that does not gain sufficient drift energy from the
laser field would be recaptured by the Coulomb potential of
the positively charged ionic core and eventually be trapped into
the high-lying Rydberg orbitals, which is intuitively dubbed as
the “Coulomb recapture effect” [20] or “frustrated tunneling
ionization (FTI)” [21].

The strong-field induced FTI has been observed for both
atoms [22-24] and molecules [25-33]. For the Coulomb-
explored double ionization of molecules, there is a certain
probability that one of the two tunneled electrons escapes and
the other one is recaptured to one of the outgoing ionic frag-
ments, leading to the dissociative frustrated double ionization
(FDI) [34]. Depending on whether the recaptured electron is
released in the first or the second ionization step, two routes
were theoretically predicted for the dissociative FDI of H,
[27]. However, due to the coexistence of the first and second
ionization steps within a multicycle femtosecond laser pulse,
the question of which ionization step governs the dissociative
FDI of molecules stands yet to date experimentally unexplored.

In this paper, we experimentally tracked the electron
recapture dynamics for the dissociative FDI of D,, i.e.,
D, +nliw — D" +e; + mhwo — DY + DV + ¢, - DT +
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D* + e, denoted as the (D', D*) channel, by using elliptically
and linearly polarized few-cycle laser pulses in a pump-probe
scheme. It allows us to disentangle the first and second
ionization steps by sequentially removing two electrons from
D, by the few-cycle pump and probe pulses. We note that
no (D*, D*) channel is observed in a single few-cycle pulse
which is too short to drive the sequential process characterized
by the stretching of the molecular ion created in the first
ionization step. The stepwise dynamics of the dissociative FDI
of D, can be mapped by tracing the motion of the dissociating
nuclear wave packet (NWP) on the potential-energy curves
of D, ™ as a function of the time delay between the pump and
probe pulses. The measured final momentum distributions
of the escaping electrons governed by the laser polarizations
allow us to identify from which laser pulse it is released and
thus deduce the origin of the recaptured one. The electron
tunneled in the second ionization step is found to dominate
the formation of neutral Rydberg atoms in the dissociative
FDI of molecules.

II. EXPERIMENTAL METHOD

In the experiment, we perform the measurements in an
ultrahigh-vacuum reaction microscope of cold target recoil ion
momentum spectroscopy (COLTRIMS) [35,36]. As schemat-
ically illustrated in Fig. 1(a), the DT ion created through
photoionization will be accelerated by the static electric field of
the spectrometer (Es ~ 12.7 V/cm) towards the ion detector
and detected regardless of its initial ejection direction. The
produced excited neutral D* can only be detected if it flies
towards the ion detector and impinges on the microchannel
plate (MCP) detector with an internal potential energy beyond
the work function of the MCP (a few eV) [37]. Meanwhile,
the freed electron accelerated by E; of the spectrometer and
guided by a weak magnetic field (B ~ 11 G) will be detected
by the electron detector. The three-dimensional momenta of
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FIG. 1. (a) Schematic view of the experimental setup. The inset on the bottom left shows the illustration of the spectrometer configuration of
the ion side of the COLTRIMS apparatus. (b) Measured PIPICO spectrum of the (D", D) and (D, D*) channels produced from the strong-field
dissociative double ionization of D,. (¢) Schematic illustration of the stepwise dynamics of the dissociative FDI of D, driven by the few-cycle

pump and probe pulses.

the detected particles were reconstructed from the measured
times of flight (TOFs) and positions of the impacts during the
offline analysis.

An elliptically and a linearly polarized few-cycle laser
pulses in a pump-probe arrangement is employed to pump
and probe the dissociative FDI process. To generate the
few-cycle pulses, linearly polarized near-infrared femtosecond
laser pulses (25 fs, 790 nm, 10 kHz, polarized along the y
axis) delivered from a multipass Ti:sapphire amplifier were
spectrally broadened in an argon-filled hollow-core fiber and
afterwards temporally compressed using pairs of chirped
mirrors. The laser beam was then fed through a Mach-Zehnder
interferometer to produce the pump and probe few-cycle
pulses in two arms with linear and elliptical polarizations,
respectively. The polarization of the linear arm was rotated
to be along the TOF direction of the spectrometer (the z axis)
by using a half-wave plate (HWP). For the other arm, the laser
polarization was adjusted to be elliptically polarized in the
y-z plane with the major axes along the z axis by utilizing a
quarter-wave plate (QWP) in combination with a HWP. The
fast axis of the QWP was fixed to be along the z axis and the
ellipticity of the ellipse was adjusted to be ~0.72 by varying
the orientation of the fast axis of the HWP placed in front of
the QWP. The time delay between the pump and probe pulses
was finely controlled by using a motorized delay stage. The
pulses were afterwards tightly focused onto a supersonic gas
jet of D, by a concave silver mirror (f = 7.5 cm) inside the
COLTRIMS. By tracing the time-delay-dependent yield of the
singly ionized molecules, we estimate the temporal duration
of the few-cycle pulse to be ~7 fs (full width at half maxi-
mum). The intensities of the linearly and elliptically polarized

few-cycle pulses in the interaction region were estimated to be
6.8 x 10" W/cm? and 1.0 x 10" W/cm?, respectively.

