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Tracking dissociation dynamics of strong-field
ionized 1,2-dibromoethane with femtosecond
XUV transient absorption spectroscopy

Adam S. Chatterley, Florian Lackner,®® Daniel M. Neumark,?® Stephen R. Leone®“
and Oliver Gessner*®

Using femtosecond time-resolved extreme ultraviolet absorption spectroscopy, the dissociation dynamics
of the haloalkane 1,2-dibromoethane (DBE) have been explored following strong field ionization by
femtosecond near infrared pulses at intensities between 7.5 x 10 and 2.2 x 10* W cm~2. The major
elimination products are bromine atoms in charge states of O, +1, and +2. The charge state distribution is
strongly dependent on the incident NIR intensity. While the yield of neutral fragments is essentially
constant for all measurements, charged fragment yields grow rapidly with increasing NIR intensities with
the most pronounced effect observed for Br**. However, the appearance times of all bromine fragments
are independent of the incident field strength; these are found to be 320 fs, 70 fs, and 30 fs for Br®, Br",
and Br**, respectively. Transient molecular ion features assigned to DBE* and DBE** are observed, with
dynamics linked to the production of Br" products. Neutral Br* atoms are produced on a timescale
consistent with dissociation of DBE™ ions on a shallow potential energy surface. The appearance of Br*
jons by dissociative ionization is also seen, as evidenced by the simultaneous decay of a DBE* ionic
species. Dicationic Br** products emerge within the instrument response time, presumably from
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Introduction

The interaction of intense laser fields (>10"* W cm™?) with
molecular systems leads to highly complex dynamics and
processes,"” including nonadiabatic multielectron dynamics,*
dissociative ionization,® Coulomb explosion,”” and high-
harmonic generation.'®™? Simple haloalkanes have served as
excellent benchmark systems for studying these interactions.*™*°
Understanding the effect of intense laser fields on molecules
has important implications for several areas of fundamental
chemistry such as coherent control of bond fission’®>*" and
Coulomb explosion imaging.>*** In this work, femtosecond
extreme ultraviolet (XUV) transient absorption spectroscopy is
used to explore the elimination dynamics of Br atoms and ions
following strong field ionization (SFI) of 1,2-dibromoethane
(DBE, C,H,Br,). XUV transient absorption provides the unique
capability of simultaneously observing the appearance of both
charged and neutral atoms, as well as transient molecular
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Coulomb explosion of triply charged DBE.

configurations with femtosecond time resolution, from the
perspective of well-defined reporter atoms.>*>

Mass spectrometry and ion imaging techniques have shown
that in strong-field ionized haloalkanes, a great multitude of
effects can occur, including elimination of numerous charged
fragments,'”'®*" and in some cases new bond formation."*"**°
Recently, transient XUV absorption (TXA) experiments have been
performed on two bromoalkanes, dibromomethane (CH,Br,)"
and vinyl bromide (C,H;Br),"® following strong field excitation at
intensities around 10'* W cm 2. These experiments allow for a
unique probe into the dynamics occurring immediately after
strong field ionization, extending insight, in particular, into SFI
induced dissociation processes. In both experiments, neutral
Br atoms were the only atomic fragments produced, although
with markedly different timescales: 130 fs and 74 fs for the two
spin-orbit configurations in dibromomethane, and 330 fs in
vinyl bromide. The presence of additional degrees of freedom
and/or a C—C bond appears to dramatically affect the dissocia-
tion pathway in vinyl bromide. DBE serves as an intermediate
between these two compounds; compared to dibromomethane it
possesses a carbon-carbon bond but unlike in vinyl bromide,
this is a single bond.

The emergence of cations from strong-field ionized DBE has
recently been explored by Sun and co-workers.'®*” Using velocity
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map imaging, many product channels were observed in a
single-pulse experiment employing a near infrared (NIR) peak
intensity of 1.3 x 10 W ecm ™2 Significant populations of
Br'" and Br' ions were produced, along with molecular ions
including C,H,Br', CH,Br' and, intriguingly, Br," dimers. Some
mechanistic detail of the fragment formation was determined
from the kinetic energy release and angular distributions of the
cationic fragments. It was concluded that C,H,Br" ions appear
primarily from a dissociative ionization process that includes the
loss of a Br® atom, while Br' ions appear from both Coulomb
explosion and dissociative ionization processes. Note that
these single-pulse mass spectroscopy experiments do not yield
dissociation lifetimes and are insensitive to purely neutral
dissociation pathways.

Here, femtosecond XUV transient absorption spectroscopy
is used to monitor the emergence of each charge state of Br'*"
(0 < n < 2) fragments produced by SFI in tandem with the
appearance and decay of transient DBE" and DBE"" molecular
configurations. Studying the yields of molecular and fragment
species as a function of both time and strong-field intensity
reveals correlations that help to disentangle the intricate reaction
mechanisms. We find that each charge state of Br"" is produced
through a unique dynamical pathway that is independent of the
strong-field intensity. Both Br® atoms as well as Br' ions most
likely originate from dissociative ionization of DBE', while Br"
production may also be linked to Coulomb explosion. Br'" ions
are produced within the timescale of the instrument response
function, presumably from complex mechanisms including
Coulomb explosion of DBE"". Transient signals associated
with ionic molecular peaks are observed that decay with time
constants matching those of Br"" product appearance. This
suggests that the two dynamical processes are linked, and the
dissociation of molecular ions is directly observed.

