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A key question concerning three-body fragmentation of polyatomic molecules is the distinction
of sequential and concerted mechanisms, i.e., the stepwise or simultaneous cleavage of bonds. Us-
ing laser-driven fragmentation of OCS into O+ + C+ + S+ and employing coincidence momentum
imaging, we demonstrate a novel method that enables 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, CO2+ or CS2+, 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 OCS3+

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.

Advances in imaging techniques have led to better un-
derstanding of molecular fragmentation [1–6]. Experi-
mentally distinguishing between concerted and sequen-
tial (sometimes called stepwise) fragmentation mecha-
nisms in polyatomic molecules is a long-standing goal of
these efforts (see, for example, [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 mo-
mentum imaging techniques have progressed significantly
toward this goal [5, 10–17].

Despite these advances, understanding three-body
breakup remains a challenge. For instance, one pro-
cess that still requires work is the sequential three-body
breakup of a triatomic molecule. In the case of a triply-
charged triatomic, 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., τ ≫TR. 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 visualiza-
tion strategies facilitates complete separation of sequen-
tial fragmentation and concerted breakup.

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
CS4+2 →C+ +S+ +S2+ fragmentation events associated
with the sequential 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 se-
lection is imperfect and both mechanisms can still con-
tribute moderately to the resulting” spectra.
In this work, we demonstrate a more complete way to

analyze three-body breakup data that allows us to sys-
tematically 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 there-
fore enables generation of spectra for concerted breakup
events through subtraction of the sequential fragmenta-
tion events.
To demonstrate our method, we use triple ionization

of OCS leading to O+ +C+ +S+, because two sequential
fragmentation routes, proceeding through S+ +CO2+ or
O+ +CS2+, have been reported [14]. The events identi-
fied with each sequential breakup mechanism reveal es-
sential information that enables one to pinpoint the in-
termediate states of the diatomic dication as well as the
precursor OCS3+ states involved in the dissociation path.
Moreover, the separation of these sequential fragmenta-
tion channels from each other and from the concerted
breakup facilitates branching ratios determination.
In our experiment, triple ionization of OCS was initi-

ated by intense (<∼1015 W/cm2) linearly-polarized (E‖Z)
laser pulses centered at 790 nm with 23-fs duration
(FWHM in intensity) provided at 10 kHz by our PUL-
SAR laser [19]. The laser was focused on a supersonic
jet within a COLTRIMS apparatus [20] (see reviews [21–
23]), where the time-of-flight (TOF) and position infor-
mation of each ion is recorded event-by-event. The pri-
mary channel of interest is the fragmentation of OCS3+
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FIG. 1. (Color online) (a) Relative momenta of three-body
breakup, where the black and red arrows represent the first
and second breakup steps with the angle θ

AB,C
in between —

all labeled by the relevant fragments (θ
AB,C

is a polar angle in
the body frame). (b) The Euler angles [25] of the fragmenta-
tion plane (blue) [26] for sequential breakup via CO2+ + S+.
(c) All O+ + C+ + S+ events as a function of θ

CO,S
and γ or

cosβ (integrated over the other angles).

into O+ +C+ +S+ identified by triple coincidence [24].
We also measured the two-body breakup channels associ-
ated with sequential fragmentation, namely S+ +CO2+

and O+ +CS2+, for which the metastable dication’s life-
time is longer than its TOF.

