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Abstract. The timing of molecular rearrangements can be followed in the
time domain on a femtosecond scale by using momentum imaging techniques.
Three examples are discussed in this paper: first, the diffraction of electrons
ejected from the K-shell of one of the atomic constituents of the molecule takes
a ‘picture’ of the molecule, and the correlation between the momentum vector
of the photoelectron and the subsequent fragmentation pattern is used to
estimate the time delay which accompanies the latter process. Second, the
kinetic energy release of proton pairs from the double ionization of hydrogen by
fast laser pulses is timed using the optical cycle as a clock. The mechanisms of
rescattering, sequential and enhanced ionization are clearly identified in the
momentum spectra. Third, the operation of rescattering double ionization in
the case of nitrogen and oxygen molecules is discussed.

1. Introduction

Recoil ion momentum imaging, known cryptically as COLTRIMS (cold target
recoil ion momentum spectroscopy), has been widely used for many years now in
the ion—atom collisions community [1-3]. It has also become a common tool for
studying charged particles ejected from atomic and molecular targets by single
(synchrotron radiation) photons and intense laser pulses [4—6]. Because the
approach provides a comprehensive coverage of the whole ‘charged’ phase space
including both electrons and ions, correlations of the momentum vectors are easy
to establish with high efficiency. In this article we will summarize two ways in
which this approach can be used to provide information on the time evolution of
the heavy particle motion when the target is a molecule and ultimately fragments
into charged pieces. Both approaches discussed here require the ultimate produc-
tion of two charged fragments from the molecule. Both approaches use the initial
ionization of the molecule to start a clock, and the observation of the energy and
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Figure 1. COLTRIMS schematic.

angular emission pattern of the fragments gives information on the explosion
pattern. The first example uses hard, deep ionization of the K-shell of one of the
molecular constituents and the diffraction of the photoelectron to ‘align’ the
molecule. The second, involving short laser pulses, also starts the clock with the
emission of the first electron and reads the clock at multiples of the optical period
later. The time information is deduced from an analysis, including quantitative
modelling, of the final fragmentation patterns after a second electron is also
removed.

2. Experiment: momentum imaging

The basic experimental arrangement has been discussed in numerous papers
[1-6]. The idea is shown schematically in figure 1. Photons interact with a gas jet
target, resulting in the ejection of electron and ions. A uniform electric field
projects these oppositely charged particles onto the faces of channel plate detec-
tors. Each detector is equipped with a position-sensitive anode. The times and
positions of the hits on the detector are registered by a multi-hit-capable time-
to-digital converter and recorded on an event-by-event basis for off-line sorting.
Because the electrons are typically more energetic than the ions, a uniform
magnetic field parallel to the electric field is also used to keep the electrons from
flying transversely off the detector. The momentum vectors of all associated
particles are calculated for each event, and the correlations among these momenta
are analysed to extract whatever information is desired. The target is a cold gas jet,
cooled transversely by tight collimation and along the jet direction by expansion.
A supersonic jet is not necessary for the present experiments.

3. Diffraction patterns from ethylene and acetylene: timing

the isomerization

We used 300-350 eV photons from the Advanced Light Source at Berkeley to
eject photoelectrons with energies of tens of electron-volts from the K-shell of
one of the carbon atoms in ethylene and acetylene. When the K-shell electron is
removed, the molecule responds by Auger decaying to a doubly charged molecule,
thereby populating a variety of electronic states of the dication. The molecule then
usually fragments. We see many fragmentation channels in our spectra, but focus
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our attention on those which produce two nearly equal-mass singly charged heavy
fragments with no neutral atoms missing. That is, for ethylene we look at the
CHJ-CHJ channel and for acetylene we look at the CH*-CH™ and CHj-C*
channels. Because the photoelectron leaves the molecule on a time scale of 1077 s,
the diffraction pattern is characteristic of the ‘fixed in space’ target molecule.
The Auger decay and fragmentation, which last typically tens of femtoseconds or
more, occur later. If the fragmentation is not ‘delayed’ but proceeds along a fully
repulsive potential curve, the fragmentation time is so fast that rotation cannot
occur and the direction along which the two singly charged ions retreat from each
other is that of the initial alignment of the molecule. Thus the molecule is fixed
in space experimentally a posteriori.

