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We investigate intense, ultrafast laser-induced isomerization and two-body fragmentation of acetylene mono-
cations and dications using coincidence three-dimensional momentum imaging. Whereas the vast majority of
previous work on strong-field isomerization and fragmentation of acetylene has necessarily involved ionization,
by focusing solely on dissociation of ion-beam targets, we ensure that the dynamics ensue within a single
molecular ion species, potentially simplifying interpretation. We demonstrate the rich information that can be
extracted from such a measurement and discuss advantages and disadvantages of this approach.
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I. INTRODUCTION

Measuring the photo-induced breakup of hydrocarbons has
been demonstrated as a valuable means of examining isomer-
ization reactions, specifically hydrogen migration. Numerous
light sources have been used for these studies [1], which
are most commonly performed by irradiating neutral target
molecules to initiate dynamics.

One specific molecule that has attracted a great deal of
interest as a prototype for studying isomerization is acetylene,
which has the linear HCCH configuration in its ground state.
Isomerization of this molecule entails migration of a hydrogen
from one carbon site to the other to form the vinylidene
isomer, H,CC. Key investigations into the photofragmenta-
tion of C,H, [2-17] have taken advantage of powerful co-
incidence three-dimensional (3D) momentum imaging tech-
niques, such as cold target recoil ion momentum spectroscopy
(COLTRIMS) [18,19]. In these studies, one commonly used
signature of C,H, isomerization has been measurement of the
C*t + CH," channel for rearrangement into the vinylidene
configuration. Measurement of CH™ + CHT, in contrast, has
been taken as a signature for remaining in the acetylene
configuration.

Other means of identifying C,H, isomerization include
monitoring the molecule’s structural changes through the
relative angles of the fragment momenta in three- and
four-body Coulomb explosion imaging (CEI) measurements
[4,5,7,11,14], which involve triple or quadruple ionization,
respectively. While CEI has its own limitations [16,20,21], the
fact that ionization is involved by necessity in the observation
of all these signatures and that the final charge state is not nec-
essarily the same as that undergoing isomerization may also
obscure interpretation. Based on these types of signatures,
some studies have concluded that CoH, isomerization occurs
in the monocation [12,22-24], while others have pointed to
the dication states [2—4,6,8—17,25]. It is important to note that
these different interpretations are not necessarily conflicting,
as the particular pathways could depend sensitively upon the
experimental parameters. However, they may also indicate
some ambiguity in the interpretation.
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The rich information provided by the aforementioned co-
incidence momentum imaging techniques, such as the kinetic
energy release (KER) and angular distributions, can be illu-
minating in determining which potential energy surfaces may
be involved in the isomerization and pathways toward the
final products [6,8]. The dynamics, however, can be quite
complex. For molecules exposed to intense laser fields, it
is probable that many multiphoton pathways contribute to
the measured data, making interpretation challenging. As a
specific example, for dissociative double ionization of C,H,
by an intense 800 nm femtosecond laser pulse, the common
interpretation that hydrogen migration occurs exclusively in
the dication [4,13-15,17,24,26] awaits more direct substan-
tiation. Here the signature dissociative ionization channels
likely involve the exchange of many photons with the laser
field. Thus, despite the detailed information provided by the
measurements, one cannot readily exclude the case in which
hydrogen migration is initiated or completed in the neutral
or monocation intermediate states before the final ionization
step(s). Hence, as pointed out by Gong et al. [12], experimen-
tal determination of the charge state in which isomerization
occurs is a highly coveted goal.

While Gong and co-workers [12] used above-threshold
double ionization of acetylene to distinguish hydrogen migra-
tion on the monocation and dication surfaces of C,H,, in this
article we propose a complementary approach that restricts
isomerization to a specific C;H,? molecular ion. In this ap-
proach, we perform kinematically complete measurements of
laser-induced dissociation of molecular ions, introduced as a
beam target, sidestepping altogether the ambiguity introduced
by ionization. Here the laser field excites the molecule to a
dissociative state of the same charge and may also initiate iso-
merization. Thus, laser intensities lower than that required for
ionization may be used, limiting the contributions of complex
multiphoton pathways and reducing the number of potential
surfaces involved. While the dilute nature of an ion-beam
target leads to lower counting rates than can be achieved with
gas-phase targets, none of the detailed information provided
by other coincidence 3D momentum imaging techniques is
sacrificed. Note that the focus of this article is mainly to
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present this approach, which can be quite powerful in making
future advances in studying isomerization of C,H,? and other
molecular ions. At present, however, further work is needed
to attain deeper understanding of the dynamics.

