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A key question concerning the three-body fragmentation of polyatomic molecules is the distinction of
sequential and concerted mechanisms, i.e., the stepwise or simultaneous cleavage of bonds. Using laser-
driven fragmentation of OCS into O" + C* + S* and employing coincidence momentum imaging, we
demonstrate a novel method that enables the clear separation of sequential and concerted breakup. The
separation is accomplished by analyzing the three-body fragmentation in the native frame associated with
each step and taking advantage of the rotation of the intermediate molecular fragment, CO?>* or CS?*,
before its unimolecular dissociation. This native-frame method works for any projectile (electrons, ions, or
photons), provides details on each step of the sequential breakup, and enables the retrieval of the relevant
spectra for sequential and concerted breakup separately. Specifically, this allows the determination of the
branching ratio of all these processes in OCS** breakup. Moreover, we find that the first step of sequential
breakup is tightly aligned along the laser polarization and identify the likely electronic states of the
intermediate dication that undergo unimolecular dissociation in the second step. Finally, the separated
concerted breakup spectra show clearly that the central carbon atom is preferentially ejected perpendicular

to the laser field.
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Advances in imaging techniques have led to a better
understanding of molecular fragmentation [1-6].
Experimentally distinguishing between concerted and
sequential (sometimes called “stepwise”) fragmentation
mechanisms in polyatomic molecules is a long-standing
goal of these efforts (see, for example, Refs. [3,5,7-17]).
Key to its achievement is the coincidence detection of
all fragments, although alternatives without coincidence
measurements have been suggested [7]. In recent years,
coincidence momentum imaging techniques have pro-
gressed significantly toward this goal [5,10-17].

Despite these advances, understanding three-body
breakup remains a challenge. For instance, one process
that still requires work is the sequential three-body breakup
of a triatomic molecule. In the case of a triply charged
triatomic molecule, which can be imaged easily, there may
be an intermediate step. Of particular interest are metastable
intermediate states that survive much longer than their
rotational period, i.e., 7 > T. This sequential process has
been invoked to explain a circular feature in a Newton
diagram showing the momentum correlation of the three
final fragments measured in coincidence [5,12-14,16,17].
The same fragmentation mechanism appears as a linear
distribution across a Dalitz plot [5,12—16]—a plot depicting
the energy sharing among the three fragments [18].
However, neither of these data visualization strategies
facilitates complete separation of sequential fragmentation
and concerted breakup.
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One step towards resolving this problem was taken
in a recent study of core-hole localization by Guillemin
et al. [13]. They managed to partly separate CS‘ZL+ —->Ct+4
S* +S2* fragmentation events associated with the sequen-
tial or concerted mechanisms. Though the separation
was sufficient to address the question of core localization
versus delocalization, they stated clearly the limitations of
their method, saying “because the disentanglement of the
two fragmentation mechanisms is based solely on kinetic
energy considerations, this selection is imperfect and
both mechanisms can still contribute moderately to the
resulting” spectra.

In this work, we demonstrate a more complete way to
analyze three-body breakup data that allows us to system-
atically distinguish sequential fragmentation events as long
as the intermediate molecule rotates long enough.

The beauty of the method presented here is that it also
allows us to “recover” sequential fragmentation events that
are masked by competing processes, and it therefore enables
the generation of spectra for concerted breakup events
through subtraction of the sequential fragmentation events.

To demonstrate our method, we use the triple ionization
of OCS leading to O" + C* + ST, because two sequential
fragmentation routes, proceeding through S* + CO?** or
O™ + CS?*, have been reported [14]. The events identified
with each sequential breakup mechanism reveal essential
information that enables one to pinpoint the intermediate
states of the diatomic dication as well as the precursor
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OCS?* states involved in the dissociation path. Moreover,
the separation of these sequential fragmentation channels
from each other and from the concerted breakup facilitates
branching ratio determination.

In our experiment, the triple ionization of OCS was
initiated by intense (<10'> W/cm?) linearly polarized
(E||Z) 1aser pulses centered at 790 nm with 23-fs duration
(FWHM in intensity) provided at 10 kHz by one of our
lab’s lasers, known as PULSAR [19]. The laser was
focused on a supersonic jet within a Cold Target Recoil
Ton Momentum Spectroscopy (COLTRIMS) apparatus [20]
(see the reviews in Refs. [21-23]), where the time-of-flight
(TOF) and position information of each ion is recorded
event by event. The primary channel of interest is the
fragmentation of OCS3* into O + C* + ST identified by
triple coincidence [24]. We also measured the two-body
breakup channels associated with sequential fragmentation,
namely, S* + CO>* and O* 4 CS?*, for which the meta-
stable dication’s lifetime is longer than its TOF.

