
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Native frames: An approach for separating sequential and
concerted three-body fragmentation

T. Severt, Jyoti Rajput, Ben Berry, Bethany Jochim, Peyman Feizollah, Balram Kaderiya, M.
Zohrabi, Farzaneh Ziaee, Kanaka Raju P., D. Rolles, A. Rudenko, K. D. Carnes, B. D. Esry,

and I. Ben-Itzhak
Phys. Rev. A 110, 053104 — Published 12 November 2024

DOI: 10.1103/PhysRevA.110.053104

https://dx.doi.org/10.1103/PhysRevA.110.053104


Native frames: An approach for separating sequential and concerted three-body
fragmentation

T. Severt, Jyoti Rajput,∗ Ben Berry, Bethany Jochim, Peyman Feizollah, Balram Kaderiya, M. Zohrabi,

Farzaneh Ziaee, Kanaka Raju P.,† D. Rolles, A. Rudenko, K. D. Carnes, B. D. Esry, and I. Ben-Itzhak‡

J. R. Macdonald Laboratory, Physics Department,
Kansas State University, Manhattan, Kansas 66506

(Dated: October 15, 2024)

Disentangling sequential and concerted three-body fragmentation has been a long-standing en-
deavor in studies of molecular dynamics. To accomplish this goal, we recently introduced a novel
method to separate sequential from concerted breakup, where the sequential events are analyzed
in their native frames [J. Rajput et al., Phys. Rev. Lett. 120, 103001 (2018)]. The essence of
this method is the use of the Jacobi coordinates’ conjugate momenta to reduce the dimensionality
of the multi-body fragmentation in combination with a clear signature for sequential breakup. To
demonstrate this method, we employ coincidence momentum imaging to study the strong-field dis-
sociative ionization of OCS into O++C++S+, which typically undergoes concerted fragmentation
or sequential breakup involving either a metastable CO2+ or CS2+ molecule. We identify sequential
breakup using a uniform distribution as a function of the angle between the conjugate momenta,
associated with the first and second fragmentation steps, which is due to the rotation of the inter-
mediate molecule in the fragmentation plane. By exploiting this uniform distribution, we separate
the sequential and concerted distributions in any plot created from the measured momenta.

I. INTRODUCTION

When a molecule or cluster is ionized, the propagation
of the dissociating wavepacket on the potential energy
landscape determines the dynamics leading to fragmen-
tation. Many experimental techniques image the asymp-
totic momentum distributions of the resulting fragments
to learn about the evolution of the system following ion-
ization. Due to the complexity of even the simplest of
molecules, extracting information about the fragmenta-
tion dynamics is challenging and is a longstanding goal
of the molecular dynamics community, e.g., see [1–24].

On occasion, researchers try to identify specific dy-
namical processes using signatures found in the final
momentum distributions. One such example is the se-
quential fragmentation of polyatomic molecules, where
two or more chemical bonds break in a stepwise fash-
ion. Between the fragmentation steps, the intermediate
metastable molecule may rotate, providing a signature to
distinguish sequential from concerted breakup, in which
all bonds break quickly relative to the rotational period
of the molecule [25, 26].

For example, separating concerted from sequential
breakup distributions is vital for interpreting many ex-
periments, especially when invoking the axial-recoil ap-
proximation [27]. One relevant example is the transfor-
mation of the recoil-frame photoelectron angular distri-
butions (RFPADs) to the molecular-frame photoelectron
angular distributions (MFPADs) [14, 17, 28–30] for data
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containing sequential fragmentation [31]. If the interme-
diate molecule (hereafter referred to as “intermediate” in
short) rotates for some time after ionization, the inter-
mediate’s asymptotic heavy-particle momenta no longer
determine the orientation of the molecule at the time of
ionization. However, the momentum of the first ejected
heavy fragment may relate to that initial orientation.
Therefore, choosing the fragment not involved in the ro-
tation as a reference to define the RFPAD [31] allows
for a more meaningful interpretation of the RFPAD dis-
tribution. Furthermore, to obtain meaningful MFPAD
distributions, it is vital to first eliminate any sequential
fragmentation contributions.

Since sequential breakup results in the breakdown
of the axial-recoil approximation, it poses additional
difficulties when interpreting photofragmentation an-
gular distributions relative to the polarization of the
light [32, 33], or relative angular distributions between
fragments [34–36]. These examples show the need for a
technique that allows not only the identification of se-
quential fragmentation but also its separation and sub-
traction from other competing processes, leading to sepa-
rate sequential- and concerted-breakup plots. It is worth
noting, however, that events contained in the remaining
concerted fragmentation distribution do not necessarily
satisfy the axial recoil approximation [37, 38]. In some
instances, researchers have shown that the final momen-
tum distributions of concerted breakup can be dramati-
cally different than what is naively expected based on the
initial geometry of the molecule [39, 40]. Finally, given
that in this study intense laser pulses are used to initi-
ate the fragmentation, we note that the laser pulse itself
may cause the breakdown of the axial recoil approxima-
tion, even in two-body breakup [41].