II. EXPERIMENTAL METHOD

We demonstrate this method for studying C,H,? isomer-
ization limited to a particular charge state using C,D,** and
CoH,™ as specific examples. Our experiment is illustrated
in Fig. 1. Molecular ions are produced via fast electron
impact in an electron-cyclotron resonance (ECR) ion source.
The C,D,?* and C,H," beams are generated by loading
this ion source with CD4 and C,H, gas, respectively. The
ions are accelerated upon extraction from the ECR source
to energies of 42 and 8 keV for the C;D,%>" and C,H,*
beams, respectively. The ion beam is selected by a magnet
and then electrostatically steered and focused to produce a
collimated target that has a ~0.9 x 0.9 mm? cross section at
its intersection with the laser beam. The flight time of the
target molecular ions from the ion source to the intersection
with the laser is ~10 us for C,D,+ and ~20 us for C,H, .

Based on electron impact ionization studies, the Co,H,™
target is known to be predominantly in the acetylene (linear
HCCH) configuration [27-30]. While the production mecha-
nism for the dication beam from methane gas is admittedly
less straightforward than that of the C;H,* beam, the C;D,%*
beam is also most likely in the acetylene configuration [31].

The initial state of molecular ions at the moment they are
probed by a laser pulse is a consequence of their production
via fast electron impact in the ion source and the ensuing
decay processes occurring during their flight to the laser inter-
action region. While fast electron impact preferentially popu-
lates lower electronic states, highly excited states may also be
populated. Moreover, the ionization in the ion source is a ver-
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FIG. 1. Schematic of the coincidence 3D momentum imaging
setup, illustrated with the C;H,* — C + CH, ™" breakup channel. A
laser beam of femtosecond pulses intersects the ion beam inside the
spectrometer. The laser-induced fragments are separated in time by
a longitudinal field Ejp.., created by the spectrometer. The fragments
are also separated in position by Ey¢, a transverse field created by an
imaging deflector.

tical transition involving minimal angular momentum transfer.
Therefore, the rotational population is similar to that of neu-
tral molecules at room temperature [32,33], and the Franck-
Condon principle provides a good estimate of the vibrational
population [32-34]. The long flight time to the interaction
region (tens of microseconds) allows decay of the excited
electronic states, as in most cases radiative decay proceeds
much faster than the flight times. The exception to this trend
is the case of metastable electronic states, e.g., those requiring
a spin flip for decay to the electronic ground state [35,36]. For
the C,H, " beam, a metastable state may be initially populated
[37], as discussed in Sec. III B, but more complete structure
and lifetime information is essential to say with certainty that
this is the case. We note that the present C,D,?* target is likely
vibrationally and rotationally hot due to its formation from
methane via “source chemistry,” [31] but this molecule is still
most likely in the electronic ground state when probed by the
laser.

The Ti:sapphire laser system used in this study creates
Fourier-transform-limited (FTL) pulses of ~790 nm central
wavelength, ~60 nm bandwidth [full width at half maximum
(FWHM)], 2 m] energy, and ~23 fs duration (FWHM in
intensity) [38]. The pulse duration is measured using second-
harmonic-generation frequency-resolved optical gating [39].
An f =203 mm focal length 90° off-axis parabolic mirror
focuses the laser beam onto the ion-beam target. Translation
of the laser focus away from the ion-beam center and/or
insertion of power-attenuating optics enable control of the
peak intensity of the laser [35,40]. We also utilize second
harmonic pulses, which are produced by sum frequency gen-
eration in a B-barium borate crystal [41]. The measured spec-
trum centroid for these pulses is ~395 nm with a bandwidth
of ~10 nm (FWHM). Their temporal duration, measured
by self-diffraction frequency resolved optical gating [42], is
~50 fs (positively chirped). The FTL limit for the second-
harmonic pulses is about 23 fs.