Figure 2 shows the resulting photoelectron angular distributions for the case of
the ethylene target for three incident photon energies. The data set covers all
angles of the molecule relative to the polarization vector, but we show here only
spectra for which the molecule is initially aligned along the polarization. It is well
known in such molecules as N, and CO that a strong f-wave sigma resonance
occurs for electrons about 10 to 15 eV above the K-shell ionization threshold [5, 7].
A strong f-wave structure for ethylene is also evident in these spectra, although not
as strong for this molecule as for the diatomics. Above and below the ‘resonant’
region, this structure persists, but is weaker. For the case of ethylene, the kinetic
energy release (KER) is very sharply peaked with a value near 5 eV, indicating that
probably a single electronic energy surface delivers the ions into this fragmentation
channel. This behaviour is shown in the lower panel of figure 3, as an xz slice of
the relative momentum of the CHJ ion pairs. Here the collection electric field
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Figure 2. Ethylene photoelectron spectrum, for the case where the target molecule is
aligned along the direction of the polarization vector. Three photon energies are
shown, below, on and above the ‘resonant’ energy for which the f-wave amplitude
maximizes.
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Figure 3. Momentum slices of the ‘explosion’ spheres for the breakup of ethylene
(upper panel) and acetylene (lower panel) targets induced by 310eV photons. The
polarization vector (x) is horizontal and in the plane of the page. The photon is
moving in the 2 direction. This figure is from the work by Osipov and co-workers [6].

and photon polarization vectors are along the x axis, the jet along the y axis and the
photon propagation direction along the 2 axis. The figure is made by requiring a
relative momentum not exceeding 10 au (au of momentum = #/a,, where 7 is the
Planck constant and a, is the Bohr radius) in the 2 direction.

When the ethylene target is replaced by acetylene, a surprise results: the corre-
sponding momentum slice becomes unexpectedly complex and asymmetric. This
feature results from the presence in the data of both the acetylene-like CHT—CH™
and vinylidene-like C*™—CHJ decay modes. The separation of these channels is
somewhat problematic, but possible once the source of the strange patterns are
understood. The strange plot of figure 3 results from an evaluation of the data
under the assumption that only CH' ions are present. This assumption is
incorrect. The details of the separation of the acetylene and vinylidene channels,
as well as an earlier account of this experiment, are described in [6].

The timing information emerges from the observation that the nice f-wave-like
pattern seen for ethylene is still seen when the acetylene target is used, but only
when the molecular axis is established using data corresponding to the CHT—CH™
decay channel. When the C*—CHJ channel is used instead, the pattern is washed
out. Since the original diffraction pattern is established long before the breakup
occurs, this washing out must be due to the method of establishing the molecular
axis. It could be due to a time delay between the emission of the photoelectron and
the breakup, which could allow the molecular C=C bond angle to rotate slightly
before breakup and invalidate the axial breakup assumption. An infinite rotation
time would allow the correlation between photoelectron and breakup axes to be
lost entirely. The molecule has rotational angular momentum from two sources,
the finite gas temperature and the emission of the energetic K Auger electron
from one of the carbon atoms. Neither is well known in this, but from the latter
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Figure 4. Body-fixed photoelectron angular distributions obtained by fixing the molecule
using the acetylene (upper panel) and vinylidene (lower channel) for the case where
the molecule is finally within 45° of the x axis. The solid line in the lower panel is the
result of the analysis described in the text.

source an angular momentum of approximately 3/ is expected and the rotational
temperature is not expected to yield a higher value.