For the past few decades, researchers have used a vari-
ety of strategies to distinguish sequential from concerted
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three-body fragmentation in molecular breakup [18, 25,
26, 31, 34, 37, 42–65]. Furthermore, identifying three-
body sequential breakup finds applications in other fields,
including the study of the decay of mesons [66–68] and
nuclear fragmentation [69–74]. A specific nuclear frag-
mentation example is the decay of the Hoyle state [69–
73], where 12C predominantly decays sequentially into
three α particles via an intermediate 8Be∗.

To distinguish sequential from concerted breakup, the
coincident three-dimensional momentum imaging of the
resulting breakup is typically crucial. Of the many plot-
ting strategies developed to recognize sequential frag-
mentation [18, 31, 34, 44–65], Dalitz plots and New-
ton diagrams became the gold standards for identifying
and even partially separating sequential from concerted
breakup [18, 31, 44, 50–65].

Improving on Dalitz plots and Newton diagrams, we
recently demonstrated a novel analysis method enabling
the separation of sequential and concerted breakup by
studying three-body sequential fragmentation in the “na-
tive frame” of each step [37]. By plotting the distribution
of angles between the conjugate momenta of the Jacobi
coordinates [75–79], sequential fragmentation is identi-
fied as a uniform angular distribution due to the rota-
tion of the intermediate molecule in the fragmentation
plane, which is defined by the measured momenta of the
fragments. Furthermore, we can reconstruct the parts
of the sequential fragmentation distribution masked by
concerted and other sequential-breakup processes by ex-
ploiting this uniform angular distribution. Finally, we
separate the concerted fragmentation distributions by
subtracting all possible sequential breakup contributions
from the complete data set [37].

In this paper, we describe the native-frames method
introduced in Ref. [37] in greater detail and highlight
the wide variety of information revealed by such analy-
sis, using the dissociative triple ionization of OCS (i.e.,
the linear carbonyl sulfide, O=C=S [80]) as an example.
In particular, we study the fragmentation of OCS into
O++C++S+, which undergoes two possible sequential
pathways involving either a CO2+ or CS2+ intermedi-
ate metastable molecule [55, 61, 62]. The native-frames
method is not unique to OCS and applies to many sys-
tems, not only molecules that undergo sequential three-
body fragmentation. Neither is it limited to charged
fragments, as illustrated by its recent application to the
three-body breakup of water dications, where the neutral
fragment momentum was derived from momentum con-
servation [81, 82]. The generality of the native frames
analysis approach stems from the use of the Jacobi coor-
dinates’ conjugate momenta to reduce the dimensional-
ity of the data and analyze it systematically, as well as
provide a framework to generalize toward fragmentation
processes involving more than three fragments.

II. EXPERIMENTAL METHOD

In our experiment, an ultrafast intense laser field initi-
ates triple ionization and dissociation of OCS molecules.
Briefly, we produce the laser pulse using an ultra-
fast Ti:Sapphire chirped-pulse-amplification laser system
(KMLabs) with a 10-kHz repetition rate, maximum pulse
energy of 2mJ, central wavelength of 790 nm, and a pulse
duration of 23 fs (full-width-half-maximum in intensity).
About 180µJ of the laser beam is focused onto a super-

sonic jet using a spherical mirror (f = 7.5 cm), producing
a peak intensity of (5.6 ± 0.8) × 1014 W/cm2. The peak
intensity is determined by measuring the recoil momen-
tum distributions of Ne+ ions along the laser polariza-
tion in an independent experiment. Then, we identify
the “kink” in the kinetic energy distribution associated
with twice the pondermotive energy, which indicates the
transition where rescattered electrons become dominant
over the direct electrons [83].
We employ the cold-target-recoil-ion-momentum-

spectroscopy (COLTRIMS) technique [6, 8] to measure
all charged atomic and molecular products of OCS in co-
incidence, using a time- and position-sensitive detector,
allowing us to compute the three-dimensional momentum
distributions. To limit the total count rate on the detec-
tor and further cool the OCS molecules in the supersonic
jet, we add a He buffer gas at a partial-pressure ratio of
99 to 1 (He to OCS, with an estimated density of the
order of 108–109 particles/cm3).
The main channel of interest in this work is the three-

body breakup of OCS into O++C++S+. In addition,
we analyze the two-body CO2++S+ and CS2++O+

fragmentation channels. These channels are effectively
a subset of sequential fragmentation events where the
metastable intermediate dications, CO2+ or CS2+, do
not dissociate before striking the detector — i.e., the
metastable state’s lifetime is longer than its few microsec-
ond time-of-flight (TOF) to the detector. It is important
to note that we analyze all fragmentation channels in-
cluded in this paper in the center-of-mass (CM) frame of
reference of the recoiling OCS3+ molecule.