III. RESULTS AND DISSUSSIONS

To identify the (D, D*) nuclear fragment pair produced
from the dissociative FDI of D5, the photoion-photoion co-
incidence (PIPICO) spectrum of the nuclear fragments is
employed. As compared to the ionic D, the neutral D* flies
to the ion detector with the mere recoil momentum gained
from the dissociation in defect of the acceleration by the static
electric field E; of the spectrometer and exhibits a much larger
TOF than that of the D*. As shown in Fig. 1(b), the (D¥,
D*) pair is clearly distinguished from the Coulomb-exploded
double ionization channel of (DT, DT), i.e., D) + mhiow —
D" + D" +2e¢ in the PIPICO spectrum. For the excited
neutral atom, the solid angle of detection is determined by
the geometry of the spectrometer which is about 0.97 sr
in our experiment [34]. The momentum conservation of the
measured ionic D%, the neutral Rydberg atom D* and the freed
electron of the three-body breakup channel of (DT, D*) allows
us to unambiguously identify the dissociative FDI channel.
To suppress the false coincidence, a momentum conservation
gate of |p, p+ + PzD* + DPzedireedy] < 0.5a.u. along the TOF
direction of the spectrometer is applied. The dual PIPICO lines
of the (DT, D*) pair, indicated as (D, D*); and (D*, D*)yr in
Fig. 1(b), are related to the field ionization of the laser-created
Rydberg atoms [38—43]. As illustrated in the inset of Fig. 1(a),
the laser-created D* that survived from Eg (~12.7 V/cm)
of the spectrometer can be directly detected by the MCP as
D*, forming the (D, D*);, or be indirectly detected as D
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FIG. 2. The measured time-dependent nuclear KER spectra of
the (a) (D™, D*) channel (linear scale) and (b) (D, D) channel (log
scale) driven by few-cycle pump and probe pulses. (c) The normalized
KER distributions of the (DT, D*) (blue solid curve), the (DT, DT)
(red dashed curve) channels by integrating over all the time delay (the
spectrum at KER >10 eV are scaled up by a factor of 5 to make it
visible), and the (D", D") channel driven by a single linearly polarized
7-fs laser pulse (pink dot-dashed curve).

after the field ionization and acceleration by the electric field
E;i(~1500V/cm) applied between the mesh and the MCP,
which arrives at the detector earlier and was recorded as
(D*, D*) in the PIPICO spectrum.

As illustrated in Fig. 1(c), driven by few-cycle laser pulses
in a pump-probe scheme, the dissociative FDI of D, can

. . pump
be understood as a sequential process, i.e., D — D"+

probe .
ey =& Dt + D% + e, = DT + D* + e. By releasing the first

electron e; from D, by the pump pulse, a NWP is launched onto
the 1so, state of D, ™. The ionization-created NWP propagates
outwards and may undergo up-and-down transitions between
the 150, and 2 po, states ensured by the field-induced coupling.
As the stretching molecular ion passing through the critical
range of internuclear distance R, the second electron e, can
tunnel out via CREI [16-19] induced by the subsequent probe
pulse, leaving behind two bare deuterons which repel each
other. In terms of the FTI picture [21], there is a certain
probability that one of the freed electrons with a small drift
momentum will be trapped by the combined effect of the ionic
Coulomb potential and the oscillating laser field and eventually
be captured by one of the ejected ionic DT, resulting in the
formation of excited neutral D* populated on the high-lying
Rydberg states.

The stepwise dynamics of dissociative FDI of D, can be
revealed by tracing the kinetic-energy-release (KER) spectrum
of the ejected nuclei as a function of the pump-probe time delay.
The time-dependent KER spectra measured for the (D*, D*)
and (DT, D) channel with linearly and elliptically polarized
few-cycle pump and probe pulses are displayed in Figs. 2(a)
and 2(b), respectively. The negative and positive time delay
correspond to the change of order in which the pulses of
different polarizations arrived earlier, as illustrated in Fig. 1(a).
The time-independent signals in the low-energy region close to
zero time delay [indicated by the ellipses in Figs. 2(a) and 2(b)]
are the false coincidence events that the measured nuclear frag-
ments ejected from two individual molecules in the interaction
region. The time-independent band structure around 16 eV
of the (D%, D) channel in Fig. 2(b) has been observed in