The first challenge is to identify which OT + C* 4+ S+
events result from sequential fragmentation. Classically,
what sets these events apart is that the intermediate
molecular fragment rotates long enough to “forget” any
alignment imprinted by the first breakup step [5,12-16].
However, instead of using a Newton diagram or Dalitz plot
to identify these events, we take advantage of the two-step
nature of the process and analyze the data in the two native
frames of reference associated with each breakup step.
Specifically, we analyze the first step in the OCS** center-
of-mass (c.m.) frame and the second step in the c.m. frame
of the intermediate dication, using the relative momenta,
shown in Fig. 1(a), defined from the three-body Jacobi
coordinates (see, e.g., Refs. [27,28]).

Importantly, the relative direction of the CO?** unim-
olecular dissociation in the fragmentation plane, denoted
by the angle 6o in Fig. 1(a), is intuitively expected
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FIG. 1. (a) Relative momenta of three-body breakup, where the
black and red arrows represent the first and second breakup steps
with the angle 0,45 in between—all labeled by the relevant
fragments (645 ¢ is a polar angle in the body frame). (b) The Euler
angles [25] of the fragmentation plane (blue) [26] for sequential
breakup via CO?>* +S*. (c) All OF +C* +S* events as a
function of 6 g and y or cos f (integrated over the other angles).

to be uniform for states that rotate for a long time compared
to the rotational period. Since classical calculations indicate
that the Coulomb repulsion can impart high angular
momentum (~607) to the CO>** [5,29] the relevant rota-
tional period can be considerably shorter than expected for
J = 1. The calculations also suggest that this rotation
occurs in the molecular plane [30].

In cases where such modeling is not feasible, however, we
can directly test whether the CO** rotates in the fragmen-
tation plane using the Euler angles defined in Fig. 1(b). The
Euler-angle distributions shown in Fig. 1(c) reveal, for
example, that three-body breakup is favored when the laser
polarization is in the fragmentation plane, cosf = 0.
Because of this, the peaks at y = +90° indicate a clear
preference for the first breakup step to align with the laser
field. Most importantly, though, the flat ridges visible for
Ocos < 100° indicate that N (6o g) is constant as expected
if the CO?* rotates in the fragmentation plane independently
of the plane’s alignment. The constant N (6o 5) distribution
is the signature used to identify sequential breakup events not
masked by other competing processes, and it is employed to
“recover’” concealed sequential events. Notice that although
04p.c is a polar angle, N(04p ¢) is uniform as befits rotation
in a plane—the more usual N(cos 8,5 ) would be isotropic
for rotation on a sphere [30].

Another measurable quantity that helps identify sequen-
tial fragmentation is the kinetic energy release (KER) in the
second step [31,32], i.e., KERco = pgo/2pico, Where peo
and uco are, respectively, the relative momentum and
reduced mass of the Ct and O" fragments. Note that
KER(( is expected to enable identification of the meta-
stable states of CO>* playing a role.

We plot all the O + C* + ST events as a function of
KER(o and O g in Fig. 2(a). The sequential fragmentation
proceeding through a CO** intermediate molecule is clearly
identified as the uniform angular distribution centered
around 6.5 eV. The dominant concerted breakup channel
peaks around (KERco,0cos) = (6.3 eV, 120°) leaving a
wide range of 6o s where sequential fragmentation events
can be observed as the expected flat N(0cqs) distribution.
This flat distribution extends over the whole 0, s range and
becomes visible again for Ocq g approaching 180° as illus-
trated in Fig. 2(b). We note that the narrow dips in N(0co s)
around 0° and 180° are experimental artifacts caused by
reduced detection efficiency near the detector center due to a
high ion rate of OCS9* and He ions from the carrier gas [30].

The unimolecular dissociation of CO** occurs mainly by
predissociation due to spin-orbit coupling to the repulsive
lowest 3X~ state [33] on the microsecond to picosecond time
scale, i.e., long after the laser pulse, and yields the KERq
distribution shown in Fig. 2(c). Similar KER spectra have
been extensively used to identify possible states of disso-
ciating diatomic molecules (e.g., Refs. [34,35]).