III. IDENTIFYING SEQUENTIAL
FRAGMENTATION

To determine if three-body sequential fragmentation
occurs, previous studies identified its signatures in New-
ton diagrams and Dalitz plots [18, 31, 44, 50–65]. In
Fig. 1, we show an example Newton diagram and Dalitz
plot for the three-body fragmentation of OCS into
O++C++S+ with marked features associated with se-
quential breakup involving the intermediate CO2+ and
CS2+ molecules.
In the case of the Newton diagram, which is a momen-

tum correlation map of the three fragments, the signature
of sequential fragmentation is a circular feature, which is
attributed to the rotation of the intermediate molecule
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in the fragmentation plane [50]. For OCS fragmentation,
when plotting the Newton diagram with the S+ momen-
tum fixed to the x axis, as shown in Fig. 1(a), sequential
breakup involving the CO2+ intermediate emerges as off-
set semicircles. On the other hand, sequential fragmenta-
tion involving the CS2+ intermediate is a “sprinkler”-like
feature, as indicated by the dotted line determined from
the distribution of this sequential channel after separa-
tion from competing channels, as described in Sec. VIB.
To make sequential breakup involving the CS2+ interme-
diate appear as semi-circular features, one must create a
Newton plot with the O+ momentum fixed to the x axis
instead.

The Dalitz plot [66], which displays the energy sharing
among the fragments, is another plotting method used to
identify sequential fragmentation. The typical signature
of sequential breakup, including in our case, is a dis-
tribution following a straight line that spans the range
allowed by momentum conservation, as shown for three-
body OCS fragmentation in Fig. 1(b). The distributions
appear as straight lines due to the rotation of the inter-
mediate molecule in the fragmentation plane and energy
conservation, which forces the kinetic energies of each
fragment of the intermediate molecule, in the CM of the
parent molecular ion, to depend on the final breakup an-
gle relative to the first step. In other words, the kinetic
energy of a fragment is larger or smaller if it breaks in the
same or opposite direction of the intermediate molecule’s
CM momentum, respectively. Additionally, the energy of
each fragment changes as a function of the breakup an-
gle, filling in the distribution along the line. The Dalitz
plot has been used to separate a subset of the sequential
breakup from the concerted fragmentation events to learn
more about the steps of the sequential breakup [57, 59]
and address the enhancement or suppression of sequential
fragmentation rates under different experimental condi-
tions [61].

Since three-body sequential fragmentation occurs in
two steps, it is natural to study it in the native frames
of reference associated with the first and second breakup
steps [37]. In this section, we derive the conjugate mo-
menta of the Jacobi coordinates, which are the natural
coordinates describing the native frames of reference and
have long been used to study few-body systems [75–79].
Furthermore, we show that identifying sequential frag-
mentation processes using the native-frames method re-
duces to choosing one of the several possible Jacobi sets,
specifically demonstrated on OCS as an example.

A. Defining the native frames of reference

The native frames allows one to reduce the dimension-
ality of the multi-body fragmentation process observed
by using the Jacobi coordinates [75–79] and their conju-
gate momenta to analyze momentum imaging data. The
benefits of the simplification of the data, by reducing the
number of dimensions, is widely applicable and can be

FIG. 1. (Color online) (a) Newton diagram for the three-body
fragmentation of OCS into O++C++S+. The momentum of
the S+ fragment is chosen to be along the x axis. The C+ and
O+ momenta are divided by |P S| and placed in the upper and
lower halves of the plot, respectively. The black dashed offset
semicircles represent the sequential fragmentation process via
the CO2+ intermediate. The magenta dashed lines represent
the sequential fragmentation process via the CS2+ intermedi-
ate determined from our analysis presented in Sec. VIB. (b)
The Dalitz plot with straight black and magenta dashed lines
representing the expected energy relation for sequential frag-
mentation via the CO2+ and CS2+ intermediate molecules,
respectively. Specifically, εi represents the scaled energy of
fragment i, that is the kinetic energy of that fragment divided
by the total kinetic energy released by all the measured atomic
fragments. The black dotted oval represents the boundaries
determined by momentum conservation. These density plots,
and all others density plots in this paper, show the number
of events, N , on a

√
N scale and their color bar indicates the

counts scale.

naturally extended to a larger number of fragments. We
guide one through the application of this method in detail
using three-body fragmentation of OCS3+ as an example.

