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Time-Resolved Imaging and Manipulation of H2 Fragmentation in Intense Laser Fields
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We report on the experimental realization of time-resolved coincident Coulomb explosion imaging of
H2 fragmentation in 1014 W=cm2 laser fields. Combining a high-resolution ‘‘reaction microscope’’ and a
fs pump-probe setup, we map the motion of wave packets dissociating via one- or two-photon channels,
respectively, and observe a new region of enhanced ionization. The long-term interferometric stability of
our system allows us to extend pump-probe experiments into the region of overlapping pulses, which
offers new possibilities for the manipulation of ultrafast molecular fragmentation dynamics.
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FIG. 1. The measured kinetic energy of protons created by CE
of H2 as a function of the delay between two identical 25 fs laser
pulses. Plotted are only events where two protons have been
detected in coincidence. Dashed lines: classically simulated
wave packet propagation for dissociation of H2

� via 1! and
2! channels. The arrow indicates an enhancement correspond-
ing to the maximum of the H2

� ionization rate around R �
10 a:u: Inset: a scheme of the pump-probe experiment. Thin
lines indicate potential curves for the two lowest electronic states
of H2

� (solid for 1s�g, dashed for 2p�u) dressed with n (n �

1; 2; 3) photons. The H2
� ion can dissociate either by absorbing

one photon (1! channel) or absorbing three photons in the first
avoided crossing followed by a reemission of one photon at the
second crossing (2!). Since for each photon the parity of the
molecular state must change, there is no direct two-photon
process. For a detailed description of the dissociation mecha-
nisms see [8,14–17,20].
The visualization and the possible future control of the
time-dependent dynamics of quantum systems, i.e., the
mapping and manipulation of a quantum mechanical
wave function as it evolves in time, is one of the most
fundamental challenges in contemporary atomic, molecu-
lar, and optical physics [1]. For the case of dissociating
molecules, a direct method of mapping both the structure
and the dynamics of nuclear wave packets was suggested
by a combination of the Coulomb explosion (CE) imaging
technique and a femtosecond pump-probe experiment [2–
7]. As illustrated in the inset of Fig. 1, the first (pump) laser
pulse prepares a molecular wave packet (e.g., initiates a
dissociative ionization), and the second (probe) pulse,
arriving after a certain time delay, projects the wave func-
tion onto the repulsive Coulomb potential curve. The wave
packet shape is then reconstructed from the measured
kinetic energy distribution of the reaction fragments using
the Coulomb law. Being first applied to study the dissocia-
tion of I2 molecules [2,3], this method was later extended
to the simplest (and fastest) diatomic systems, such as H2

[4] or D2 [5]. The latter are the ideal candidates for testing
the CE imaging schemes for two reasons. First, after the
removal of both electrons they represent a pure two-center
Coulomb system. Second, their fragmentation in intense
laser fields was extensively studied experimentally and
theoretically (see [8] and references therein).

In this Letter we report on the experimental realization
of time-resolved coincident Coulomb explosion imaging of
dissociating H2 molecules. Using a combination of the
‘‘reaction microscope’’ spectrometer, which allows coinci-
dent detection of several charged particles with excellent
momentum resolution, and a pump-probe setup providing
two identical 25 fs pulses with variable delay of sub-fs
accuracy, we are able to resolve in space and time the
motion of two different dissociating wave packets pro-
duced by net absorption of one or two photons. We provide
experimental evidences of the existence of a second maxi-
mum in the R-dependent ionization probability for H2