Methods

The XUV transient absorption setup has previously been described
in detail,"*” so only an overview is given. 1,2-Dibromoethane
(Sigma-Aldrich, 98%) is loaded into a stainless steel sample
reservoir, connected by stainless steel tubing to a ceramic
sample cell. To produce sufficient vapor pressure of DBE, the
reservoir, sample delivery line, and sample cell are all heated to
~70 °C, corresponding to a reservoir vapor pressure of 82 Torr.
The pressure inside the sample cell is held at ~2 Torr using a
needle valve. The sample cell is a cylinder with 1 mm internal
diameter that has 750 pm holes drilled into both sides to allow
light to be transmitted. Spent DBE is captured using a liquid
nitrogen cryotrap.

The primary light source for the experiment is a Ti:sapphire
based femtosecond laser system (3 kHz, 780 nm central wave-
length, 3.3 mJ pulse !, ~35 fs pulse length). Half the pulse
energy is used for the strong field NIR pump pulse, and the
other half is used for the XUV probe pulse. The NIR pump pulse
is attenuated using a half-wave plate and a thin film polarizer,
allowing for continuous variation of the pump intensity without
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changing its spatial characteristics. The attenuated beam is
focused into the sample chamber with an f/40 lens. This results in
a focused intensity varying from approximately 7.5 x 10"* W cm >
to 2.2 x 10" W ecm ™2, which is determined using a power meter
and a CCD beam profiler. The power density calibration is
confirmed using the ratio of Xe" to Xe"" yields produced by SFI.>®

The XUV probe pulse is produced using high-harmonic
generation (HHG) by focusing 1.6 mJ of NIR light into a semi-
infinite gas cell filled with 80 Torr of neon gas as the non-linear
medium. The resultant high order harmonics are quasi-continuous
and span a photon energy range of approximately 50 to 73 eV.
A 300 nm thick Al foil is used to block the NIR driving pulse
that co-propagates with the high-harmonic light. The XUV
probe beam is focused into the sample cell using a toroidal
mirror, crossing the NIR pump beam at a 1° angle. A variable
line space grating disperses the XUV light that emerges from
the interaction volume onto an X-ray CCD camera, which
records the transmitted XUV spectrum. To protect the toroidal
mirror and X-ray CCD from DBE vapor, two additional 200 nm
thick Al filters are used to isolate both sides of the interaction
chamber from the rest of the vacuum system.

The time delay between the pump and probe pulses is varied
using a motorized, computer-controlled delay stage. The spatial
pump-probe overlap is optimized by maximizing the 4d absorp-
tion signal of Xe" ions produced by SFI. The appearance of this
signal also provides time zero of the pump-probe delay and an
instrument response function (IRF) of 40 fs full-width-at-half-
maximum (FWHM). Energy calibration of the spectrometer is
performed using the characteristic 4d absorption lines of both
Xe atoms and Xe' ions, which are also used to determine the
spectral resolution of ~100 meV (FWHM). Note that this is a
significant improvement from our previous work,' due to a new
grating and XUV camera. The probe XUV beam waist (25 um) is
significantly smaller than that of the NIR pump beam (85 pm)
and the Rayleigh ranges of both beams are at least an order of
magnitude longer than the interaction region; hence the volume
probed stays essentially constant as intensity is varied.

All transient absorption spectra are referenced to the XUV
spectrum recorded with the pump laser blocked. An optical
chopper is used to block the pump laser at 4 Hz and the data
acquisition is synchronized to the chopper. Thus, each camera
exposure records 750 laser pulses under alternating pump-on/
pump-off conditions. This allows the reference spectrum to be
acquired almost simultaneously with the signal spectrum,
minimizing the impact of low frequency temporal variations
in the high-harmonic spectrum on the transient absorption
spectra. Transient absorption is reported in AOD (change in
optical density), defined for a given photon energy E and
pump-probe delay ¢ as AOD(E,t) = log;o(Ireference(E)/ Isignai(Eyt))-
The intensities Isigna and Ieference refer to the amount of trans-
mitted XUV light when the pump beam is on and off, respec-
tively. The spectrum for each pump-probe delay and each pump
intensity is an average of 30 scans, with 5 s of exposure (2.5 s
pump on, 2.5 s pump off) per scan. The statistical scatter of
the 30 scans is used to derive the reported error bars, which
represent 68% confidence intervals. The static XUV absorption
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spectrum as a function of photon energy E is reported as optical
density OD(E) = log;o(Io(E)/Lsampie(E)), Where Isampie and I, are
the transmitted XUV intensities with and without DBE in the
sample cell, respectively.