Consider the sequential three-body fragmentation of
an arbitrary ABC molecule, where the two breakup steps
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FIG. 2. (Color online) (a) Definition of the Jacobi coordi-
nates, ρAB,C and ρAB, as well as the CM position vector
X, for an arbitrary ABC molecule in some laboratory-fixed
frame [75–79]. (b) The definition of the angle θAB,C between
the relative momenta, pAB and pAB,C (see text).

are given by

ABC → AB+ C
(
1st step

)
,

AB → A+ B
(
2nd step

)
,

and the three-dimensional momenta of all fragments are
measured in coincidence [84]. In the first step, the en-
ergy deposited into the system leads to the breakup of the
ABC molecule into AB+C, where the AB molecule is in
a distribution of rovibrational (and possibly electronic)
states, some of which are metastable with a correspond-
ing lifetime. In the second step, these metastable states
dissociate into A+B after rotating for some time that
typically exceeds their lifetime.

To analyze sequential breakup, we begin with the
Jacobi coordinates [75–79], shown schematically in
Fig. 2(a). These coordinates are

ρAB,C = rC − 1

mAB
(mArA +mBrB) , (1)

ρAB = rB − rA, (2)

where ρAB,C and ρAB represent the relative position vec-
tors. Note that the comma, in this notation, separates
the molecular fragments moving apart. The position of
the CM of the ABC molecule is

X =
1

M
(mArA +mBrB +mCrC) . (3)

The total mass of the intermediate AB molecule is

mAB = mA +mB, (4)

and the total mass of the parent ABC molecule is

M = mAB +mC. (5)

From Eq. (1), the conjugate momentum of ρAB,C is

pAB,C = µAB,C ρ̇AB,C =
mAB

M
PC − mC

M
(PA + PB) ,

(6)

where PA, PB, and PC are the lab-frame momenta and
the reduced mass associated with ρAB,C is

1

µAB,C
=

1

mAB
+

1

mC
. (7)

Similarly, the conjugate momentum of ρAB is

pAB = µAB ρ̇AB = µAB

(
PB

mB
− PA

mA

)
, (8)

where the reduced mass is

1

µAB
=

1

mA
+

1

mB
. (9)

The momentum of the ABC parent molecule is

pABC = MẊ = PA + PB + PC. (10)

Since in the experiment we evaluate the momenta of
all fragments in the parent molecule’s CM frame, i.e.,
pABC = 0, Eq. (6) simplifies to

pAB,C = PC . (11)

Finally, we define the angle θAB,C between pAB,C and
pAB, shown in Fig. 2(b), as

θAB,C = cos−1

(
pAB,C · pAB∣∣pAB,C

∣∣ |pAB|

)
. (12)

It is important to note that to analyze sequential
breakup via a different intermediate, one still uses the
same approach detailed above, but must choose the ini-
tial Jacobi set of specific interest. In the case of three-
body breakup, there are three possible choices for the
Jacobi sets. In addition, the A, B, and C fragments may
also represent molecular fragments. In this case, their
corresponding momentum, e.g. PA, corresponds to the
center-of-mass momentum of the molecular fragment.

B. Signature of sequential fragmentation

The key to identifying sequential breakup and then
separating it from concerted fragmentation is a clear sig-
nature, which in this case is the rotation of the intermedi-
ate AB molecule in the fragmentation plane. To clearly
identify this signature of sequential fragmentation, the
following two conditions must be valid:

1. The rotation of pAB occurs in the fragmentation
plane, with a normal vector defined by pAB×pAB,C.

2. AB rotates long enough to “forget” its initial align-
ment with respect to the first fragmentation step
given by pAB,C.
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When both conditions are satisfied, the signature of se-
quential fragmentation is a nearly uniform N(θAB,C) dis-
tribution, while concerted breakup is expected to be
peaked about some θAB,C. In Appendix A, we introduce
a simple model explaining why the N(θAB,C) distribution
is not exactly uniform.