The first challenge is to identify which O+ +C+ +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
OCS3+ center-of-mass (CM) frame and the second step
in the CM 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 CO2+ uni-
molecular dissociation in the fragmentation plane, de-
noted by the angle θ

CO,S
in Fig. 1(a), is intuitively ex-

pected to be uniform for states that rotate long compared
to the rotational period. Since classical calculations indi-
cate that the Coulomb repulsion can impart high angular
momentum (∼60 h̄) to the CO2+ [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, how-
ever, we can directly test whether the CO2+ rotates in
the fragmentation 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 fragmen-

FIG. 2. (Color online) Sequential breakup of OCS3+ via
CO2+ + S+. (a) A density plot of O+ + C+ + S+ events as
a function of KER

CO
and θ

CO,S
. The gate used to select

the sequential breakup events is marked as a red box. (b)
The N(θ

CO,S
) distributions for all events (solid-blue line)

and events within a KER
CO

slice 8–11 eV (dashed-red line),
matched at the peak. The KER slice indicates that the flat
distribution extends to small angles. (c) KER

CO
distribution

of CO2+ unimolecular dissociation (step 2) for events within
θ
CO,S

= [0◦,45◦]. The tick marks indicate the expected KER
values for field free J=1 states (see text).

tation plane, cosβ=0. Because of this, the peaks at
γ=±90◦ indicate a clear preference for the first breakup
step to align with the laser field. Most importantly,
though, the flat ridges visible for θ

CO,S
< 100◦ indicate

that N(θ
CO,S

) is constant as expected if the CO2+ rotates
in the fragmentation plane independent of the plane’s
alignment. The constant N(θ

CO,S
) distribution is the

signature used to identify sequential breakup events not
masked by other competing processes, and is employed
to “recover” concealed sequential events. Notice that al-
though θ

AB,C
is a polar angle, N(θ

AB,C
) is uniform as

befits rotation in a plane—the more usual N(cos θ
AB,C

)
would be isotropic for rotation on a sphere [30].

Another measurable that helps identify sequential frag-
mentation is the kinetic energy release (KER) in the
second step [31, 32], i.e., KER

CO
= p2

CO
/2µ

CO
, where

p
CO

and µ
CO

are, respectively, the relative momentum
and reduced mass of the C+ and O+ fragments. Note
that KER

CO
is expected to enable identification of the

metastable states of CO2+ playing a role.

We plot all the O+ +C+ +S+ events as a function of
KER

CO
and θ

CO,S
in Fig. 2(a). The sequential fragmenta-

tion proceeding through a CO2+ intermediate molecule is
clearly identified as the uniform angular distribution cen-
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tered around 6.5 eV. The dominant concerted breakup
channel peaks around (KER

CO
, θ

CO,S
)= (6.3 eV, 120◦)

leaving a wide range of θ
CO,S

where sequential fragmenta-
tion events can be observed as the expected flat N(θ

CO,S
)

distribution. This flat distribution extends over the
whole θ

CO,S
range and becomes visible again for θ

CO,S

approaching 180◦ as illustrated in Fig. 2(b). We note
that the narrow dips in N(θ

CO,S
) around 0◦ and 180◦ are

experimental artifacts caused by reduced detection effi-
ciency near the detector center due to a high ion rate of
OCSq+ and He ions from the carrier gas [30].

The unimolecular dissociation of CO2+ occurs mainly
by predissociation due to spin-orbit coupling to the re-
pulsive lowest 3Σ− state [33] on the µs to ps timescale,
i.e. long after the laser pulse, and yields the KER

CO
dis-

tribution 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 CO2+, shown as thick tick marks in Fig. 2(c), are
based on high-precision measurements of most of the low-
lying metastable states [36], although a few KER were
evaluated using measured vertical photo-ionization ener-
gies [37, 38]. We also calculated the KER of higher vibra-
tional states with J=1 (thin tick marks) using the poten-
tials 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

CO
distribution aligns well with the X 3Π(v=7–

12) and b 1Π(v=3–6) states, and the low-energy shoul-
der matches the a 1Σ+(v=0–2) and X 3Π(v=0–4) states,
while the high-KER shoulder may have contributions
from the A 3Σ+(v=0–3) states.