Density functional theory (DFT) calculations using the
QChem 4.2 package® were performed to calculate dissociation
energies. The B3LYP functional and auc-cc-pVDZ basis set®>*" were
used throughout. For each dissociation product, the geometry was
optimized, and a vibrational frequency calculation was performed to
ensure that the configurations represent true minima.

Results

1. Long time delay XUV absorption spectra of strong field
excited DBE

The static XUV absorption spectrum of DBE is plotted as a
dotted curve in Fig. 1a. A single bimodal feature with maxima at
70.6 eV and 71.5 eV, along with a slight linear background are
the only structures within the entire energy range of the
experiment (50 eV < hv < 73 eV, shown only above 64 eV).
A nonlinear least squares fit using two Gaussian shaped peaks
and a linear slope reproduces the spectrum well (red solid line).
By comparison with other bromoalkanes, we assign the two
peaks of the feature to the two spin-orbit contributions from
excitations of Br 3ds, 3/, electrons into the lowest unoccupied
molecular orbital (LUMO), which is of C-Br o* character.'>*>%?
The slightly sloped background is a contribution from excita-
tions of valence electrons into the continuum.

Following strong field excitation of DBE, a significantly more
complex spectrum is observed in the bromine 3d region. Fig. 1b
shows four spectra, each obtained 1 ps after arrival of the pump
pulse, for four different strong field intensities, ranging from
~7.5x10® Wem 2 to ~2.2 x 10 W em ™2, A large number of
sharp peaks are observed below 70 eV, and a broad depletion
feature extends from 70 to 72 eV. Despite the complexity of the
spectrum, virtually all sharp peaks can be readily assigned to
atomic fragments as indicated in Fig. 1c, while broader peaks
belong to molecular species.* Fig. 1c shows the result of a
nonlinear least squares fit (dark blue) to the spectrum recorded at
the highest pump intensity (thick yellow). The fit is composed of a
series of narrow (<200 meV) Gaussian functions distributed
across the entire spectral range, a broad Gaussian peak located
at ~66 eV, and a broad, bimodal depletion feature between 70 and
72 eV. This depletion corresponds very well to the static absorption
spectrum of unperturbed DBE (Fig. 1a), and we assign it to the
depletion of the parent molecule population upon ionization. All
sharp peaks below 70 eV are centered within +50 meV of known
atomic Br"* (n = 0, 1, 2) peak positions, and only the peak
intensities and widths (<200 meV FWHM) are varied during the
fit procedure. Note that the small deviations of the absorption
energies from the literature values are within the energy resolution
of the experiment (~100 meV). The fit results and spectroscopic
assignments for the atomic lines are tabulated in the ESL}

The peaks at 64.4 eV and 65.0 eV (yellow) are associated
with two spin-orbit split transitions in neutral Br® atoms.
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Fig. 1 (a) Static XUV absorption spectrum of DBE. The feature at 71 eV has
been fit using two Gaussian shaped peaks, representing the two spin—orbit
split excitations from the Br 3dz,, 5,2 levels to the lowest unoccupied
molecular orbital, along with a linear background to account for valence
absorption. (b) XUV transient absorption spectra of DBE, recorded 1 ps
after excitation with 4 different NIR pump pulse intensities. Four spectral
regions are observed, corresponding to the emergence of Br, Br*, and Br*
fragments, as well as the depletion of neutral DBE. The regions are
indicated by vertical dashed lines and distinct peak patterns in (c), which
shows a fit (dark blue) of the ~2.2 x 10** W cm™2 spectrum (thick yellow).
The experimental and model curves in (c) are almost indistinguishable.
Gaussian functions corresponding to the literature peak positions have
been used to describe the Br* (yellow), Br* (blue) and Br** (orange) signals.
Broad molecular features around 66 eV are represented by a single gray
Gaussian, and the depletion of the parent molecular signal is represented
by two purple Gaussians. Colored stars indicate the peaks chosen to
represent the population of each charge state of Br in the analysis below.

Another low intensity peak is expected at 65.4 eV, however in
our spectra this feature appears to be obscured. The Br* features
show no dependence on the pump pulse intensity (Fig. 1b).
Between 66 eV and 67.7 eV, several sharp peaks are visible that
are associated with absorption of Br' ions (blue). The large
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number of peaks observed indicates that Br' is produced in a
wide range of states. The singly charged ion peaks increase
modestly with strong field intensity. Br'" transitions appear
higher in energy, and these account for the structure observed
from around 68 eV to 70 eV (orange). These peaks are highly
dependent on the pump pulse intensity, increasing approxi-
mately 7-fold over the range of intensities used. A quantitative
plot of the intensity dependence of the three charge states of Br
atoms is available in the ESI.{ Between 70.8 eV and 71.4 eV,
overlapping the parent depletion, another strongly field-
dependent structure is observed. Cummings and O’Sullivan
predicted two Br'" peaks to be located in this energy range;
thus, we assign these features also to Br''. To our knowledge,
this is the first experimental observation of these lines in the 3d
absorption spectrum of Br'". The structure is a broad doublet,
with peaks at 71.0 and 71.2 eV, however the peak intensities are
insufficient to describe the features in more detail. From the
predictions of Cummings and O’Sullivan we can tentatively
assign the two peaks to *P;;, — ('S) >D;), and *Ds;, — (*S) ?Ds),
transitions, respectively.