� (R
denotes the internuclear distance), which was predicted in
several previous theoretical studies [9–12]. Finally, we
demonstrate that by using an interferometrically stable
05=95(9)=093001(4)$23.00 09300
pump-probe setup which allows us to control the electric
field shape in the region of overlapping pulses, a clear
pump-probe experiment can be carried out even in this
regime by selecting only those delays for which both
pulses interfere destructively. Moreover, this simplest
form of pulse shaping allows us to manipulate the ultrafast
molecular fragmentation dynamics, suppressing and en-
hancing certain fragmentation channels.
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The experiment was performed using linearly polarized
radiation from a Kerr-lens mode locked Ti:sapphire laser at
795 nm central wavelength with 25 fs pulse width
(FWHM) and 3 kHz repetition rate. The laser beam was
fed through a Mach-Zehnder type interferometer with one
arm variable in length, providing two identical pulses
separated by a time delay which can be scanned from 0
to 1200 fs with a resolution of better than 300 as. Both laser
beams were focused to a spot size of �5 �m onto the
collimated supersonic molecular gas jet in the center of an
ultrahigh vacuum chamber (2� 10�11 mbar). Charged re-
action fragments were guided to two position-sensitive
channel plate detectors by weak electric �2 V=cm� and
magnetic (7 G) fields applied along the laser polarization
axis. From the time-of-flight and position on the detectors
the full momentum vectors of the coincident recoil ions
and electrons were calculated. A detailed description of the
spectrometer and the coincident measurement scheme, as
well as the structure of a typical H2 fragmentation spec-
trum can be found in [13,14]. Comparing the autocorrela-
tion pattern obtained from the ion signal with the intensity
autocorrelation measured with a photodiode before and
after the experiment, we found very similar patterns, with
only slight differences due to the higher order of nonline-
arity of the ionization process. This indicates that the
optical arrangement was interferometrically stable during
the acquisition time of more than 50 hours.

In Fig. 1 the kinetic energy of protons created by CE of
H2 molecules is plotted as a function of the delay between
the two 25 fs laser pulses. In order to separate CE events
from dissociation fragments, only those events are shown
where two protons have been detected in coincidence and,
in addition, fulfill the momentum conservation condition.
The intensity of each pulse was 2� 1014 W=cm2. The
count rate for nonoverlapping pulses was set to �0:05
ions per laser shot leading to a negligible fraction of false
coincidences. For delays close to zero, if the two pulses
interfere constructively, the peak intensity is 4 times
higher, resulting in a count rate increase of up to 0.5 per
shot and, thus, in a noticeable amount of false coincidences
in the low-energy region (see [14] for details).

The spectrum of ‘‘true’’ coincidences in Fig. 1 can be
separated into two parts, with proton energies above and
below 2 eV, respectively. Outside the region where the two
pulses overlap the high-energy band is delay independent.
This structure was observed in numerous previous studies
(see, e.g., [4,5,14–18]) and originates from the so-called
‘‘charge-resonance-enhanced ionization’’ (CREI) [9] of
the H2

� molecular ion at internuclear distances R of
�4–7 a:u:. [Atomic units (a.u.) are used throughout the
paper if not stated otherwise.] Higher proton energies
which can be observed in the region of overlapping pulses
are due to the higher laser intensity experienced by the
molecule: it was demonstrated that with increasing inten-
sity the CREI peak broadens and shifts to higher energies
[15,17].
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Here, we concentrate on the region below 2 eV, where a
clear delay-dependent structure appears, which is not ob-
served with a single pulse. Starting from the same energy
region as the CREI peak, it propagates towards lower and
lower energies with increasing delay. Finally, for delays
larger than 300 fs, it evolves into two clearly separated
bands. This time-dependent structure originates from the
process, where the first (pump) pulse ionizes the neutral
molecule and induces the dissociation of the molecular ion
via Floquet one-photon (1!) or two-photon (2!) channels
(see the inset of Fig. 1). Depending on the delay of the
subsequent probe pulse, which ionizes the dissociating
H2

� ion at different R, different Coulomb explosion en-
ergies of the protons are observed. The measured kinetic
energy then consists of the Coulomb energy (EC � 1=R)
and the kinetic energy the proton acquired in the dissocia-
tion process.

At very large delays the Coulomb repulsion becomes
negligible and the energy distribution of the protons from
post-dissociative ionization approaches that for the disso-
ciation by a single pulse. Under present conditions, the
single-pulse spectrum exhibits two maxima at 0.3 eV for
the 1! and at 0.65 eV for the 2! channel, respectively.
Using these asymptotic values and assuming a classical
motion of the protons, we reconstructed the propagation of
the dissociating wave packets (dashed lines in Fig. 1).
Initial conditions, i.e., R1!;2! (� � 100 fs) were chosen
in order to fit the experimental data. The good agreement
with the experimental data demonstrates that time-resolved
CE imaging indeed provides a direct way to map moving
nuclear wave packets [6].