The laser-induced fragments are measured in coincidence
using a position- and time-sensitive detector downstream,
allowing evaluation of their complete 3D momenta. From the
momenta, the KER and angular distributions are retrieved.
Importantly, the keV energy of the ion beam allows us to also
measure the neutral fragments. Therefore, we can perform
kinematically complete measurements of the dissociation
channels of keV beams, such as C,H,™ + nw — CT + CHa,.
Additional details about this experimental method can be
found in Refs. [43-47].

Similarly to several of the studies mentioned in the intro-
duction, we use C;Hy? — C%' + CH,% (¢ = q + ¢2) mea-
surement as a signature of isomerization from the acetylene
configuration to the vinylidene configuration. We note here
that this does not preclude the possibility of isomerization
of C,H, ions that remain bound. While we can detect these
molecular ions through use of an imaging deflector, we cannot
determine their internal configuration.

III. RESULTS AND DISCUSSION
A. CD,**

In the C,D,%* case, as expected, acetylene-like breakup,
CD* + CD* (A), and vinylidene-like breakup, C* + CDJ
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(V), are observed, as shown by the coincidence time-of-
flight (CTOF) spectrum in Fig. 2. Imposing momentum
conservation on these identified channels, we obtain their
branching ratios. At 798 nm central wavelength and peak
intensity 5 x 10'> W /cm?, the acetylene branching ratio is
A/(A + V)~51.5 £ 3.5%. In contrast, the acetylene branch-
ing ratio measured with 392 nm pulses at peak intensity
6 x 10 W/cm? is ~82.9 £2.1%, a significant difference.
This observation points to the possibility of controlling
C,D,%* isomerization with laser parameters like wavelength,
pulse duration, and intensity. While control of isomeriza-
tion [13,26,48-50] and fragmentation [10,49,51-55] have
been topics of significant exploration, their study utilizing
a molecular-ion-beam approach would enable focusing on
dissociation, in contrast to the previous studies that examined
dissociative ionization.

The KER spectra for the A channel measured with 798 nm
photons are shown in Figs. 3(a) and 3(b). This channel ex-
hibits two peaks centered at ~6.3 eV (A) and ~7.6 eV (A»).
The fact that A; and A, are separated by close to the energy
of one photon could indicate that they are due to pathways
involving the absorption of n and n + 1 photons, respectively,
and have the same dissociation limit. The contribution of
the higher-KER peak, A,, grows with respect to A; as the
laser intensity increases, shown by the branching ratio in
Fig. 3(c). This enhancement of peak A, is consistent with
the suggestion that its underlying process is an n + 1—photon
process (i.e., above-threshold dissociation), in contrast to an
n—photon process associated with A ;. However, future work is
needed for deeper understanding of the underlying pathways,
as well as the observed competition between the two KER
peaks.

Curiously, the KER peaks A; and A, are markedly dif-
ferent from the ~5 eV KER measured for the CH" + CH*
(A) channel in studies of neutral C,H; targets. These neutral-
target studies involved probing C,H, with laser pulses similar
to ours [3] or removing a carbon k-shell electron, leading to
double ionization [6].
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FIG. 2. The coincidence time-of-flight (CTOF) spectra of the
dissociation channels CD" + CD* (A) and C* 4+ CD,* (V) for
(a) 798 nm pulses and (b) 392 nm pulses after imposing momentum
conservation. The gray dashed line indicates where #; = #,. Under the
present experimental conditions, in the V channel, CD,* fragments
may sometimes reach the detector before C* fragments. This is
manifested by the righthand branch of the V channel.