The atomic lines and parent depletion features alone are
insufficient to accurately model the absorption spectrum at
long time delays. To account for additional spectral contribu-
tions from molecular ions, a single broad Gaussian function
centered at ~ 66 eV (gray) has been included in the fit in Fig. 1c.
Since velocity map imaging (VMI) experiments with similar
strong field excitation revealed a large variety of Br-containing
ionic molecular fragments,'®'” we assign this feature to a
collection of long-lived Br-containing molecular fragments. We
note that a signature of the dimer fragment Br," (as observed by
Wau et al. using mass spectrometry), which would be most visible
around 66.7 eV, cannot be discerned in our spectra, most likely
due to its low yield compared to the intense atomic peaks. In the
long time limit shown in Fig. 1b and c, the atomic lines obscure
the molecular features; however, a combination of short delay
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spectra and dynamic trends allow us to analyze the molecular
signals as well, as outlined below.

2. Time dependence of XUV absorption spectrum

The XUV absorption spectrum as a function of pump-probe
delay at a pump intensity of ~1.5. x 10" W cm™? is presented
in Fig. 2. At ¢ = 0, prompt depletion of the neutral DBE signal
between 70 and 72 eV is observed. This is accompanied by the
instantaneous appearance of two short-lived broad features,
located around 66 eV and 69 eV. These features decay in less
than 100 fs and are replaced by the atomic ion lines described
above. In XUV transient absorption spectroscopy, short-lived
broad features like these tend to be associated with molecular
ions,**° hence these transient features can be assigned to
DBE" and/or DBE"" molecular ions, rapidly dissociating into
atomic species. Fig. 2 nicely demonstrates the clear distinction
between dynamics of transient molecular and emerging frag-
ment species enabled by time-resolved inner-shell absorption
spectroscopy, providing unique insight into molecular trans-
formations induced by SFI from a local perspective.

At lower photon energies, ~64-65 eV, the neutral Br® peak
rises on a markedly slower time scale compared to the rapidly
appearing charged atomic ions, growing in gradually over the
course of hundreds of femtoseconds.

Discussion
1. Transient molecular features

We shall first discuss the broad transient features visible at
short delays. Fig. 3 shows the transient spectrum recorded at
t = 0 with ~1.5 x 10" W em™~> pump intensity (black, thick),
in comparison with the spectrum at 1 ps pump-probe delay
(blue, thin). A broad doublet feature appears around time zero
at low energies with maxima at 65.7 and 66.3 eV. Due to its

70 -500
Photon Energy / ev n i

73

Fig. 2 Waterfall representation of transient XUV absorption spectra recorded with a NIR pump pulse intensity of ~1.5 x 10 W cm™2 Att = 0, prompt
depletion of the parent molecular feature between 70 and 72 eV is accompanied by the instant appearance of broad transient molecular features below
70 eV, which later decay to produce sharp atomic lines. The peaks chosen to derive the dynamics of each charge state of Br in the figures below are

indicated by stars.
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immediate appearance within the instrument response time
and the broad spectral shape, an intuitive assignment for this
feature is the excitation of Br 3d electrons into the highest
occupied molecular orbital (HOMO) hole of strong-field ionized
DBE' cations. Comparison with transient XUV absorption
spectra of related Br compounds supports this hypothesis: in
both C,H,;Br" and CH,Br," the Br 3d to HOMO hole transitions
were found to lie between 66 and 68 eV, suggesting a similar
spectral assignment for DBE in this energy range.">" The
0.6 eV energy difference between the two peak maxima, however,
is much less than the characteristic Br 3d spin-orbit splitting of
~1 eV; hence we cannot simply assign the double-peak as a
spin-orbit feature. Photoelectron spectra of DBE show that the
splitting between the ground (n hole) and first excited (o hole)
ionic states is only about 0.5 eV. This suggests that the doublet
feature near 66 eV may be composed of Br 3d electron transitions
into both HOMO (n) and HOMO—1 (o) vacancies. Applying this
picture, the peak at 65.7 eV is assigned to core-to-valence
absorption within the first excited state of the DBE" ion, ie.
excitation of Br 3d electrons into a HOMO-1 hole. The second
spin-orbit component of this peak is presumably superimposed
with the HOMO hole peak at 66.3 eV. The second spin orbit
component of the HOMO hole feature is visible as a kink in
the spectrum at 67.3 eV, and it likely extends out to ~68 eV.
Additional intensity is visible at lower photon energies, around
64-65 eV, suggesting further electronic or vibrational excited
states of DBE', however the intensity is insufficient for any firm
assignments to be made.

