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By combining carrier-envelope phase (CEP) stable light fields and the traditional method of optical
pump-probe spectroscopy we study electron localization in dissociating H, " molecular ions. Localization
and localizability of electrons is observed to strongly depend on the time delay between the two CEP-
stable laser pulses with a characteristic periodicity corresponding to the oscillating molecular wave
packet. Variation of the pump-probe delay time allows us to uncover the underlying physical mechanism
for electron localization, which are two distinct sets of interfering dissociation channels that exhibit
specific temporal signatures in their asymmetry response.
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The availability of intense femtosecond laser pulses has
led to remarkable achievements in the field of atomic and
molecular physics over the last few years. These ultrashort
laser pulses represent a powerful tool to manipulate the
making and breaking of molecular bonds with the perspec-
tive to control chemical reactions (see, e.g., [1,2]). With
ever shorter pulses containing only a few optical cycles, the
carrier-envelope phase (CEP), i.e., the relative phase be-
tween the pulse envelope and the electric field of the carrier
wave, has become an important parameter as it determines
the exact shape of the laser field on a subfemtosecond time
scale. Recent experiments [3,4] showed that the CEP can be
used to control the emission direction of H* or D* frag-
ments in dissociating hydrogen or deuterium mole-
cular ions, thus demonstrating electron localization in a
laser-induced, simple chemical reaction. The physical
mechanism responsible for the CEP-dependent “‘left-right™
asymmetry of electron localization in dissociating mole-
cules was thus far broadly interpreted as quantum interfer-
ence among at least two electronic states in molecules: The
ionization of hydrogen or deuterium by an ultrashort laser
pulse leads to the creation of a coherent nuclear wave
packet (NWP) in the electronic ground (1so,) [4] or excited
state (2po,) [3] of the molecular ion. The NWP then moves
towards larger internuclear distances where the energy gap
between the 1so, and the 2p o, state becomes smaller, such
that the laser can resonantly couple the two states and
population is transferred between them. The coherent su-
perposition of the gerade and the ungerade state finally
leads to a localization of the electron at either the left or
the right nucleus with a preference that is controlled by the
CEP. An alternative approach to induce electron localiza-
tion was recently demonstrated by using the time delay
between an attosecond pulse [5] or pulse train [6] and an
IR probe pulse as control parameter.

However, the experiments conducted so far did not
analyze the dependence of electron localization on the
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shape and dynamics of the NWP. While some of the
experimental results [4] appear to be in good agreement
with theoretical predictions [7,8] that ignore the dynamical
behavior of the NWP after the first ionization step by using
an incoherent average of populated vibrational states, a
very recent simulation [9] shows that the evolution of the
molecular wave packet after ionization (and thus the co-
herence among the vibrational states) leads to a time-
delay-dependent asymmetry that was not considered in
earlier theoretical models. In fact, experimental [10,11]
as well as theoretical [12—14] investigations revealed that
the shape of the NWP in H,™ (D, ™), evolving freely after
strong-field ionization by a pump pulse, undergoes signifi-
cant changes with increasing time up to a complete dephas-
ing, where the wave function is delocalized over the whole
potential well, followed by several revivals [12,15], where
the NWP is localized and oscillates.

In this Letter we experimentally combine the pump-
probe approach with CEP-control technology to specifi-
cally target the electronic quantum interference process
that leads to electron localization in dissociating H,". By
using linearly polarized CEP-stable pump and probe pulses
and choosing a time-delay in the wave packet revival
region we were able to study the quantum interference
process isolated from the ionization process. The first
(pump) pulse ionizes an H, molecule and creates a NWP.
The second (probe) pulse, which arrives after a well-
defined time delay, induces the dissociation of H,* by
coupling the lso, and 2po, states, leading to electron
localization. By changing the time delay between the two
pulses, the influence of the NWP dynamics on the left-right
asymmetry is studied. We demonstrate that in the revival
region both the CEP and the pump-probe delay time serve
as efficient control parameters. This combination of pump-
probe and CEP control allows us to extract the physical
mechanism underlying electron localization. We find two
qualitatively different interference mechanisms at work at

© 2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.105.223001

PRL 105, 223001 (2010)

PHYSICAL REVIEW LETTERS

week ending
26 NOVEMBER 2010

the same time: One that is governed by coherence among
vibrational states and another one that is largely insensitive
to the pump-probe delay and thus independent of vibra-
tional coherence.