To shed light on this dissimilarity, we explore possible
dissociation pathways leading to the measured CD" + CD*
(CH* + CH") products, assuming that the target is in the
acetylene configuration when probed by the laser, as stated
in Sec. II. We utilize potential energy curves corresponding
to the C—C stretch of the linear acetylene dication, reported
by Thissen et al. [56]. These potentials are shown in Fig. 4.
For the neutral-target studies mentioned above [3,6], it seems
reasonable that the 5 eV measured KER is associated with
over-the-barrier dissociation involving the IE; state. This
state has a barrier along the C—C stretch coordinate leading to
the lowest CHT + CH™ limit (! =% 4 !X, labeled in Fig. 4).
The barrier lies about 5 eV above this dissociation limit. In
the strong-field case [3], the vibrational continuum of the ! E;
state can be reached by multiphoton ionization. Alternatively,
multiphoton ionization can lead to population of the lowest
singlet electronic state of the dication, lAg. Following that,
two-photon excitation to the IE; state, indicated by the
arrows in Fig. 4, may lead to over-the-barrier dissociation,
similar to when the ! 2: state is populated directly. The triplet
electronic states of the linear acetylene dication, on the other
hand, lead to KER that is lower (barrier of X 32; is ~4 eV

above *IT 4 °IT) or higher (barrier of *II, is ~6 eV above
'$* 4 317) than that of the pathways involving the singlets
and therefore are not the main contributors in the case of
photofragmentation starting from neutral C,H, targets.

In contrast, the triplet states play a dominant role in the
present case, as C,D,2* ions arrive to the interaction region
in the X3 X, electronic ground state, as explained in Sec. II.
Because the laser field does not couple states of different spin
multiplets, the dissociation pathways dominating the previous
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FIG. 3. Kinetic energy release (KER) spectra for the
CD" 4+ CD" channel measured at 798 nm wavelength and
peak intensity (a) 5 x 10 W/cm? and (b) 5 x 10> W/cm?.
(c) Branching ratio of KER peaks A; and A, as a function of peak
intensity. The regions marked by the blue dashed lines in panels
(a) and (b) indicate where the yields of these peaks were evaluated.
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FIG. 4. A few of the lowest potential energy curves for the C-C
stretch of the linear HCCH dication (with the C—H bond fixed at its
equilibrium distance). Adapted from Ref. [56].

neutral C,H, studies [3,6] are closed, assuming that there are
no metastable singlet states initially populated. Instead, the
dication may dissociate by three-photon absorption to the *IT,,
state, as shown in Fig. 4. The 1, state barrier along the
C-C stretch coordinate lies about 6 eV above its associated
dissociation limit, ! ©* + 3I1. This KER is consistent with the
~6.4 eV KER of peak A;.

As discussed earlier, peak A, may be due to above-
threshold dissociation. One may also speculate that this
higher-KER peak may be due to dissociation to the lowest
dissociation limit (!=+ 4 !'=¥), but this requires significant
spin-orbit coupling of the triplet and singlet states. A more
complete theoretical treatment of the molecular structure and
dissociation dynamics is needed to explore if this process is
comparable to ATD. It is also important to recall that the
C,;D,%* ions in this study are vibrationally and rotationally
hot, and therefore, the measured angular distributions do not
give clear-cut guidance in determination of the dissociation
pathways. Under these conditions, which may involve bend-
ing and asymmetric stretching, selection rules change because
A (ie., Z, I, A,...) [57] is not a good quantum number and
g/u symmetry does not apply.

The KER spectrum of the V channel, C* + CD,*, on
the other hand, exhibits a single peak at ~7.4 eV, as shown
in Fig. 5. Determining the dissociation pathways is more
complex than the A-channel case and requires the complete
potential energy surfaces on which the isomerization occurs.
In this case, our measured KER is also significantly higher
than the ~5 eV KER measured for this channel when probing
a neutral C,H, target with similar laser pulses [3]. Here again,
the underlying reason for this difference is likely related to the
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FIG. 5. Kinetic energy release (KER) spectra for the
C* + CD,* channel measured at 798 nm wavelength and
peak intensity (a) 5 x 10" W/cm? and (b) 5 x 10> W/cm?.

different dynamics occurring in the triplet states, but detailed
verification requires more complete structure calculations and
better understanding of the strong-field isomerization process.