previous studies (see, e.g., [12,44-46]) and originates from the
electron rescattering induced nonsequential double ionization
of D, molecules. The nonsequential double ionization occurs
around the equilibrium internuclear distance of D, which is the
main route for the (D, D) channel driven by a single linearly
polarized 7-fs laser pulse, resulting in a similar KER around
16 eV as displayed in Fig. 2(c) (pink dot-dashed curve). The
slightly reduced high-KER events around 16 eV at zero time
delay is due to the deflection of the rescattering electron by the
elliptically polarized pulse when it is temporally overlapped
with the linearly polarized pulse. Since the bond stretching
of the D," is demanded for the dissociative FDI, as shown
in Figs. 2(a) and 2(c), the high-KER signal around 16 eV is
absent in the (D', D*) channel which excludes the noticeable
contribution of the nonsequential double ionization process.

In contrast to the remarkable difference in the high-KER
region around 16 eV, the time-dependent KER spectrum of the
(DT, D*) channel is similar to that of the (D™, D*) channel in
the low-KER region (KER <10 eV). The appeared periodical
stripes with an interval of ~30 fs in the time-dependent KER
spectra correspond to the vibrational oscillation of the NWPs in
the bound state of the molecular ions. As the NWPs approach
the outer turning point of the bound state, a portion of the
NWPs would dissociate to the continuum or afterwards be field
excited to produce the (D, D*) or (D", D) channels by the
time-delayed probe pulse. As shown in Fig. 2(c), since the high-
lying Rydberg states are very close to the Coulombic repulsive
curve of 1/R, the time-integrated KER spectrum of the (D,
D*) channel in the low-KER region is very similar to that
of the (DT, D™) channel. It is consistent with the scenario that
the dissociative FDI channel proceeds in a similar approach
as the dissociative sequential double ionization channel where
two electrons are removed stepwise separated by the bond
stretching. Moreover, as shown in Fig. 2(a), the yield of the
(D', D*) channels nearly vanishes at the zero time delay, but
becomes visible when 7 is larger (smaller) than 7 fs (—7 fs) for
the positive (negative) time delay. It clearly indicates that the
formation of the (D*, D*) pairs demands a time interval after
the first ionization to ensure sufficient bond stretching of the
molecular ion. This is consistent with the absence of the (DT,
D*) channel driven by a single 7-fs laser pulse.

According to the intuitive picture of the FTI, the electron
recapture probability is reduced with an increase of the laser el-
lipticity which deflects the motion of the tunneled electron [21].
Alternatively, the Rydberg state of atoms [47] and molecules
[48] might be populated via the multiphoton excitation process
which does not critically depend on the light polarization.
In our experiments, we cannot exclude the contribution of
the multiphoton excitation process in producing the (D*, D*)
channel. Actually, the relatively increased (D*, D*) yield at
positive time delay as compared to the negative time delay
[Fig. 2(a)] might be ascribed to the multiphoton excitation in
producing the (D", D*) channel at a large internuclear distance
of the stretched molecular ion by the latterly arrived elliptically
polarized pulse whose intensity is higher than the linearly
polarized pulse.

We will now address the essential question of which one
of the two electrons released in the first and the second
ionization steps will be eventually recaptured by the ionic core
to form the (D*, D*) pair after the conclusion of the laser
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fields. In a single multicycle laser pulse, both the first and the
second ionization steps occur within the pulse duration and
their individual contribution is hard to be distinguished. We
overcome this difficulty by examining the laser-polarization-
dependent momentum distributions of the detected electrons
[49]. As sketched in Fig. 1(a), for the electron freed by alinearly
polarized pulse, its final momentum will concentrate along the
polarization direction (along the z axis in our experiment).
However, for the elliptically polarized pulse, the electron is
mainly freed when the laser field points along the major axis
(along the z axis in our experiment) and ends up with a final
momentum along the minor axis (along the y axis in our
experiment) according to the angular streaking of the rotating
laser field [18,50,51]. The distinct momentum distributions of
the detected electrons allow us to identify whether they are
from the first ionization step driven by the pump pulse or the
second ionization step driven by the probe pulse.

Figure 3(a) displays the time-delay integrated momentum
distribution of the freed electron measured in coincidence with
the (DT, D*) pair. The electron released by the linearly polar-
ized pulse is mainly concentrated within the yellow dashed
ellipse along the z axis (denoted as ejineqr), While the electron
in the red dashed sectors along the y axis (denoted as egjjipical) 15
released by the elliptically polarized pulse. For the dissociative
FDI of D, since the two electrons are individually released
by the few-cycle pump and probe pulses, the detection of the
electron released by the pump pulse indicates the recapture of
the electron released by the probe pulse, and vice versa.