The lifetimes of these states are also crucial to the in-
terpretation of the data, as they must lie between the
rotational period and a few-nanosecond maximum im-
posed by the imaging setup [40]. The relevant rotation
period depends on the angular momentum imparted to
the CO2+ in the first breakup step. Lifetimes calculated
including the angular-momentum dependence [41, 42]
suggest that many of the ro-vibrational states have life-
times of the order of 100 ps and therefore can con-
tribute to the KER

CO
spectrum shown in Fig. 2(c). As

an illustration, we calculated pre-dissociation rates for
J = 1 (see method in Ref. [43]), which suggest that
the X 3Π(v=2,5,8,9) states have the right lifetimes (287,
35.8, 97.7, and 22 ps, 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 there-
fore 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+ +CS2+ in the first step, is analyzed similarly. In
this case, we plot all O+ +C+ +S+ events as a function of
KER

CS
and θ

CS,O
(defined in Fig. 1) in Fig. 3. Here also,

a uniform angular distribution is observed for sequential

FIG. 3. (Color online) Sequential breakup of OCS3+ via
CS2+ + O+. (a) A density plot of O+ + C+ + S+ as a function
of KER

CS
and θ

CS,O
. The gate used to select the sequential

breakup events is marked by a red box. (b) The N(θ
CS,O

)
distribution for all events.

fragmentation events with a CS2+ intermediate enabling
their selection. Like the other sequential channel, the
KER

CS
distribution and lifetimes of the CS2+ states can

be used to identify the dissociation path [30].

We return our attention to the first step of the se-
quential fragmentation and explore its alignment with
respect to the laser field, denoted by the angle θ between
the polarization and the atomic fragment momentum.
The other measurable is the first-step KER [32], given by
KER

CO,S
=p2

CO,S
/(2µ

CO,S
), where 1/µ

CO,S
=1/m

CO
+1/m

S

and m
CO

=m
C
+m

O
, for S+ +CO2+ →O+ +C+ +S+

breakup, with similar expressions for breakup via
O+ +CS2+.

In Fig. 4 we compare the fragmentation events iden-
tified as sequential (3-body) to those for which the
metastable dication created in step 1 remained intact all
the way to the detector (2-body). Note the similarity be-
tween the final KER

CO,S
–cos θ maps of the 2- and 3-body

sequential breakup channels, both tightly aligned along

FIG. 4. (Color online) First step of OCS3+ sequential frag-
mentation. Yield of CO2+ + S+ as a function of KER

CO,S

and cos θ for (a) three-body and (b) two-body breakup. Yield
of (c) CO2+ + S+ and (d) CS2+ + O+ as a function of KER
(scaled by peak height).
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FIG. 5. (Color online) Channel separation, where “All” denotes all channels together, while “Concerted,” “Sequential via
CO2+,” and “Sequential via CS2+,” refer to the separate breakup channels, respectively (see text). (a-d) Newton diagrams
showing relative momenta with respect to S+ momentum, which is set along the x-axis. (e) 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.

the laser polarization. Interestingly, KER
CO,S

is lower
than KER

CS,O
by about 1.33 eV — the energy differ-

ence between the two dissociation limits [as demonstrated
by the shifted O+ +CS2+ distribution (black line) in
Fig. 4(c)]. This suggests that both sequential fragmen-
tation channels have the same excitation energy, thus
involving the same group of OCS3+ potentials.

In addition to the detailed information on sequen-
tial fragmentation discussed above, this method al-
lows the determination of the branching ratio of se-
quential and concerted breakup channels. Taking ad-
vantage of the uniform N(θ

CO,S
) distribution, the to-

tal number of events in each sequential fragmenta-
tion channel leading to O+ +C+ +S+ is simply given
by [180 / (θmax − θmin)] Σθmax