In the experiment we used ultrashort (6 fs, 760 nm) laser
pulses with stabilized CEP. A glass wedge was moved in
and out of the laser beam for continuous CEP sweeping
before the beam was fed through a Mach-Zehnder type
interferometer with one arm variable in length, providing
two pulses with a fixed relative CEP separated by a time
delay which can be scanned (0.3 fs resolution). The laser
pulses (approximately equal intensities of 0.4 PW/cm?)
were focused onto a supersonic jet of H, in the ultrahigh
vacuum chamber (10~!" mbar) of a reaction microscope
[16]. The protons emerging from dissociation of H,"
were guided by weak electric fields (2 V/cm) onto a
position-sensitive channel-plate detector. By measuring
the times of flight and the positions where the ions hit
the detector, their three-dimensional momentum vectors
can be reconstructed.

To exclude events for which the dissociation was already
induced by the pump pulse, the polarization axes of the two
laser pulses were chosen at 90° relative to each other. The
ionization probability of H, is almost orientation indepen-
dent [17,18], whereas the coupling between the gerade and
the ungerade state is most efficient when the H,* molecu-
lar axis is aligned along the laser polarization axis. The
experimental data shown below include only those events,
where the proton was emitted into an angular cone of =30°
with respect to the polarization axis of the probe pulse
effectively selecting situations in which the pump pulse
prepares the NWP in H,™ that is used as a well-defined,
coherent initial quantum state for the probe pulse. Note, we
cannot discriminate against cases for which both steps,
ionization and dissociation, occurred in the probe pulse
resulting in a delay-independent background.

To characterize the electron localization, the experimen-
tally accessible asymmetry parameter A = (N, — Ng)/
(N, + Ng) is calculated as the normalized difference of
the number of events for which the proton was emitted into
the left (N;) vs the right (Ny) hemisphere with respect to
the probe-pulse polarization axis.

Analysis of the experimental data (Fig. 1) reveals a
correlation between NWP dynamics and electron localiza-
tion. In Fig. 1(a) the proton yield integrated over all CEP
values is shown in dependence of the kinetic energy release
(KER) and the pulse delay. It reveals a periodicity of about
18 fs emerging from the NWP oscillation in the lso,
potential well. The asymmetry parameter A is shown in
Figs. 1(b)-1(e) as a function of KER and CEP for different
delay times as marked by the vertical lines in Fig. 1(a). A
delay-dependent change of the asymmetry pattern is visible,
which correlates with the time-dependent dissociation yield
(18 fs periodicity). Consequently, Figs. 1(b) and 1(d) as well
as 1(c) and 1(e) show a pairwise agreement appearing as
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FIG. 1 (color online). (a) Proton count rate after dissociation as
a function of the kinetic energy release (KER) and the delay
between pump and probe pulse integrated over all CEP values.
(b)—(e) Measured proton asymmetry in dependence of the CEP
and the KER for delays between (b) 178-181, (c) 189-192,
(d) 198-201, and (e) 207-210 fs, as marked by the vertical lines

in (a).

continuous stripes between 1-2 eV in Figs. 1(c) and 1(e)
which are not visible in 1(b) and 1(d).

In order to obtain a deeper insight into the dependence of
electron localization on the NWP dynamics, we analyze
the asymmetry as a function of delay time. The CEP and
delay-dependent asymmetry is shown for two different
KER ranges in Figs. 2(a) and 2(b). For intermediate KER
[Fig. 2(a)] the asymmetry reveals a strong delay depen-
dence with pronounced maxima and minima, which repeat
with the periodicity of the NWP oscillation. Thus, by
keeping the value of the CEP fixed, the degree of electron
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FIG. 2 (color online). The measured asymmetry as a function
of the delay and the carrier-envelope phase is shown for the wave
packet revival region for (a) a KER between 0.8-1.2 eV and (b) a
KER between 1.6-2 eV. The right-hand images represent the
asymmetry obtained from the wave packet propagation calcu-
lations at corresponding delays for a KER between (c) 0.8—1.2
and (d) 1.6-2 eV (see text).
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localization can be steered solely by the delay.
Furthermore, the regions of maximum asymmetry form
“tilted stripes”, i.e., the asymmetry pattern shifts relative
to the CEP axis with the same periodicity as the NWP. By
contrast, for higher KER [Fig. 2(b)] the asymmetry pattern
is (within statistical fluctuations) rather independent of the
delay on a large scale of 10 fs or more. These results
indicate that different physical mechanisms lead to elec-
tron localization for the two KER ranges.