The feature at 69 eV can be assigned to the DBE"" dication
by similar arguments to those above: the CH,Br,"" dication
spectrum has a maximum at 68.9 eV,"® and C,H;Br"" has a
maximum at 68.7 eV.'® A second spin-orbit maximum should

0.3 = T T T T

0.25

0.2

0.15

AOD

0.1

0.05

-0.05 L— : : : :
64 66 68 70 72

Photon energy / eV

Fig. 3 Transient XUV absorption spectrum recorded with a NIR intensity
of ~15 x 10 W cm~2 at t = 0 (black) in comparison with the spectrum
recorded at a pump-probe delay of 1 ps (blue). Broad, short-lived
molecular features around 66 and 69 eV dominate the t = O spectrum
and evolve into the sharp features of neutral and ionic Br"* fragments
at long time delays. The energies used for tracking the dynamics of the
short-lived species are indicated by diamonds.
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also be present, at around 70 eV, but the strong bleach signal of
the parent DBE molecule likely obscures this. Neither DBE" nor
DBE'" have been observed in strong field ionization mass
spectrometry experiments,'®'” supporting the assighment of
both of these very short lived features to intact molecular
cations that rapidly dissociate to give atomic Br"* fragments.

2. Quantitative description of dynamics

The time dependent yields of the three different charge states
of Br atoms dissociating from DBE after excitation with three
different strong field intensities are shown in Fig. 4a-c. The
most intense peak from each charge state (indicated by stars in
Fig. 1c and 2) has been used to track the dynamics, which
minimizes contamination from overlapping peaks. These peaks
correspond to transitions involving the ground state configura-
tions of each charge state (*P;,, °P, and *S;, for Br*, Br* and
Br'", respectively), although in the case of Br'* there are many
overlapping lines, which means the assignment is not defini-
tive (see Table S3 in the ESIt).

All signals are normalized to an asymptotic intensity of 1.
It is immediately apparent that although the relative yields of
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Fig. 4 (a—c) Normalized intensities of the most intense peaks associated
with different charge states n = 0, 1, and 2, respectively, of Br"* atoms, at
three different NIR pump intensities as indicated. Successively higher
charged atoms depart within shorter time scales. For each particular
charge state, however, the time scale for dissociation is unaffected by
the NIR pump intensity. Error bars are 68% confidence intervals, derived
statistically. All curves have been normalized to an equal asymptotic
intensity and the three curves in each panel are offset vertically for
improved clarity.
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fragments are strongly dependent on the pump pulse intensity
(Fig. 1b and Fig. S1, ESIY), the dynamics of their appearance
remain essentially unchanged. Each charge state of Br, how-
ever, appears on a very different time scale. Neutral Br® atoms
emerge over hundreds of femtoseconds while Br' ions appear
much faster, in tens of femtoseconds. Faster still are the Br*"
ions, whose appearance is essentially limited by the instrument
response (~40 fs).

Modeling the transients of Fig. 4 by exponential rise functions
quantifies the different appearance times related to different
Br"' charge states. Fig. 5a shows the normalized Br"" transients
recorded with ~2.2 x 10" W ¢m™? pump intensity (colored
symbols) along with fits to basic exponential rise functions
(oc1 — exp(t/r) for time delays ¢ and a rise time ), convoluted
with the 40 fs (FWHM) Gaussian instrument response (black
solid lines). All three traces are described very well by the fits,
and the decrease in appearance times as the charge state
increases is readily apparent on a qualitative level. The time
constants derived from the fits, at all three measured intensities,
are presented in Table 1. The fit results confirm that as excita-
tion intensity varies, negligible change is observed in the
dynamics. This suggests that only one dissociation mechanism
is dominating for each charge state, and a single description
should adequately describe the appearance of Br"" fragments at
all excitation intensities employed in the experiment.

The dynamics of the transient molecular DBE"" species
(Fig. 3) are analyzed in a similar fashion as those of the Br*
fragments. Although the intense atomic lines, which are dis-
persed throughout the spectrum, make it difficult to completely
isolate the molecular signals, gaps in the atomic spectra permit
sampling the dynamics of transient molecular species. These
gaps are indicated by diamonds in Fig. 3, and appear at 65.3 eV,
66.9 eV, and 69.2 eV. Note that the window at 65.3 eV nominally
overlaps a neutral Br® peak, making assignments based on this
window necessarily more tenuous - this window was selected
because of a strong decaying signal observed there, rather than
a definitive spectral assignment. On the other hand, the
windows at 66.9 eV and 69.2 eV overlap with the broad features
visible in the spectrum at ¢ = 0 (Fig. 3), which were previously
assigned as DBE' and DBE'" features, so these are considered
more reliable. Fig. 5b-d show the transients associated
with ~10-20 meV wide energy integration ranges around the
nominal values above, recorded at a NIR intensity of ~2.2 X
10" W cm > (colored symbols). In all three cases, the data show
an instantaneous rise at ¢ = 0 followed by a decay to a non-zero
baseline. The rate of decay, however, differs significantly
between the three signals, indicating that each window is
sampling a separate transient species. At a qualitative level,
the decay rates of the transients appear to mirror the appear-
ance rates of the atomic species in the corresponding spectral
regions. This agreement lends some support to our assighment
of these integration windows as molecular species that decay to
Br atoms in various charge states.