A rotation angle was extracted from the data using the following procedure:
the acetylene data was reanalysed event by event, but before plotting the axis of
the molecule, deduced from the ion momentum, was re-directed by a randomly
chosen angle with an average value of 6, (Gaussianly distributed with a 25%
FWHM (full width at half maximum); the results are very insensitive to the
details of the distribution). The parameter 6, was then varied so as to reproduce
the experimentally observed photoelectron angular distribution obtained using
data corresponding to decay through the vinylidene channel. The results are
shown in figure 4. The best fit was obtained for a value of 6, of 20°. This angle
is almost exactly what one would expect for an instantaneous rearrangement
whereby the hydrogen atom initially at one end of the molecule proceeds
tangentially at constant radius to the other end of the molecule. Such a rotation
inevitably accompanies the mass rearrangement, no matter how quick the iso-
merization. Thus the most important aspect of the observed photoelectron angular
distribution as measured using the vinylidene channel is that it is not completely
washed out. A great deal of correlation between photoelectron and decay axes is
still retained by the molecule even when it decays through the vinylidene channel.
By using a more detailed analysis, an upper limit of approximately 100 fs was
placed on the isomerization time from acetylene to vinylidene for the particular
energy surface followed in this dication of acetylene [7]. This surface is not
identified in the experiment, but it is likely to be nearly unique, since the KER
observed in the vinylidene channel is nearly single valued at 4.5eV. The actual
decay path for the isomerization process, which was observed much earlier
by Thissen et al. [8], has been calculated and discussed by Duflot et al. [9].

It is possible that by performing pump—probe experiments with acetylene using
femtosecond laser pulses, one could even follow the hydrogen migration in real
time. An initial experiment in this direction for acetonitrile has been reported
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Figure 5.  Similar to figure 3, except that now the acetylene is dissociated by a 35 fs pulse
of peak power 2 x 10 Wem™ and with different extraction field parameters.
The outer rings are due to the vinylidene dissociation channel and the inner one to
the acetylene channel.

by Hishikawa et al. [10]. Figure 5 shows a similar result for the acetylene/
vinylidene case. The approach is similar to that discussed above except that only
ions are now detected and parameters are chosen which allow an easier separation
of the two channels. Pulses of 2 x 10* Wem™2 and 35 fs duration were used to
cause the ultimate fragmentation of the dication of acetylene into the two channels
discussed above. Now the rotation information is deduced from the angular
distribution relative to the polarization vector rather than with respect to the
photoelectron emission angle. It is clear immediately that the acetylene ions are
much more strongly peaked along the polarization vector than the vinylidene ions,
suggesting a finite delay has intervened between the injection of electronic energy
into the molecule by the laser and the breakup for the latter case. This experiment
and interpretation are still in progress.

4. Sequencing emission of ion pairs in molecular hydrogen

The double ionization of molecular hydrogen through enhanced ionization is
well documented in the literature and heavily studied theoretically [11-14]. In
recent years two additional double ionization processes have been identified
and modelled: rescattering ionization [15-21] and sequential ionization [22, 23].
Figure 6 shows a schematic of these three processes, roughly ordered according
to the intensity region in which each is expected to dominate. These processes all
operate on different time scales. The emission of the first electron starts a ‘clock’
and simultaneously launches a wave packet into the lo, potential of the H;‘
molecule, where it tries to oscillate with a period of 15fs. This wave packet runs
into trouble before it completes a single cycle. The rescattering process, whereby
the electron released in ionization of the neutral returns to the singly charged ion
to excite or ionize it further, can occur 2/3 of an optical period after the first
ionization event, and thereafter at full additional optical cycles later (times of 1.8,
4.5, 7.21s, etc.). If only the energies of single high energy protons (energies above
about 3eV per proton) are measured, the conclusion is that the first return
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Figure 6. Schematic of three mechanisms for ionization of D, (or H,) by intense
laser pulses.