Another way to phrase the first condition is that the
angular momentum of the AB intermediate, i.e., JAB,
is parallel to the normal of the fragmentation plane. In
the case of a bent triatomic molecule, all the atomic con-
stituents must lie in the molecular plane. Therefore, us-
ing classical arguments and assuming central forces, the
interaction between the C fragment and the intermedi-
ate AB molecule produces a torque, and hence angular
momentum JAB about the CM of AB, that is perpen-
dicular to the molecular plane. As long as the mecha-
nisms for producing a component of angular momentum
within the molecular plane are minor, then the AB inter-
mediate should rotate mostly within the fragmentation
plane. Some examples of mechanisms that may induce
angular momentum within the molecular plane are forces
due to the electrons ejected during ionization, an asym-
metric electron charge distribution above and below the
molecular plane due to the interference of opposite parity
states, or initial angular momentum due to the temper-
ature of the target gas. Similar arguments are also ex-
pected to apply to (nearly) planar polyatomic molecules
as long as the deformations out of the molecular plane
before and/or during the fragmentation are small. In
contrast, the first condition is unlikely to be satisfied for
non-planar polyatomic molecules, which we hope to ad-
dress in the future.

If the first condition is not met, the signature of se-
quential fragmentation changes. One extreme example
is when the conjugate momentum describing the second
step, pAB, rotates in the plane perpendicular to pAB,C—
or, equivalently, the coordinate ρAB rotates in the plane
perpendicular to ρAB,C. It may be easier to visualize this
motion in real space where ρAB rotates in a plane per-
pendicular to ρAB,C. In this situation, all sequential frag-
mentation events are peaked at θAB,C = 90◦ instead of
forming a uniform N(θAB,C) distribution. Similarly, the
common signatures of sequential fragmentation in Dalitz
plots and Newton diagrams also change.

Even though we observe a nearly uniform N(θAB,C)
distribution in the experiment presented in this paper,
the exact criteria needed to satisfy the second condition
are still under investigation. Specifically, in the future we
plan to determine the relationship between the rotational
period of the AB intermediate and the populated state’s
lifetime needed to produce a uniform distribution. Intu-
itively, we expect a uniform N(θAB,C) distribution when
the lifetime, τ , of the populated metastable state of the
intermediate AB molecule is much longer than its rota-
tional period TR, i.e., TR ≪ τ . We are still investigat-
ing the exact circumstances needed to produce a uniform
N(θAB,C) distribution in general.

To further distinguish sequential from concerted

breakup, we plot the three-body breakup events as a
function of θAB,C and the kinetic energy release (KER)
in the second step, KERAB, which is

KERAB =
p2
AB

2µAB
. (13)

Since the internal energy of the intermediate AB molecule
is independent of its final breakup angle θAB,C, KERAB

is as well. Therefore, using the N(KERAB, θAB,C) distri-
bution is a more differential and therefore a better test
for identifying and further separating sequential breakup
from other processes compared to the one-dimensional
N(θAB,C) distribution.

C. Determining the sequential fragmentation
contributions in OCS

In this section, we study the three-body fragmentation
of the OCS molecule using the native frames method
and identify sequential fragmentation by taking advan-
tage of its signature, i.e., the rotation of the intermedi-
ate molecule in the fragmentation plane. Before plot-
ting the N(KERCO, θCO,S) and N(KERCS, θCS,O) distri-
butions, we first discuss why the rotation of the interme-
diate molecule is expected to occur mostly in the frag-
mentation plane.
As previously stated, since OCS is a triatomic

molecule, all atomic constituents lie in a well-defined
molecular plane assuming the molecule is slightly bent
from its linear equilibrium geometry. In the case of se-
quential fragmentation involving a CO2+ intermediate,
the C−S bond breaks in the first step, producing S+ and
CO2+ fragments. In a simple classical model assuming
central forces, the charged S+ then interacts with point
charges placed on the C and O constituents of the CO2+

molecule producing a torque, resulting in angular mo-
mentum perpendicular to the molecular plane. We de-
scribe such a model in App. B. Briefly, we choose the
charges on C and O to reproduce the dication’s ground-
state dipole moment. The interaction between the S+

and this simplified charge distribution leads to a rota-
tion of the CO2+ in the plane, leading to more than 20ℏ
of angular momentum even for bending angles only a
couple of degrees from linear. For similar reasons, the
rotation of the CS2+ intermediate should occur in the
fragmentation plane as well.