Before discussing the underlying physics and to validate
our experimental results, we compare our data with results
obtained from wave packet propagation calculations con-
sidering exclusively the two lowest-lying electronic states
in H,". To this end, the one-dimensional time-dependent
Schrodinger equation was solved by using a Crank-
Nicholson split-operator method [15,19]. The electric
field of the first pulse was not explicitly considered as
due to the perpendicular polarization of the two pulses in
the experiment, it cannot induce any asymmetry. A more
detailed description of the calculation procedure can be
found in [4].

The results of the calculation for a 6 fs probe pulse
with an intensity of 0.4 PW/cm? are shown in Figs. 2(c)
and 2(d). Note that the delay range in the calculations does
not coincide with the one of the measurements. Earlier
investigations [20,21] showed that a pulse pedestal and/or
satellite pulses shift the revival towards shorter delay
times. The delay ranges in this Letter are chosen such
that for calculated and measured results the same relative
delay with respect to the revival is considered. In agree-
ment with the experimental findings, the regions of maxi-
mal asymmetry form tilted stripes for intermediate KER,
whereas for high KER the asymmetry maxima line up
vertically around a CEP of about 17 for all delays. This
qualitative agreement justifies the assumption that only the
two lowest states in H,* contribute significantly. Together
with the experimental results, these findings suggest two
qualitatively different interference mechanisms that occur
in different KER ranges and will now be discussed.

A prerequisite for electron localization in an inversion-
symmetric system such as H,™ is the coherent superposi-
tion of states with different parities. In the experimentally
observed asymptotic limit (R — o00) this can only occur
when different (above-threshold) dissociation (ATD) paths
[22] lead to the same KER and thus interfere [8]. The
relevant channels are shown in Fig. 3. For the intensities
used in our experiment the dissociation occurs mainly via
the lw and 2w channels (w: laser frequency). As illus-
trated in Fig. 3 the 1w process occurs at large R where the
photon energy matches the energy difference between the
lso, and the 2po, potential curves. By contrast, the 2w
channel requires the absorption of three photons (due to
parity) followed by emission of one photon resulting in a
net absorption of two photons and in higher KERs. In
the experiment these 1w and 2w channels and a weak
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FIG. 3 (color online). (a) Illustration of the dissociation via
absorption of three photons (3w, blue arrows), net-absorption of
two photons [(3 — 1)w = 2w, green arrows], and via absorption
of one photon (1w, red arrow). On the right side the correspond-
ing KER distributions are plotted. Interference and thus asym-
metry can occur where the different paths overlap in energy
(blue and red shaded areas).

contribution from the 3w channel are visible. The two
lowest channels appear in Fig. 1(a) as two KER bands
centered around 0.6 eV (lw)and 1.2 eV (2w), respectively.
Because of the large laser bandwidth, the KER distribu-
tions for the different channels partially overlap as indi-
cated by the red and blue shaded areas in Fig. 3, so that
interference between these channels occurs.

Regarding the KER ranges where the distributions over-
lap, we interpret our measured asymmetry as being due to
interference between the 1w and 2w channels (intermedi-
ate KER) and between the 2w and 3w channels (high
KER), respectively.