Since the dynamics of each molecular transient appear to be
linked to those of the atomic fragments, fits were performed
using the atomic rise times as fixed parameters. All three
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Fig. 5 (a) Modeling the dynamics of the strongest peaks of the three
different charge states of Br atoms emerging after strong field ionization at
~2.2 x 10%* W cm™2. Each curve was fit using an exponential rise function,
convoluted with the instrument response function. (b) Dynamics in the
window at 65.3 eV, see text for possible assignments. The experimental
curve is fit using a combination of an IRF limited exponential rise, and an
exponential decay function with a time constant equal to that derived for
the appearance of the Br* atoms. Only the relative contributions of the two
components are allowed to vary in the fit. The two contributions
are shown by dotted curves, and their sum is shown by a solid curve.
(c) Modeling the transient overlapping the DBE* signal at 66.9 eV, using the
same methodology as in (b), but using the time constant derived for Br*
production to describe the decaying signal fraction, see text for possible
assignments. (d) Fit to the transient overlapping the DBE** signal at
69.2 eV, using the same decay time scale as the appearance time of
Br**. Also visible as a blue dashed curve is a fit using the Br* time constant,
see text for possible assignments.

transients have been modeled by the sum of an exponential
decay whose lifetime matches the corresponding atomic appear-
ance time (ocexp(—t/t) for time delays ¢ and atomic rise time 1),
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Table 1 Time constants for the production of Br”* with three different
NIR pump intensities. The molecular decay transients have been fit using
these same time constants (Fig. 5b—d)

Intensity/W cm > Tpe/fs Tpr/fs Tpre/fs
~1.1 x 10™* 313 + 80 55 + 20 <28
~1.5 x 10™ 333 4+ 90 71+ 15 29 + 20
~2.2 x 10" 302 + 75 74 + 15 32 4+ 20

and a step function, both convoluted with a 40 fs (FWHM)
Gaussian. The decay function represents the disappearance of
transient molecular species, while the step function accounts
for long-lived species that also appear instantly at time zero but do
not decay within the time scale of the experiment. The only free
parameter in these fits (apart from an arbitrary overall amplitude)
is the relative contribution of the two functions. In all three cases,
these one parameter fits reproduce the data remarkably well,
supporting a dynamical link between the molecular transients
and the Br"" fragments. We shall now consider the dynamics
associated with each charge state of Br"" in more detail.

3. Origin of Br* fragments

Br* fragments are produced within 320 fs, and the yield of the
Br* atoms has saturated already at a NIR intensity of ~7.5 X
10" W cm ™ (Fig. 1b). This dissociation lifetime is significantly
longer than might be anticipated for a direct dissociation
process on a repulsive state.>**” Therefore, we assign this
lifetime to dissociation of DBE" ions from a shallow potential
energy surface. In the velocity map imaging experiments per-
formed by Wu et al., processes leading to both Br* and Br'
fragments from charged DBE species were explored.'®"
C,H,Br' fragments were primarily formed with zero excess
kinetic energy, indicating that these fragments arose from a
dissociative ionization (DI) scheme by loss of Br*® rather than
Coulomb explosion involving multiple charged fragments. In
order to better understand the energetics of this dissociative
ionization (DI) process, we have performed ab initio calcula-
tions using DFT. Fig. 6 shows vertical ionization energies of the
parent DBE molecule (left) along with the total energies of
several single bromine atom elimination channels (right),
calculated at the B3LYP/aug-cc-PVDZ level of theory. The most
stable gas phase structure of C,H,Br' (the co-fragment in a
DI mechanism) is the bromonium ion, a stable triangular
cyclic species.***' Our calculations show that the optimized
geometry of the bromonium ion and Br*® fragment is only 0.5 eV
higher in energy than the ground state DBE" ion.
Photoionization mass spectrometry experiments found the
appearance energy of C,H,Br' to be 10.53 eV, just 0.2 eV higher
than the DBE ionization potential (IP, 10.35 eV).*® This is in
reasonable agreement with our DFT calculations, and shows
that there is almost no barrier to Br® loss. Indeed, as photo-
ionization energy is increased, Br® loss rapidly becomes the
dominant fate of DBE', outcompeting intact DBE' ions 3:1 at
an energy 1 eV above the DBE IP. The propensity for Br*® loss can
in part explain why no evidence of intact DBE' parent ions have
been found following SFI,'®'” as an excess energy corresponding
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Fig. 6 Calculated energies for relevant ionization and dissociation path-
ways of DBE. Levels on the left are calculated vertical ionization energies.
Levels on the right are calculated total energies of various fragmentation
products. Dissociation energies are computed with the molecular species
in its computed geometric minimum (a bromonium ion for C,H,Br*). All
calculations were performed for the anti isomer at the B3LYP/aug-cc-
PVDZ level of theory.

to only a single photon (1.6 eV) is sufficient to strongly promote
the fragmentation channel. The 320 fs time constant for Br®
atom appearance is assigned to the elimination process, which
must involve the motion of one Br atom towards the midpoint of
the two carbon atoms, either in concert or in sequence with the
elimination of the other Br atom. The dissociation lifetime does
not change as a function of the excitation intensity (Fig. 4a),
suggesting that the dissociation mechanism is not purely statis-
tical, since in a statistical picture, extra energy should result in
more rapid dissociation.*?