dominates [15, 16]. When the double ionization channel is observed, structure is
seen up through the third return and perhaps further [18, 19]. By the time 7.2 fs
is reached, the vibrational wave packet launched in the 1o, potential of the Hj
molecule has reached its outer turning point and identification of later returns is
nearly impossible. When a short pulse, 8fs, is used however, the first return
dominates the rescattering process and high energy protons released from just
slightly beyond the equilibrium distance of the neutral molecule are observed. The
‘clock’ starts ticking when the first electron is released, at whichever optical cycle
maximum this occurs, and the first double ionization ‘burst’ is released at about
1.8 fs later, so timing with femtosecond precision does not require a femtosecond
long pulse. If the vibrational wave packet survives this event, (the rescattering
double ionization occurs with a probability which peaks at about 3%) and the field
envelope rises fast enough, the second ionization may occur sequentially [22]
giving rise to further ionization on the next optical maximum. Model calculations
by [22] and by Tong and Lin [23, 24] suggest that the sequential ionization occurs
partially over the two optical cycles following the first release, corresponding to
ticks of the clock at 2.7 and 5.4 fs after the first ionization. This results in a KER
somewhere between that characterizing the internuclear distance of the neutral
molecule and that of the outer turning point. Finally, if the wave packet survives
both of these processes and furthermore escapes the 1o, potential well, via bond
softening for example [25], it passes through the region of enhanced ionization,
calculated to occur near 810 au [13] and observed near 5 au.

In figure 7 we show a slice of the momentum sphere of Coulomb exploding
proton pairs released from molecular hydrogen exposed to 12fs pulses at
7% 10" W cm™2. What is shown is the relative momentum of the two protons, in
the molecular frame, sliced through the xz plane. Sequential and enhanced
ionization processes are visible in the same spectrum. At this high intensity,
rescattering is relatively weak. The relative intensity of the three processes is very
sensitive to the laser intensity and pulse length, and a slight change in either will
generally result in the domination of the spectrum by one of the three processes.
Time in this spectrum proceeds radially inward with ¢ = 0, starting when the first
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Figure 7. Slice of momenta of exploding proton pairs from ionization of H, by 12fs
pulses with a peak intensity of 7 x 10" Wem™2. The geometry is similar to that of
figure 5.

electron is released. Roughly speaking, ¢ = 0 corresponds to a radial momentum of
45au and t=7fs corresponds to a radial momentum of 20au. The scale is, of
course, not linear and requires a model calculation to interpret it quantitatively. As
shown in figure 7 the sequential process is less directional than the enhanced
ionization, but it still peaks along the polarization direction. It is not yet fully
explained by the model why the sequential ionization is so peaked in angle, since
the first ionization step certainly is not. Figure 8 for example shows a comparison
between expected and calculated positions of KER for the rescattering and
sequential ionization processes. The agreement with the model is excellent.
Further discussion of the model is given by Lin et al. in a contribution in this
same issue [24]. Our ability to distinguish so cleanly all three processes in a single
spectrum gives us confidence that these three mechanisms do indeed correspond to
real physically distinguishable different processes, each of which can be used to
‘time’ the motion of the wave packet with a clock whose ticks occur as multiples of
the optical cycle.

5. Double ionization of heavier molecules

Can the same processes be identified for molecules such as O, and N, and can
one use the same techniques discussed above to follow heavy particle motion in
these systems on a very short (<8fs) time scale? The same processes almost
certainly exist. The enhanced ionization process for these molecules is well known,
with the major result being that the KER release observed is much less than that
expected from a Coulomb explosion from the internuclear distance of the neutral
molecule [26-30]. Non-sequential ionization of these and related molecules has
been discussed [31-36], but not clearly characterized, and a similar evaluation
applies to sequential ionization. Here we report a few recent results from the
observation of only the double ionization channel populated from these molecules
by short laser pulses and observed through the dissociative production of singly
charged ion pairs N™=NT and O"—O™". In figure 9 we show schematics of processes
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Figure 8. Experimental and theoretical KER spectra for rescattering and sequential
processes, deduced from the data of figure 7. The separation of rescattering and
sequential KER in the experiment was accomplished using the angular distribution
data of figure 7.
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Figure 9.  Schematic of possible mechanisms for fragmentation of O,, similar to figure 6
(three steps with different ordering may lead to double-ionization; these are tunnelling
ionization ('T'T), multiphoton excitation (IMP) or rescattering process (Res).

analogous to those of figure 6, modified to be appropriate to this case. We note
immediately that simply removing the two outer electrons from the molecules in
this case will produce a metastable ground state of the molecule which will not
dissociate on the time scale of the apparatus. Thus not only does one have to
produce a dication, one has to excite it electronically to produce the observed decay
mode. Thus the processes of figure 9 differ slightly from those of figure 6.
We discuss here only a few recent findings for which we have some explanation.