The KER of specific electronic and vibrational states of
CO?*, shown as thick tick marks in Fig. 2(c), are based on
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FIG. 2. Sequential breakup of OCS** via CO** +S*. (a) A
density plotof OT 4+ C* + S™ events as a function of KER, and
Ocos- The gate used to select the sequential breakup events is
marked as a red box. (b) The N(6cq ) distributions for all events
(solid-blue line) and events within a KERq slice of 811 eV
(dashed-red line), matched at the peak. The KER slice indicates
that the flat distribution extends to small angles. (¢) KERcq
distribution of CO?** unimolecular dissociation (step 2) for events
within 0o = [0°,45°. The tick marks indicate the expected
KER values for field free J = 1 states (see text).

high-precision measurements of most of the low-lying
metastable states [36], although a few KERs were evaluated
using measured vertical photoionization energies [37,38].
We also calculated the KER of higher vibrational states with
J =1 (thin tick marks) using the potentials from Ref. [33]
and a phase-amplitude method [39]. The possible states can
thus be identified by matching the KER values. For example,
the peak of the measured KER(q distribution aligns well
with the X°TI(» = 7-12) and b'TI(v = 3-6) states, and the
low-energy shoulder matches the a'T*(v =0-2) and
X3M(v = 0-4) states, while the high-KER shoulder may
have contributions from the A3E*(v = 0-3) states.

The lifetimes of these states are also crucial to the
interpretation of the data, as they must lie between the
rotational period and a few-nanosecond maximum imposed
by the imaging setup [40]. The relevant rotation period
depends on the angular momentum imparted to the CO>* in
the first breakup step. Lifetimes calculated including the
angular-momentum dependence [41,42] suggest that many
of the rovibrational states have lifetimes of the order
of 100 ps and therefore can contribute to the KERcqg
spectrum shown in Fig. 2(c). As an illustration, we
calculated predissociation rates for J = 1 (see the method
in Ref. [43]), which suggest that the X°I(v = 2,5,8,9)
states have the right lifetimes (287, 35.8, 97.7, and 22 ps,
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FIG. 3. Sequential breakup of OCS** via CS** 4+ O*. (a) A
density plot of O™ 4+ C* 4 S* as a function of KERcg and Ocs o.
The gate used to select the sequential breakup events is marked by
a red box. (b) The N(fcs o) distribution for all events.

respectively) to be key players in the measured sequential
fragmentation. In contrast, the lifetime of the (v,J) =
(4,1) state is below 1 ps and therefore may be too short to
contribute. Clearly, further work is needed to pinpoint the
importance of specific states.

The other sequential fragmentation, involving breakup
into O* + CS?* in the first step, is analyzed similarly. In
this case, we plot all O™ + CT™ + ST events as a function of
KER(g and Ocg o (defined in Fig. 1) in Fig. 3. Here also, a
uniform angular distribution is observed for sequential
fragmentation events with a CS?>* intermediate enabling
their selection. Like the other sequential channel, the
KER(g distribution and lifetimes of the CS** states can
be used to identify the dissociation path [30].

We return our attention to the first step of the sequential
fragmentation and explore its alignment with respect to
the laser field, denoted by the angle 6 between the
polarization and the atomic fragment momentum. The
other measurable quantity is the first-step KER [32], given
by KERcos = p¢os/(2#cos), where 1/pcos=1/mco +
1/ms and Mmco =mc + mo, for S+ +C02+ i O+ +C+ —+
ST breakup, with similar expressions for breakup via
O™ + CS**.

In Fig. 4 we compare the fragmentation events identified
as sequential (three body) to those for which the metastable
dication created in step 1 remained intact all the way to
the detector (two body). Note the similarity between the
final KERgpg—cos@ maps of the two- and three-body
sequential breakup channels, both tightly aligned along the
laser polarization. Interestingly, KERcog is lower than
KER(s o by about 1.33 eV—the energy difference between
the two dissociation limits [as demonstrated by the shifted
Of + CS?** distribution (black line) in Fig. 4(c)]. This
suggests that both sequential fragmentation channels have
the same excitation energy, thus involving the same group
of OCS** potentials.

In addition to the detailed information on sequential
fragmentation discussed above, this method allows the
determination of the branching ratio of sequential and
concerted breakup channels. Taking advantage of the
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FIG. 4. First step of OCS** sequential fragmentation. Yield
of CO** 4 S* as a function of KER¢q g and cos @ for (a) three-
body and (b) two-body breakup. Yield of (c) CO** 4+ S* and
(d) CS*" + O as a function of the KER (scaled by peak height).

uniform N(6cos) distribution, the total number of events
in each sequential fragmentation channel leading to
O" +C" 4+ St is simply given by [180/(Omax — Omin)]
Zz::‘:N (Ocos) [44], where [0, O] is the gate set on
Figs. 2(a) and 3(a). The number of concerted events is then
evaluated by subtracting the sequential ones from the total.
The branching ratios of the OT + C* + S*, ST + CO**,
and Ot + CS?* channels in the concerted and first step
of sequential breakup are 0.699 £ 0.007:0.199 £ 0.008:
0.102 = 0.006, respectively. In the second step, 86.9% =+
3.7% and 80.0 & 5.0% of the CO** and CS?*, respectively,
dissociate while the rest are detected intact in our meas-
urement [30]. One may intuitively attribute the higher
fraction of CO** over CS*>* production in step 1 to the
“weaker” C-S bond in OCS [45], but that is not sufficient
to explain why CO?* production is approximately double
that of CS?>*. A deeper understanding of the OCS**
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fragmentation in a strong field is needed to address this
question.