The delay-dependent spectrum of the post-dissociative
ionization exhibits a noticeable enhancement in the region
of 1–1.5 eV kinetic energies (indicated by the arrow in
Fig. 1). It might most likely be explained by considering
the R dependence of the ionization rate of dissociating H2

�

molecular ions. Several theoretical studies (see, e.g., [9–
12]) have predicted the existence of a second maximum in
the ionization probability around R � 10 a:u: (EC �
1:36 eV per proton), well beyond the region corresponding
to the CREI peak observed in single-pulse measurements
(2– 4 eV). The enhancement observed in Fig. 1 reflects this
second maximum. However, one has to note that in order to
extract the R dependence explicitly, it is necessary to
clearly disentangle it from the wave packet propagation
in the corresponding region of internuclear distances.

In Fig. 2 we present the noncoincident proton kinetic
energy spectrum for delays between 17.5 and 45 fs, i.e., for
partly overlapping pulses. In contrast to the coincident data
of Fig. 1, this spectrum includes both dissociation and CE
events. Protons having energies below 1.2 eV originate
from the dissociation of H2

�, whereas fragments with
higher kinetic energies are due to the CE channels dis-
cussed above. The spectrum exhibits the autocorrelation
pattern which considerably changes with increasing delay.
Its very left part is quite similar to the case of zero delay,
1-2
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FIG. 3. (a) Time-dependent laser intensity profile for a single
pulse (thin gray), and for two pulses separated by the delay of 14
(solid black, line 2 in Fig. 2) and 14.5 (dashed, line 3 in Fig. 2)
optical cycles. (b) Corresponding noncoincident proton kinetic
energy spectra. The two-pulse data were integrated over the
delay region �0:3 fs around lines 2 and 3 of Fig. 2 for con-
structive and destructive case, respectively. Thus, the relative
height of these two curves reflects the ionization probabilities for
corresponding field configurations, whereas the single-pulse data
were arbitrarily normalized for a visual convenience. (c) Same as
(b) but measured in coincidence.

FIG. 2. Noncoincident proton kinetic energy spectrum for the
delays from 17.5 to 45 fs. The lines 1, 2, and 3 show the delays
corresponding to 7, 14, and 14.5 optical cycles, respectively.

PRL 95, 093001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
26 AUGUST 2005
where the constructive interference of two pulses results in
a single pulse of the same duration but with 4 times
increased intensity, and the destructive one leads to almost
complete suppression of the pulse. Accordingly, we ob-
serve maxima for all fragmentation channels for the former
case (see line 1 in Fig. 2) and almost no counts for the
latter. However, for larger delays an increasingly large
amount of counts appears as well for destructive interfer-
ence (line 3), and the corresponding kinetic energy spec-
trum is clearly different from the constructive situation. In
addition, a characteristic delay-dependent ‘‘zigzag’’ struc-
ture can be observed for proton energies between 1 and
2 eV.

In order to discuss the fragmentation mechanisms in
more detail, we display in Fig. 3 the calculated envelopes
of the laser intensity profile 3(a) and the proton kinetic
energy spectra 3(b) and 3(c) for the cases of constructive
and destructive interference between the two pulses, (cor-
responding to the lines 2 and 3 in Fig. 2, respectively). The
coincident spectra [Fig. 3(c)], where only the CE events are
included, manifest a clear splitting of the CE peak for
destructive interference. Here, as can be seen from
Fig. 3(a), the molecule is exposed to a relatively intense
laser field for both constructive as well as destructive
interference, however, with very different intensity distri-
butions. Whereas constructive interference results in one
long pulse with two slight maxima, the destructive case
generates two well-separated pulses of lower intensity.
Thus, the destructive interference resembles a clean
pump-probe scheme, and therefore, we can follow the
wave packet dynamics even if two pulses overlap. For
the constructive case [open circles in Fig. 3(c)] the second
ionization can occur for all time intervals �12 after the
removal of the first electron until the pulse falls down,
thus, covering the whole range of Coulomb energies from 1
to 4 eV (�12 denotes the time between the first and second
ionization step). For the destructive interference, instead,
the second step can occur either within the same pulse (first
or second), or upon the arrival of the second pulse. This
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leads to a CE spectrum with two maxima around 3 and
1.5 eV, respectively, (full circles in Fig. 3(c)]. The maxi-
mum at 3 eV is formed if both ionization steps occur within
the same pulse and is indeed very close to the true single-
pulse case (thin line), whereas the peak around 1.5 eV
corresponds to the situation where the second pulse ionizes
the dissociating H2

� ion, created by the first one. For two
well-separated pulses [i.e., destructive interference, dashed
line in Fig. 3(a)] certain values of �12 cannot contribute,
and thus, CE events with energies of about 2 eV, corre-
sponding to these �12, are missing. The zigzag structure
observed in Fig. 2 reflects the molecular response on the
changing field configurations, corresponding to all inter-
mediate situations, from two well-separated pulses to one
long pulse.