In tandem with the appearance of the Br® atoms, we see a
decaying signal with mirrored dynamics at around 65.3 eV
(Fig. 5b). This spectral region includes the red tail of the
molecular peaks we have attributed to DBE', however it also
overlaps the location where a third Br® neutral peak should be
visible. Since there is a possibility that atomic signals are
contaminating this spectral window, we are reluctant to make
any firm assignments as to the nature of the dynamics observed
here. We note, however, that in TXA experiments on strong field
ionized vinyl bromide, an electronically excited molecular
cation was observed in a similar spectral region (65.5 eV),
which decayed to produce Br®* atoms. We assigned the peak
around 65.7 eV to the first excited state of the DBE" ion, so it is
possible, therefore, that the signal seen in Fig. 5b is evidence of
decaying DBE' ions, in a similar manner.

4. Origin of Br" and Br'" fragments

Two different decay channels of strong-field ionized DBE to
produce fragment Br' ions were found in VMI experiments:*®"”
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a DI channel originating from DBE", and a Coulomb explosion
(CE) channel originating from DBE " (or higher charged) cations.
The experimental appearance time of 70 fs for Br" production is
consistent with direct dissociation upon a repulsive electroni-
cally excited state (DI);>*?” conversely, it is faster than might be
anticipated for statistical dissociation. Using a simple pseudo-
diatomic classical model for Coulomb explosion of point
charges, we can estimate a CE fragmentation time scale of
45 fs, taking 5 A as the bond dissociation length (chosen because
in calculations on CH;Br, the potential energy surface on the
C-Br stretch coordinate is flat at this distance®®). This model uses
the equilibrium bond length as the starting C-Br distance, and it
assumes the charge is localized on the vacant C atom, which hence
provides a lower bound for the dissociation time. CE reactions are
thought to first incorporate a bond lengthening,'” suggesting that
in reality a slower CE time may be expected, so both DI and CE may
fit the observed appearance time.

The DI and CE channels have different precursor molecular
ions, so we can use the molecular transients to assign which
dissociation mechanisms are observed. Fig. 5c¢ shows the
dynamics in the spectral window around 67 eV, which overlaps
with the transient spectral feature assigned to the DBE" HOMO
hole (see Fig. 3), while Fig. 5d shows the dynamics around
69 eV, overlapping the transient feature assigned to DBE'".
Note that as both windows are minima between atomic lines,
we cannot conclusively rule out interference from atomic peaks
in these dynamics, however there should still be significant
contributions from the molecular features. Describing both
transients using the 70 fs Br' rise time leads to an excellent
fit for the DBE" (67 eV) transient (solid curve in ¢) and (within
the signal-to-noise) acceptable agreement with the DBE"
(69 eV) trace (dashed curve in d). The excellent agreement with
the DBE' transient suggests that we are observing a pronounced
DI channel. At the intensities we have used, the CE channel is
also expected to be present.'” The acceptable fit to the DBE™"
transient suggests this channel may also be contributing to the
total Br' signal, albeit with a less clear signature than the DI
channel. The rise of Br' products in our experiment can be well
described using a single exponential rise function, so it appears
both the DI and CE channels have a very similar lifetime, despite
an entirely different mechanism. Alternatively, if the CE channel
is relatively weak, then rapid CE dynamics may simply be
obscured by a dominant DI channel.

The velocity map imaging studies by Wu et al. observed a
significant yield of Br™ ions, but did not report their origin."®"”
Similar to the Br' fragments, these could be born either from a
DI channel from a DBE"" precursor, or a CE channel from a
DBE™"" precursor. Our DFT calculations indicate that the DI
channel requires significantly less energy than triple ionization
of DBE (36 eV vs. 48 eV), however a DI channel would be in
competition with the much more energetically favourable
channel of CE leading to Br' elimination. The ~ 30 fs lifetime
is consistent with CE using a classical point charge model,
described above. On the other hand, the decay of the DBE""
molecular transient feature located around 69 eV can be
described with the Br'" rise time of 30 fs (Fig. 5d), suggesting
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that it could be dynamically linked to the Br'* production in a
DI mechanism, although we are limited by poor signal-to-noise
on this transient, along with the instrument response function.
We do not explicitly observe a DBE™*" transient peak, although
this is likely a limitation of the 72.5 eV upper bound of the
spectrum we observe. Since the Br'" appearance time is similar
to the experimental time resolution, we cannot be as definitive
as with the Br® and Br" cases. It is worth noting, however, that
unlike Br*® and Br", the lifetime is on the order of the duration
of the strong field excitation pulse. This means that the dynamics
are not propagating in a field free regime, and instead strong
perturbations both from the ponderomotive shift induced by
the electric field of the pulse and coupling of states will play a
role in a complex manner."*° It is beyond the scope of this
work to explore these very complex dynamics, however, on
balance the most probable origin for the majority of Br'* ions
is from a CE channel.