The first observation is that the usual distinction between non-sequential
(rescattering) and sequential ionization intensity regimes holds cleanly for these
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Figure 10. Left-hand panel: a density plot of the yields of coincident OT—O" pairs for
oxygen targets. The vertical axis is the KER and the horizontal axis is the cosine of
the angle between the relative motion of these ions and the polarization vector.
Right-hand panel: corresponding plot for nitrogen.

systems. This is established by comparing the ion pair yields with linear and
circular polarization (the latter while doubling the power, to maintain the same
peak field strength). We observe that below about 2 x 10'* W ¢cm ™2 the yield in this
channel with circular polarization is nearly negligible, allowing us to establish that
data taken at this and slightly lower intensities are in the rescattering regime.
This is consistent with the results of [31-36].

Confining our data for the moment to the rescattering region (left-hand panel
of figure 9), we find that the fragmentation from both systems proceeds through
well-defined states of the dications, as shown in figure 10. This figure shows
plots of the KER release as a function of the angle between laser polarization and
the molecular axis. The stripes correspond to states in the dication as identified by
[37, 38] for electron bombardment of the same targets. For the case of O,, these
states correspond to electronic configurations of the type n;ln; and 0;171’1 where
the ‘vacuum state’ is the O, neutral. For the case of N,, they are agjln’;l. Thus the
use of the term Coulomb explosion is not really appropriate here: the charge state
is too low. One must use real molecular potentials to see the real physics. This
result was anticipated in [39]. We believe that the sharpness of the KER in this
case is intimately connected to the fact that the rescattering occurs on a very short
time scale. We suggest that a process similar to that which occurs for H,: a singly
charged molecule is produced by removing the outermost m,(0,) electron for O,
(N,), reaching the singly charged cation ground state. The returning electron
excites (or possibly ionizes) this molecule and the laser then removes another
electron from the same orbital, producing a dissociative excited state of the
dication.

The intermediate step must occur quickly enough such that the internuclear
distance does not change in order to maintain the KER resolution. We believe the
sharp resolution of the KER is associated with the dominance of the first and
possibly second return of the electron.

A second feature of these spectra is that the nitrogen ions are emitted only
along the laser polarization, while the oxygen ions are emitted over a wider range of
angles and even have a slight minimum along the polarization vector. Within the
scenario suggested above, this could occur for one of two reasons: first, the single
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Figure 11. KER spectra for oxygen, for (a) 35 fs pulse, rescattering region, (b) 35 fs pulse,
sequential ionization region and (¢) 8 fs pulse, sequential ionization region.

ionization of O, is expected to preselect molecules aligned at 45°, while for N, the
corresponding angle is zero degrees. This result is expected from the molecular
ADK and from interference models, and has also been seen experimentally for
nitrogen by Litvinyuk et al. [40]. Second, the returning wave packet emitted along
the polarization vector in the oxygen case ‘cancels itself out’ due to the symmetry
of the packet, as discussed in [41]. Either would qualitatitively explain the
observed angular difference seen in figure 10.

If the intensity of the laser is raised into the sequential/enhanced ionization
region but the pulse length kept at 35fs, longer than the oscillation period in the
cation potential well, the motion of the internuclear distance between steps can
again be seen. The effect is now that the KER spectra are found to ‘wash out’, an
effect which is much larger for oxygen than for nitrogen, and which is shown in
figure 11. The lowering of the KER is indicative that the ions have time to move
radially outward before the second ionizing step occurs. However, if the pulse
length is now shortened to 8fs, denying the wave packet the necessary time to
expand before the second step occurs, the KER resolution is regained, as is shown
in the third panel of this figure.

Our conclusion at present is that the same systematics observed and quantified
for H, apply, with some modification, to heavier molecules as well. However, no
simple quantitative model has yet been built for the latter case, and such modelling
will almost certainly be required before the optical cycle can be used as a reliable
clock for timing heavy particle motion in this case.
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