The laser-polarization-dependent momentum distribution
of the freed electron conspicuously encodes in the momentum
vector along the y direction, i.€., pYe fieeq)- Figure 3(b) shows
the distribution of pye geeqy s a function of the time delay
between the pump and probe pulses. For positive (negative)
time delay, the linearly (elliptically) polarized pulse precedes
the elliptically (linearly) polarized pulse. The pye geeqy dis-
tribution at the positive time delay is noticeably different
from that at the negative time delay. To make the features
more intuitive, we plotted the one-dimensional distribution of
PYereeay 10 Fig. 3(c) by integrating over the corresponding
time delay. The three-peak structure of the py, ;.q) indicates
that the detected freed electrons are released by laser pulse
with different polarizations, namely the central peak around
PYe(freeay = 0 a.u. and the shoulders around py, eeqy = +/ —
0.8 a.u. are contributed by the linearly and elliptically polarized
pulses, respectively.

We numerically fitted the py,(geeq) by assuming a multi-
Gaussian distribution of the electron momentum centered at
the central peak (py (geeq) = 0a.u.) and at the two shoulders
(PYe(freeay = +/ — 0.8 a.u.) and shared a common width o,
as plotted by the solid curves in Fig. 3(c). For the multi-
Gaussian distribution: A; x exp[—0.5py./w?] + Ay x
{exp[— 0.5(py. + 0.8)*/w?]+exp[—0.5(py. — 0.8)>/w?1},
the amplitudes of A; and A, stand for the probabilities of
the electron at the central peak and at the two shoulders,
respectively. The distribution of pye geeqy for the positive
delay mostly concentrates along the center peak and the ratio
of Aj/A, is estimated to be ~1.86, while for the negative
delay the distribution of the two shoulders is comparable to
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FIG. 3. (a) The momentum distributions of the detected photo-
electron of the (DT, D*) channel integrated over the pump-probe time
delay. Electrons distributed in the yellow dashed ellipse (€jiyea) and the
red dashed sectors (€ciipiical) are released by the linearly and elliptically
polarized few-cycle pulses, respectively. (b) The time-dependent
momentum distributions of the freed electron along the y axis.
(c) The momentum distributions of py .q) integrated over different
time delay.
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that of the center peak and the ratio of A;/A; is estimated to
be ~1.1. The center peak of the observed three-peak structure
of the pye (feeq) mainly results from the ionization induced
by the linearly polarized pulse, while the two shoulders
are mostly contributed by the ionization induced by the
elliptically polarized pulse. For the positive delay, the linearly
polarized pulse serves as the pump pulse to release the first
electron and the elliptically polarized pulse as the probe to
trigger the second ionization step. Likewise, for the negative
delay, the pump pulse with elliptical polarization releases
the first electron and the second electron is removed by the
linearly polarized probe pulse. Thus, the characteristic of
P Ye(freea) distributions in the positive and negative time delay
consistently imply that the detected freed electron is the first
electron ionized by the pump pulse and the second electron
released by the time delayed probe pulse is more likely to be
recaptured to produce the (D*, D*) channel.

There are two routes for the dissociative FDI of molecules
depending on whether the recaptured electron is released in the
first or the second ionization steps [27]. The recapture of the
electron released in the first ionization step strongly depends
on the correlation between two released electrons; while the
recapture of the electron released in the second ionization step
prevails at a large internuclear distance where the CREI or
multiphoton excitation occur. By using the few-cycle pump-
probe scheme, the dissociative FDI channel was tracked to
proceed in a sequential process where the two electrons of the
molecule are released stepwise separated by the stretching of
the molecular ion. In this sequential process, the correlation
between the two released electrons is minor; while the CREI
or multiphoton excitation of the stretched molecular ion is
favorable around the critical internuclear distance. Our results

show that the electron released in the second ionization step
after the stretching of molecular ion is favored to be recaptured
in the dissociative FDI of molecules.

IV. CONCLUSION

In conclusion, by utilizing linearly and elliptically polarized
few-cycle laser pulses in a pump-probe scheme, we exper-
imentally tracked the stepwise dynamics of the dissociative
FDI of D, by monitoring the KER spectrum of the nuclear
fragments and the momentum distribution of the freed electron
as a function of the time delay. The ionic D™, the excited neutral
D*, as well as the freed electron created from the dissociative
FDI of D, were fully measured in coincidence in our reaction
microscope. The detected electrons released by the pump or
the probe pulses of different polarizations are distinguished
by their momentum distributions. It enables us to deduce the
recapture of the electron released from the first or the second
ionization steps. Although the electron released from both
ionization steps can be recaptured [27], our results show that
the electron released in the second ionization step is preferred
to be recaptured by the ionic core in producing the dissociative
FDI channel of molecules in strong laser fields.
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