B. C,H,*

For the C,H," target, as previously reported [58], we
observe both acetylene-like and vinylidene-like dissociation
through the measurement of the CH™ + CH (A), C* + CH,
(V1), and C + CH," (V,) channels, as highlighted in the
CTOF spectrum in Fig. 6(a). Note that the presence of two
vinylidene channels is due to the fact that either the C or
CH, fragment can be positively charged. While this spec-
trum is zoomed in to focus on the dissociation channels of
C,H, ™, we also measure the dissociative ionization channels
CH™ + CH™ and C*t+ CH,". For reference, at 6 x
10'*W/cm?, the rate of the CH™ + CH™ channel is about
half of that of the CHt + CH channel. It is worth noting
that the measured rate of the dissociative ionization channel
CH* + CH" decreases relative to that of the dissociation
channel CH" + CH with decreasing intensity.

The intensity-dependent branching ratios for the dissoci-
ation channels are shown in Fig. 6(b), where the vinylidene
channels are grouped (V = V| + V;). The 260% vinylidene
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FIG. 6. (a) The CTOF spectrum of acetylene-like and
vinylidene-like dissociation channels of a C,H,™ target, measured
with 790 nm pulses at a peak intensity of 6 x 10'* W /cm?2. (b) Laser
intensity-dependent branching ratios of these dissociation channels.
Note that V =V, + V,.
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FIG. 7. The KER (top row) and angular (bottom row) distribu-
tions for the dissociation channels of C,H,™ for laser pulses centered
at 790 nm with peak intensity of 8 x 10" W/cm?. (a) and (d)
CH" 4+ CH; (b) and (e) C* 4+ CH,; (¢) and (f) C + CH,".
The red dashed lines in panels (a)—(c) are exponential decay fits
(NoexpKER/@) o the data. Note that @ is defined as the angle
between the laser polarization and the momentum vector of the ionic
fragment.

breakup branching ratio over all intensities suggests a signifi-
cant amount of isomerization of the initial acetylene config-
uration CoH,* target. Also, the modulation of the branch-
ing ratio with laser intensity suggests some control over
the isomerization process. Focal-volume averaging, which is
important when ionization is not needed, likely reduces the
observed intensity dependence.

The KER of the A and V dissociation channels, shown
in Figs. 7(a)-7(c), peak near 0 and die off approximately
exponentially, extending up to ~3 eV. Exponential decay fits
to these distributions are shown on the figures. Fast-decaying
KER distributions peaking at low energies could indicate tran-
sitions to the vibrational continuum leading to dissociation
upon a flat portion of a potential energy surface where little
to no kinetic energy is gained [59]. The transition probability
for such processes typically peaks near threshold and drops
quickly with increasing energy above threshold [60]. The
measured low KER of the A channel is consistent with the
predicted flat surface towards dissociation for the ground state
of the cation [61,62]. This KER distribution of the A channel
is also similar to results attributed to the breakup of CoH,™
initiated by collisions of C,H, with MeV projectiles [63].

Following assumptions similar to those in our discussion of
C,D,%* dissociation pathways in Sec. III A, we first consider
the case of Co,H, T in its X ZI"IM electronic ground state when
probed by the laser. A few dissociation pathways starting
from the X 2T1,, state will yield the low KER that is measured
for the CH" + CH (A) channel. To discuss these possibilities,
we turn to the potential energy curves of the linear acetylene
monocation along the C-C stretch coordinate, reported
by Peri¢ and Engels (Fig. 7 in Ref. [62]). One candidate
is a five-photon excitation from a low-lying vibrational
level of the X *I1, state to the 121'Ig state, followed by a
C—C stretch and dissociation to the lowest CHT + CH limit

(X't 4+ X 2IT). Another possibility is a six-photon
transition from a low-lying vibrational level of the X >I1, state
to the 1 22; state, leading to the first-excited CH™ + CH dis-
sociation limit (a>TT 4+ X 2IT). Note that stimulated emission
after some C—C stretch may lead to dissociation to the lowest
CH' + CH limit of the X I, electronic ground state.
Likewise, a seven-photon transition from the X 211, state to
the 125" state (denoted as A *E} in Refs. [12,22,24,37]),
followed by C-C stretching and stimulated emission to
the electronic ground state will yield the measured KER.
The latter pathway involves the A 22;‘ state invoked
previously [12,22,24] to explain isomerization in the
acetylene monocation.