5. Effect of NIR Intensity and nature of dissociation channels

The effect of the NIR intensity is markedly different for the
dynamics and the fragment yields. Considering the atomic Br’*"
products, the charge distribution is increasingly skewed toward
higher charge states as the NIR intensity increases. On the
other hand, the dynamics that produce these atomic fragments
are apparently unchanged by the incident field strength. For
Br® atoms produced from dissociative ionization of DBE', we
can rationalize this observation by postulating that the 300 fs
lifetime is dominated by the time required for nuclear motion
leading to dissociation, which is independent of excitation
energy. For Br', the dissociation mechanism appears to be a
combination of CE and dissociation on a repulsive electronic
surface, which is insensitive to excess internal energy, and Br'"
likely appears from a rapid CE mechanism. It should be noted,
however, that in these experiments we can only observe rapid
early dynamics of the major channels. It is possible that there
are also slower statistical channels operating on timescales
beyond those explored in these experiments.

The overall picture is that as increasing energy is deposited,
additional fragment atom/ion channels open up. Each additional
level of ionization seems to be marked by a well-defined primary
dissociation channel that leads to a free Br atom or ion. Within a
given channel, increasing the strong field intensity has no effect
on the dynamics. An important caveat is that the above arguments
are all considering only the first Br dissociation event. In
reality, the second Br atom may also be eliminated, which
complicates the dynamics significantly. However, since simple
monoexponential dynamics are able to reproduce the data well,
we may presume that secondary dissociation is either a rare
event or occurs on timescales well beyond 1 ps.

It is interesting to compare these results with previous
strong field TXA experiments on dibromomethane'® and vinyl
bromide.’® No Br and Br™" fragments were observed in either
of these experiments, in contrast to this work where they
are major channels. Rather, Br* atoms were the only atomic
fragments observed, regardless of excitation pulse intensity.
This a rather startling contrast, suggesting that either DBE has
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unique dissociation properties compared to these molecules, or
that experimental factors prevented charged atoms from being
easily discerned in previous experiments. To our knowledge, no
mass spectrometry of strong field ionized dibromomethane
or vinyl bromide has been reported, which would give the
most conclusive evidence for whether or not Br' is created.
Alternatively, it is possible that variations in strong field
intensity or laser pulse structure are sufficient to change
product distributions. In both vinyl bromide and DBE, Br*
atoms appear in ~320 fs, although in vinyl bromide, spin-
orbit excited Br®* atoms were not observed. The similarity of
time scales suggests that a similar mechanism for Br® loss may
be active in both systems. In vinyl bromide, Br®* atoms were
associated with a spectral shift of a peak located at 65.5 eV,
which was assigned as a HOMO—1 hole ionic state. The analogy
with DBE is apparent: both involve an excited state decaying in
field free conditions to give Br® atoms on the same timescale. In
the case of vinyl bromide, there was clear spectral evidence of
the decaying ionic population, and in DBE a similar decay
is observed, although the assignment of it is more tenuous.
It is possible that the decay observed in DBE also belongs to a
HOMO-n hole, and the decay mechanism is very similar. In
contrast, in dibromomethane, the timescales of Br® formation
were 75 fs and 130 fs, depending on the spin-orbit state of the
product atom.'® Clearly, the mechanism is radically different
there from the vinyl bromide and DBE cases, suggesting that
the addition of a second carbon atom plays an important role in
the strong field excitation and relaxation dynamics.

Conclusions

We have performed femtosecond XUV transient absorption
spectroscopy on 1,2-dibromoethane, following strong field
ionization with an intense NIR pump pulse. Characteristic
atomic Br 3d inner-shell absorption lines readily identify three
channels for the formation of Br®, Br', and Br'" fragments.
In line with expectations, increasing the NIR intensity skews the
charge distribution in favor of higher charge states. On the other
hand, the strong field intensity does not affect the dynamics in
any of the dissociation channels. With NIR intensities ranging
from 1.1 x 10" to 2.2 x 10" W cm™?, the dynamics of Br"*
dissociation can be very well described by single exponential
rise functions, with time constants t,, of 7, = 320 fs, 7, = 70 fs and
7, = 30 fs for the three charge states. Also visible are transient
peaks associated with DBE' and DBE"", which apparently decay
by elimination of Br atoms in various charge states.

The neutral Br® atom yield is already saturated at a NIR
intensity of 7.5 x 10 W cm ™2, and the most probable assign-
ment for its origin is dissociative ionization involving vibra-
tionally excited DBE" ions marked by a shallow potential well
along the Br® elimination coordinate. Note that the ability to
track neutral fragments in conjunction with charged fragments
is unique to the TXA methodology. Singly charged Br' ions
likely appear from a combination of a dissociative ionization
mechanism on a repulsive electronic state of DBE® and
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Coulomb explosion of DBE'. Experimental evidence for
dissociative ionization comes in the form of a molecular
transient assigned to DBE', which decays with the same time
constant as the Br' fragments appear. Br'" dications are pro-
duced within the duration of the exciting laser pulse, presum-
ably from either dissociative ionization, or Coulomb explosion
of highly charged DBE ions. In all three cases, an excited ion
decays by release of a Br atom.
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