We now demonstrate a unique additional strength of our
native-frames method by separating the different fragmen-
tation channels even where they overlap. This goal is
accomplished by taking advantage of the expected flat
N(0cos) distribution of the second fragmentation step
when analyzed in the c.m. frame of the intermediate
dication. Explicitly, for each event identified as sequential
fragmentation with ¢ g within the red “gate” in Fig. 2(a),
we create an equivalent event by rotating it to a randomly
generated Ocos, 0o s, Outside of the gate. This process
is repeated until the distributions outside and inside the

gate have the same average value N(6,) = N(Ocos) (see
Ref. [30] for details).

Once a complete set of events for each sequential
fragmentation channel is generated, their contributions
can be subtracted from any desired spectrum containing
all events to yield a separate concerted-breakup spectrum.
This is demonstrated by a few examples in Fig. 5 (and
Ref. [30]) and the discussion highlighting the information
revealed by channel separation.

Newton diagrams for breakup through S* 4+ CO** and
its separation into the individual fragmentation processes
are shown in Figs. 5(a)-5(d). Although diagrams like
the one shown in Fig. 5(a) allowed the qualitative identi-
fication of sequential fragmentation via the circular feature
[5,12-14,16], employing such diagrams for quantitative
studies is limited. In contrast, the native-frames method
enables channel separation, as shown in Figs. 5(b)-5(d), and
the quantitative exploration of the separated channels. We
also note in Fig. 5(d) the high-momentum, “sprinklerlike”
distribution caused by the other sequential breakup channel.

Finally, the momentum distribution of C* fragments
in the fragmentation plane is shown in Fig. 5(f) in the
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Channel separation, where “All” denotes all channels together, while “Concerted,” “Sequential via CO>*,” and “Sequential via

CS?>*.” refer to the separate breakup channels, respectively (see text). (a)—(d) Newton diagrams showing relative momenta with respect
to ST momentum, which is set along the x axis. (¢) The u, v three-body fragmentation plane where u is parallel to the polarization
projection in this plane. (f)-(i) Momentum distribution of the C* fragment in the fragmentation plane.
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common way. Subtracting the sequential channels reveals
that only the dominant perpendicular component survives
[see Fig. 5(g)], clearly indicating that in concerted breakup
the central atom of the linear molecule is preferentially
ejected perpendicular to the laser field. The “circular”
patterns in Figs. 5(h) and 5(i), which complicate the
interpretation of the momentum image in Fig. 5(f), are
caused by the fact that the fragmentation plane, defined by
the relative momenta, is not directly correlated with the
laser polarization because the second step occurs long after
the laser pulse.

To summarize, we have introduced a powerful native-
frames method to analyze three-body breakup, which
allows one to identify sequential breakup if the inter-
mediate molecular fragment rotates long enough to
generate a uniform angular distribution in its c.m. frame.
The key idea is to analyze the coincidence three-
dimensional momentum imaging data in the native
frame of reference associated with each breakup step
and take advantage of the expected uniform 6,z ¢ dis-
tribution. This method provides detailed information
about the two steps of sequential breakup, and it also
allows the determination of the branching ratios of the
competing breakup mechanisms, which is not easy with
other methods.

Significantly, the simplicity of the KER-0,  distribu-
tion facilitates the retrieval of all the sequential fragmenta-
tion events including those masked by other breakup
channels. This enables their subtraction, allowing the
concerted breakup spectra to be isolated.

This powerful method is not limited to the OCS molecule
or to laser-driven fragmentation. It should also be appli-
cable to molecular three-body breakup of other charge
states, including neutrals, and to more than three fragments.
The principle of using the native frame for analysis applies
in all these cases and more.

The specific advantages described here, however, require
a sequential process in which the intermediate state has an
identifiable property, such as sufficient angular momentum
to generate a uniform angular distribution, to allow its
separation. In the present case—as it will be in most
cases—this property is assumed. It is a crucial feature of
our method that this assumption can be tested. Specifically,
we verify that the intermediate molecular fragment rotates
preferentially in the fragmentation plane generating a
uniform 6,5 distribution that is independent of the
alignment of that plane.

We thus expect the native-frames method to benefit
future studies of breakup processes as well as the reanalysis
of past measurements.
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