To identify sequential fragmentation involving the
CO2+ intermediate, we plot the N(KERCO, θCO,S) distri-
bution for all events, shown in Fig. 3(a), where a uniform
N(θCO,S) distribution appears for θCO,S ≲ 60◦ centered
at a KERCO ∼ 6.5 eV. The N(θCO,S) distribution inte-
grated over all KERCO, shown in Fig. 3(b), emphasizes
that the distribution is uniform for θCO,S ≲ 60◦. Only
a subset of θCO,S displays a uniform distribution since
other competing processes, such as concerted breakup,
overlap the sequential fragmentation events and create a
peak, visible at θCO,S ∼ 120◦. To show that the uniform
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FIG. 3. (Color online) All O++C++S+ events as a function
of (a) KERCO and θCO,S, (b) θCO,S, (c) KERCS and θCS,O, and
(d) θCS,O. The N(θCO,S) distributions in (b) are integrated
over all KERCO (blue-solid curve) and the higher energy slice
of the sequential breakup (see text) 8 ≤ KERCO ≤ 11 eV (red-
dot curve), while theN(θCS,O) distribution in (d) is integrated
over all KERCS (blue-solid curve). Note that the error bars
of the N(θCO,S) and N(θCS,O) distributions appear as shaded
regions, which is the style used throughout this paper. In this
figure, the error bars are approximately the thickness of the
line. The red rectangles define the regions used in Sec. IV to
select sequential fragmentation events.

distribution reemerges from the competing processes at
large angles, in Fig. 3(b) we also plot the N(θCO,S) dis-
tribution integrated over the higher KERCO part of the
sequential breakup involving CO2+ intermediate, namely
8< KERCO < 11 eV, which is uniform for θCS,O > 150◦

as well.
To determine if sequential fragmentation involving the

CS2+ intermediate occurs, we plot in Figs. 3(c) and (d),
respectively, the N(KERCS, θCS,O) and N(θCS,O) distri-
butions for all events. In these plots, we identify se-
quential fragmentation as a uniform N(θCS,O) distribu-
tion for θCS,O ≲ 60◦ centered at KERCS ∼ 5.5 eV. Later,
in Sec. VIA, we show that sequential fragmentation in-
volving the CO2+ fragment and concerted breakup both
contribute in forming a peak at θCS,O ∼ 110◦.
Unfortunately, the N(θCO,S) and N(θCS,O) distribu-

FIG. 4. (Color online) All O++C++S+ events plotted in
black as a function of (a) θCO,S and (b) cos θCO,S. In addi-
tion, the red and blue lines show the functional forms of uni-
form N(θCO,S) and N(cos θCO,S) distributions, respectively
(see text). Clearly, the data follow the N(θCO,S) distribution
more closely than the N(cos θCO,S) distribution for θCO,S ∼ 0.

tions, shown in Fig. 3, are not perfectly uniform, with
“dips” occurring at 0◦ and 180◦. One possible source of
the dips is purely geometrical, as a consequence of us-
ing a polar angle θAB,C to describe the rotation of the
AB intermediate, which forms a uniform distribution in
a ring with finite thickness, as we explain further in Ap-
pendix A. However, an experimental artifact due to the
reduced efficiency near the center of the position sensitive
detector may also contribute to these dips. Specifically,
the lower efficiency region on the detector is caused by
the high rate of OCSq+ molecules and He ions from the
carrier gas. In the case of sequential fragmentation via a
CO2+ intermediate, the O+ fragment has a small kinetic
energy when θCO,S = 0◦ because it is ejected in the oppo-
site direction of the CO2+ molecule’s center-of-mass. On
the other hand, the C+ fragment has a similarly small
kinetic energy when θCO,S = 180◦. As a result, these
fragments do not have enough momentum parallel to the
detector plane to escape the inefficient detector regions
regardless of the laser’s polarization direction, potentially
contributing to the dips at the edges of the N(θCO,S)
distribution. Fortunately, since the dips only affect a
small part of the N(θCO,S) and N(θCS,O) distributions,
the native-frames method can still be applied.

A valid question to ask is why sequential fragmentation
is uniform in θAB,C instead of cos θAB,C since θAB,C is a
polar angle in the body-fixed frame, shown in Fig. 2(b).
In general, three-dimensional distributions are plotted as
a function of cos θ since isotropic spherical distributions
produce a uniform N(cos θ) distribution. In the case of
sequential fragmentation, the conjugate momentum cor-
responding to the second fragmentation step, pAB, pre-
dominantly rotates in a plane, producing a uniform angu-
lar distribution along a ring instead of a sphere. There-
fore, we plot θAB,C instead of cos θAB,C (see Appendix A).