The pathways described above include both parallel (IT <>
IT) and perpendicular (IT <> X) transitions. The measured
angular distributions should therefore include contributions
peaking at both cos® = 0 and +1 [60,64,65], as that in
Fig. 7(d) does. This measured angular distribution, however,
points to a lower photon number than the pathways mentioned
above, which could mean that much higher lying vibrational
levels of the X 2I1, state are involved instead.

The inquiry into plausible dissociation pathways becomes
even richer upon consideration of the prediction by Hochlaf
et al. [37] that the lowest quartet states of the acetylene cation,
specifically the first-excited state, 1 42;' , and the lowest state,
14Hg, are long lived. The computed radiative lifetime of
the 142311+ state [37] is much shorter than the flight time of
the C,H,™ molecules from the ion source to the interaction
region (recall, ~20 us). Thus, C;H,* molecules in this state
will decay to the lowest quartet state before reaching the
interaction region. The lifetime of the 14Hg state has not
been reported, so it remains unclear if molecules in this state
survive to be probed by the laser in our experiment.

For the sake of discussion, let us assume that the 141'Ig
state does survive. The C—C stretch quartet potential energy
curves calculated by Hochlaf er al. [Fig. 1(b) in Ref. [37]]
suggest that highly excited vibrational levels of the 14T ¢ state
would be populated, as this electronic state’s minimum lies at
a much larger C—C separation than that of neutral ground state
C,H,. Thus, one-photon excitation from the 1 I ¢ state to the
142, or 1*I1, states can lead to CH™ + CH dissociation.
These perpendicular and parallel transitions would also lead
to angular distributions with contributions peaking at both
cos@ = 0 and %1 but involving lower photon numbers than
the proposed pathways involving doublet states. In this regard,
the quartet pathways appear more consistent with the data
presented in Fig. 7, hinting that the metastable state 141'Ig
plays a key role. This possibility, however, awaits more careful
investigation because it depends on the unknown lifetime of
this quartet state.

Figures 7(e) and 7(f) show the angular distributions of the
vinylidene channels, which are quite similar to the acetylene
channel angular distribution. This similarity may indicate that
the first excitation step is the same for all three channels, fol-
lowed by propagation of the nuclear wave packet to different
dissociation limits. Again, this speculation requires theoretical
verification.

Identification of the pathways for vinylidene-like breakup
requires information beyond what is readily available and
thus calls for further work, which we hope our findings will
encourage.
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IV. SUMMARY AND OUTLOOK

In summary, we demonstrate a method to limit the iso-
merization dynamics of C,H,9%, a topic that has generated
great interest, to a single charge state, avoiding the uncertainty
caused by ionization. Even though the low density of an
ion-beam target results in lower counting rates than those of
gas-phase targets, as we have shown, we are still afforded
the detailed array of information provided by coincidence
3D momentum imaging, including branching ratios, KER,
and angular distributions. We have demonstrated use of this
information to determine plausible dissociation pathways for
acetylene-like breakup of the monocation and dication.

For excitation to a repulsive state, laser pulses of intensities
lower than that needed for ionization may in principle be
used, allowing one to reduce the contributions of complex
multiphoton pathways. Alternatively, single-photon excitation
[8,66,67] of these systems could also help in understanding
the dynamics. The lack of ionization will also likely allow
more direct comparisons with and guidance by theory. Thus,
we anticipate that such an approach can facilitate a more
thorough understanding of isomerization and fragmentation
dynamics. While this article leaves the door open in terms of
reaching this deeper insight, we hope to have demonstrated

our method to be one that has some advantages in molecular
dynamics studies. We have also pointed out that many inter-
esting avenues of study exist, such as control of the acetylene
and vinylidene fragmentation branching ratios with different
laser parameters.

Finally, on a more general note, one may readily recognize
that this type of approach is not limited to exploring C,H,?
isomerization. We anticipate that the use of molecular ion
beams could be beneficial in examining bond rearrangement
and other interesting strong-field dynamics in many different
systems.
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