θmin
N(θ

CO,S
) [44], where

[θmin, θmax] is the gate set on Figs. 2(a) and 3(a). The
number of concerted events is then evaluated by subtract-
ing the sequential ones from the total. The branching
ratios of the O+ +C+ +S+, S+ +CO2+ and O+ +CS2+

channels in the concerted and first step of sequen-
tial 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 CO2+ and CS2+, respectively, dis-
sociate while the rest are detected intact in our mea-
surement [30]. One may intuitively attribute the higher
fraction of CO2+ over CS2+ production in step 1 to the
“weaker” C–S bond in OCS [45], but that is not sufficient
to explain why CO2+ production is approximately dou-
ble that of CS2+. Deeper understanding of the OCS3+

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
fragmentation channels even where they overlap. This

goal is accomplished by taking advantage of the expected
flat N(θ

CO,S
) distribution of the second fragmentation

step when analyzed in the CM frame of the intermedi-
ate dication. Explicitly, for each event identified as se-
quential fragmentation with θ

CO,S
within the red “gate”

in Fig. 2(a), we create an equivalent event by rotating
it to a randomly generated θ

CO,S
, θ′

CO,S
, outside of the

gate. This process is repeated until the distributions
outside and inside the gate have the same average value
N(θr) = N(θ

CO,S
) (see Ref. [30] for details).

Once a complete set of events for each sequential frag-
mentation 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++CO2+ and
its separation into the individual fragmentation processes
are shown in Fig. 5(a–d). Although diagrams like the one
shown in panel (a) allowed the qualitative identification
of sequential fragmentation via the circular feature [5,
12–14, 16], employing them for quantitative studies is
limited. In contrast, the Native-Frames method enables
channel separation, as shown in panels (b–d), and their
quantitative exploration. We also note in panel (d) the
high-momentum, “sprinkler-like,” 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
common way. Subtracting the sequential channels re-
veals that only the dominant perpendicular component
survives [see Fig. 5(g)], clearly indicating that in con-
certed breakup the central atom of the linear molecule
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is preferentially ejected perpendicular to the laser field.
The “circular” patterns in panels (h,i), which complicate
the interpretation of the momentum image in Fig. 5(f),
are caused by the fact that the fragmentation plane, de-
fined 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 interme-
diate molecular fragment rotates long enough to generate
a uniform angular distribution in its CM frame. The key
idea is to analyze the coincidence three-dimensional mo-
mentum imaging data in the native frame of reference
associated with each breakup step and take advantage
of the expected uniform θ

AB,C
distribution. This method

provides detailed information about the two steps of se-
quential breakup, and it also allows the determination of
the branching ratios of the competing breakup mecha-
nisms, which is not easy with other methods.

Significantly, the simplicity of the KER–θ
AB,C

distribu-
tion facilitates the retrieval of all the sequential fragmen-
tation 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 nor to laser-driven fragmentation. It should
also be applicable 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, re-
quire 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 fragmen-
tation plane generating a uniform θ

AB,C
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 reanal-
ysis of past measurements.
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Rev. Lett. 107, 063201 (2011).

[7] C. E. M. Strauss and P. L. Houston, J. Chem. Phys. 94,
8751 (1990).

[8] C. Maul and K.-H. Gericke, International Reviews in
Physical Chemistry 16, 1 (1997).

[9] S. Hsieh and J. H. D. Eland, Journal of Physics B:
Atomic, Molecular and Optical Physics 30, 4515 (1997).

[10] A. Hishikawa, H. Hasegawa, and K. Yamanouchi, Chem-
ical Physics Letters 361, 245 (2002).

[11] J. D. Savee, V. A. Mozhayskiy, J. E. Mann, A. I. Krylov,
and R. E. Continetti, Science 321, 826 (2008).

[12] C. Wu, C. Wu, D. Song, H. Su, Y. Yang, Z. Wu, X. Liu,
H. Liu, M. Li, Y. Deng, Y. Liu, L.-Y. Peng, H. Jiang,
and Q. Gong, Phys. Rev. Lett. 110, 103601 (2013).

[13] R. Guillemin, P. Decleva, M. Stener, C. Bomme,
T. Marin, L. Journel, T. Marchenko, R. Kushawaha,
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