To demonstrate this point, we plot the N(θCO,S) and
N(cos θCO,S) distributions for all events in Fig. 4(a) and
Fig. 4(b), respectively. In addition, we plot the func-
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tional forms of uniform distributions in N(θCO,S) and
N(cos θCO,S) (red and blue dotted lines, respectively).
In Fig. 4(a), the uniform N(θCO,S) distribution fits the
data nicely, while the uniform N(cos θCO,S) distribution
does not [85]. Similarly, Fig.4(b) shows that the uniform
N(θCO,S) distribution fits the data best [86].
Therefore, in the case of the sequential three-body

fragmentation of the OCS molecule into O++C++S+,
the signature of sequential fragmentation via the CO2+

and CS2+ intermediates are uniform N(θCO,S) and
N(θCS,O) distributions, respectively.

D. Euler angle analysis

In this section, we perform additional analysis to study
the alignment of the fragmentation plane in space us-
ing Euler angles for the events contributing to sequential
breakup. In particular, we expect that the N(θAB,C) dis-
tribution should be uniform for any orientation of the
fragmentation plane in space since the mechanism given
for acquiring angular momentum does not depend on the
Euler angle.

To define the Euler angles, we begin with the lab-fixed
XY Z coordinate system, where we fix the Ẑ axis along
the laser polarization, the Ŷ axis is parallel to the laser
propagation direction, and X̂ is chosen to form a right-
handed coordinate system. Additionally, we define the
body-fixed xyz axes for sequential breakup involving the
intermediate AB molecule, shown in Fig. 5(d), as

ẑAB =
pAB,C × pAB∣∣pAB,C × pAB

∣∣ , (14)

which is the normal of the fragmentation plane, while the
axes within the plane are

ŷAB =
pAB,C∣∣pAB,C

∣∣ , (15)

and

x̂AB =
ŷAB × ẑAB

|ŷAB × ẑAB|
. (16)

The Euler angles αAB, βAB, and γAB are shown picto-
rially in Fig. 5(d). The angle αAB is defined as

αAB = tan−1

(
−N̂AB · X̂
N̂AB · Ŷ

)
, (17)

where the line of nodes N̂AB is

N̂AB =
Ẑ × ẑAB∣∣∣Ẑ × ẑAB

∣∣∣ . (18)

Physically, αAB is the angle between N̂AB (the intersec-
tion between the xy and XY planes) and the Y axis.

Given that N̂AB is always perpendicular to the projection
of zAB into the XY plane, αAB represents the azimuthal
angle of zAB about the laser polarization (Z axis). Be-
cause we have a linearly-polarized field, LZ is conserved.
Consequently, the N(αAB) distribution should be uni-
form. The angle βAB is the angle between the normal to
the fragmentation plane and the laser polarization given
by

cosβAB = Ẑ · ẑAB. (19)

Finally, γAB is

γAB = tan−1

(
N̂AB · x̂AB

N̂AB · ŷAB

)
. (20)

where pAB,C lies along the projection of the laser polar-
ization into the fragmentation plane when γAB = ±90◦.
In other words, γAB provides information about the rela-
tive angle between pAB,C and the projection of the laser
polarization into the fragmentation plane.
In Fig. 5(a-c), we show density plots of all

O++C++S+ events as a function of the individual Eu-
ler angles and θCO,S, the angle related to the rotation
of the intermediate CO2+ in the native frames analy-
sis. Note that in each plot, we integrate over all other
degrees of freedom not shown in the figure, such as
the remaining Euler angles and KER. To demonstrate
that sequential fragmentation involving the CO2+ inter-
mediate produces a uniform N(θCO,S) distribution for
any spatial orientation of the fragmentation plane, we
must recall that sequential breakup is only separated
for θCO,S ≲ 60◦ while larger angles also contain other
competing processes. Therefore, we only expect the
N(αCO, θCO,S), N(cosβCO, θCO,S), and N(γCO, θCO,S)
distributions, shown in Fig. 5(a-c), to be uniform for
θCO,S ≲ 60◦.
The density plots of all O++C++S+ events as a func-

tion of the Euler angles and θCS,O similarly show that se-
quential fragmentation involving the CS2+ intermediate’s
N(θCS,O) distribution is uniform for any fragmentation
plane’s orientation in space, as shown in Fig. 5(e-f) for
θCS,O ≲ 60◦ . Note that we do not plot N(αCS, θCS,O),
which yields a nearly identical plot to Fig. 5(a), because
of the same symmetry argument used for N(αCO, θCO,S)
above.