Considering Fig. 3, one can also understand why an
additional enhanced ionization maximum, which can be
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observed in Fig. 1, was not resolved in numerous previous
experiments on H2 (D2). In a single-pulse measurement the
laser pulse should be long enough for a molecule to reach
the corresponding critical internuclear distances
(�10 a:u:). However, in this case a considerable part of
the wave packet will be ionized while passing the first
maximum of enhanced ionization (R� 4–7 a:u:), similar
to the constructive case in Fig. 3(c). Thus, the second
maximum manifests itself in the spectrum only if one
uses two well-separated pulses which are short enough.
This situation was partly realized in our recent study on H2

fragmentation by few-cycle pulses [14] where first indica-
tions on the existence of the low-energy CE peak have been
obtained. However, due to uncertainties in the pulse shape
a definite conclusion could not be drawn.

For the delay region shown in Fig. 2 not only the CE but
also the dissociation dynamics differs strongly for the cases
of constructive and destructive interferences between the
two pulses. For line 3 in Fig. 2 (destructive interference),
the low-energy part of the spectrum (up to 1.2 eV) is
similar to that obtained with a single pulse [see
Fig. 3(b)], indicating that in this case both pulses induce
the dissociation independently. For the other case [line 2 in
Fig. 2, solid line in Fig. 3(a)] the 1! dissociation peak is
suppressed and shifted towards zero energy, whereas the
2! peak, being also slightly shifted towards lower ener-
gies, is considerably enhanced. This change of the branch-
ing ratio is due the differences in the peak intensity and the
effective pulse duration [see Fig. 3(a)]. This intensity
dependence was already observed experimentally (see,
e.g., [18]): the probability of the three-photon transition
required for the 2! channel grows with increasing inten-
sity faster than that of the one-photon process, and, since
the H2

� ion first passes the three-photon crossing, this
results in an enhancement of the 2! in comparison with
the 1! channel. The effect is further enhanced since for the
case of constructive interference the molecule experiences
an effectively longer pulse, and it was shown that the 2!
channel has higher relative weight for longer pulse dura-
tions [14].

The shift of the 1! and 2! peaks towards lower energies
is also a consequence of different pulse shapes [16,17]. In
[16] it was observed that the 1! peak shifts to almost zero
energy with increasing pulse duration. This effect was
attributed to the pulse-length dependent decay dynamics
of the so-called ‘‘vibrationally trapped,’’ or ‘‘bond hard-
ened’’ states. Because of the more efficient trapping for the
case of constructive interference we observe a similar shift
of the 1! peak. The origin of the slight shift of the 2! peak
is not yet completely clear. The most likely reason is the
difference in the distribution of contributing vibrational
states, which depends on both intensity [19] and pulse
duration.

In summary, we have shown that time-resolved CE
imaging with two 25 fs laser pulses enables a direct map-
ping of the dissociating nuclear wave packets of H2

�
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molecules. In contrast to earlier pump-probe studies on H2

[4] and D2 [5], we were able to separate the motion of the
wave packets dissociating via one- and two-photon Floquet
channels. In the coincident delay-dependent kinetic energy
spectrum we have observed clear signatures of an addi-
tional enhanced ionization maximum in the R-dependent
ionization probability of H2

�. Finally, we have demon-
strated that our interferometrically stable setup, where the
delay between two pulses can be scanned with sub-fs
resolution, allows us to extend the pump-probe scheme
into the region of partly overlapping pulses, selecting
delays for which the pulses interfere destructively.
Moreover, we have shown that by changing the electric
field profile in a controlled way, one can manipulate the
ultrafast molecular fragmentation dynamics, suppressing
and enhancing certain fragmentation channels. Vice versa,
the possibility of observing an autocorrelation pattern with
different fragmentation channels, and thus, with different
degree of nonlinearity, opens new ways for in situ diag-
nostics of the laser pulses itself, which is of crucial im-
portance for experiments with few-cycle pulses.

The authors are grateful to M. Lein and A. Saenz for
numerous fruitful discussions.
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