The bound wave packet motion determines mainly the
relative population of the 1so, and 2p o, electronic states
and thus the contrast of the asymmetry. The phase shift of
the asymmetry in the 27-periodic CEP dependence, how-
ever, depends on the relative phase A¢,, = ¢, — ¢, be-
tween the outgoing dissociative wave packets of gerade (g)
orungerade (u) parity. Fora given KER, ¢, , has effectively
two contributions: ¢, , = ¢,(7) + ¢\, (CEP, KER). Here,
¢;(7) comes from the initial bound wave packet and de-
pends on the delay 7 and ¢4%,(CEP, KER) is the CEP-
dependent phase arising from the transition from the initial
state to the n-photon ATD channel which also contains
the semiclassical phase of the wave packet on the way
out. Since the initial wave packet is a superposition of
vibrational eigenstates, ¢2%,(CEP, KER) will be delay-
independent for each single eigenstate v since only a non-
observable global phase is changing. In addition, the ATD
transitions address not all eigenstates uniformly but rather
define two Franck-Condon absorption windows around
v =73 and v = 8, where 1w and 3w transitions become
resonant. For the three channels shown in Fig. 3 we find
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FIG. 4 (color online). (a) Amplitude (absolute value) of the
asymmetry (electron localizability) measured in the revival
region as a function of the delay and the KER. (b) Delay-
dependent asymmetry for three different CEP values obtained
for a KER between 0.8 and 1.2 eV. The amplitude was obtained
by fitting a sinusoidal function along the CEP axis for KER
ranges of 0.2 eV to smoothen statistical fluctuations.

o = ¢v=8(r) + ¢ \4(CEP, KER),
$2° = ¢p=3(7) + ¢$3%,(CEP, KER),
3 = ¢V (1) + ¢3%5(CEP, KER).

The interference of the 2w and 3w channels starts
from the same band of vibrational states around v = 3
and thus the delay-dependent phase of the initial states
drops out of the relative phase A¢, ,, leading to the near-
vertical (delay-independent) alignment of the asymmetry
maxima at high KER observed in the experiment and the
simulation. On the other hand, interference of the 1w and
2w channels at lower KER involves two different vibra-
tional bands which leads to a delay dependence of the
relative phase A ¢, , and thus a delay-dependent CEP value
of the position of the maximum asymmetry (tilted stripes).

As mentioned above, the wave packet motion modulates
also the relative populations of the lso, and the 2po,
states and thus determines the maximum strength of the
asymmetry which can be obtained for a certain delay and
KER value by varying the CEP. This is further analyzed in
Fig. 4(a), where we show the amplitude of the CEP-
dependent asymmetry variation plotted vs KER and time
delay. It reveals a pronounced delay dependence, in par-
ticular, for the interference between the 1w and the 2w
dissociation channels at intermediate KERs, showing that
the degree of CEP-dependent electron localization, i.e., the
localizability of the electron can be controlled by the delay.
The origin of this control is that an efficient laser-induced
population transfer between the lso, and the 2po, state
only occurs when the oscillating NWP passes the regions
where the 1w or 3w transitions are resonant. The amplitude
and sign of the asymmetry thus depends on both, the delay
and the CEP. This is illustrated in Fig. 4(b), where the
asymmetry is shown for three different CEP values at a
KER between 0.8 eV and 1.2 eV as a function of the delay.
For given CEPs the asymmetry can be changed just by
changing the delay, i.e., the NWP dynamics fully controls

at which nucleus the electron remains predominantly
localized.

In conclusion, we extracted and analyzed the different
physical mechanisms responsible for electron localization
in H,™ after strong-field ionization. This was made pos-
sible by using a CEP-pump-probe scheme, allowing us to
separate the ionization from the dissociation step. By
analyzing the temporal signature of the asymmetry, two
different interference mechanism were identified: At lower
KER a clear delay-dependent shift of the asymmetry was
observed, whereas the asymmetry at higher KER appears
to be almost delay-independent. This was explained by the
interference between multiple above-threshold dissocia-
tion channels involving a different number of effectively
absorbed photons, but initiating from either the same
(higher KER) or different (lower KER) coherently popu-
lated vibrational states. Electron localization and localiz-
ability after strong-field ionization was thus found to
depend on vibrational coherence to an extent governed
by the specific pairwise interfering dissociation pathways.
The closer understanding of the physics underlying the
manipulation of a bound electron obtained by investigating
dissociating H, ™ will help in the future to reach a stronger
level of control over more complex molecules and thus
represents a qualitiative step forward in controlling chemi-
cal reactions on an electronic level.
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