The Euler angles also contain information about
the spatial alignment of the sequential fragmenta-
tion events. For example, the N(cosβCO, θCO,S) and
N(cosβCS, θCS,O) distributions for sequential breakup
(at θAB,C ≤ 60◦), shown in Fig. 5(b) and Fig. 5(e),
respectively, demonstrate that the laser polarization is
preferentially within the fragmentation plane since both
distributions are peaked at cosβ = 0. Additionally, the
N(γCO) andN(γCS) distributions, shown in Fig. 5(c) and
Fig. 5(f), respectively, show that the first step of sequen-
tial fragmentation (again, at angles θAB,C ≤ 60◦) tends
to roughly align along the projection of the polarization
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FIG. 5. (Color online) All O++C++S+ events as a function of (a) αCO and θCO,S, (b) cosβCO and θCO,S, and (c) γCO and
θCO,S, which represent the alignment of the fragmentation plane for sequential fragmentation via the CO2+ intermediate. (d)
A schematic displaying the Euler angles for sequential fragmentation via an arbitrary AB molecule. All O++C++S+ events
as a function of (e) cosβCS and θCS,O, and (f) γCS and θCS,O for sequential fragmentation involving the CS2+ intermediate.

axis (Ẑ) into the fragmentation plane since the distribu-
tions are peaked at γ = ±90◦.

Finally, we demonstrate (in Sec. VID) the use of the
Euler angles distributions, in conjunction with other as-
pects of the native-frames method, to exclude sequential
fragmentation via the SO2+ intermediate in our experi-
ment.

IV. UNDERSTANDING SEQUENTIAL
FRAGMENTATION

Having identified sequential fragmentation, we can ex-
tract information about the first and second fragmenta-
tion steps of the sequential breakup, such as the kinetic
energy released in each step, as well as determine the
branching ratios of sequential versus concerted breakup.
We discuss how to retrieve such information in the fol-
lowing section.

A. Sequential fragmentation – first step

Here, we compare the first step of sequential three-
body fragmentation via the CO2+ and CS2+ intermedi-
ate molecules to the two-body CO2++S+ and CS2++O+

breakup channels, respectively. The motivation be-
hind this comparison is the assessment that two-body
breakup, via CO2++S+ and CS2++O+, is similar to the

first step in sequential three-body fragmentation, but the
intermediate dication survives intact all the way to the
detector. By contrasting the KER distributions, we learn
about the differences between the populated states lead-
ing to each outcome.
Returning to the ABC notation, the KER of the first

fragmentation step is

KERAB,C =
p2
AB,C

2µAB,C
. (21)

In addition, the angle θ of the first-step conjugate mo-
mentum with respect to the laser polarization, Ẑ, is

cos θ =
pAB,C · Ẑ∣∣pAB,C

∣∣ . (22)

The N(KERAB,C, cos θ) distributions for the three-
body sequential fragmentation channels involving the
intermediate CO2+ and CS2+ molecules are shown in
Fig. 6(a) and Fig. 6(b), respectively. Note that to
make these plots, we select the sequential fragmentation
events in the regions marked by red rectangles in Fig. 3,
where θCO,S ≤ 45 and θCS,O ≤ 40◦ for the CO2+ and
CS2+ intermediate molecules, respectively. For compari-
son, the distributions of the two-body breakup channels,
CO2++S+ and CS2++O+, are presented in Fig. 6(c) and
Fig. 6(d), respectively. The associated KERAB,C distri-
butions integrated over all other degrees of freedom are
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FIG. 6. (Color online) Sequential fragmentation events via
CO2++S+ (left column) and CS2++O+ (right column) plot-
ted as a function of (a) KERCO,S and cos θ, and (b) KERCS,O

and cos θ for the regions θCO,S ≤ 45 and θCS,O ≤ 40◦, re-
spectively. The angle θ is defined in Eq. 22. The two-
body fragmentation via CO2++S+ and CS2++O+, associ-
ated with their respective sequential breakup, as a function
of (c) KERCO,S and cos θ, and (d) KERCS,O and cos θ, respec-
tively. The (e) N(KERCO,S) and (f) N(KERCS,O) distribu-
tions integrated over cos θ.

shown in Fig. 6(e-f). The three-body and two-body dis-
tributions look similar, especially the angular distribu-
tions that exhibit a strong alignment preference along
the laser polarization.

One notable difference is that the three-body sequen-
tial breakup extends to higher KER than the two-body
breakup, as indicated by Fig. 6(e-f), especially for the
CO2++S+ channel. This KER measures the energy dif-
ference between the OCS3+ state populated by triple ion-
ization and the CO2++S+ [or CS2++O+] dissociation
limit (note that these dissociation limits are bands in
energy because of the internal, rovibrational, energy of
the intact intermediate). Given that the internal energy
spread of the CO2+ states that survive all the way to the
detector is small, i.e., less than 0.23 eV [87–89] (0.52 eV
for CS2+ [90]), the dissociation-limit spread is too small
to cause the difference in the KERCO,S distributions ob-
served in Fig. 6(e). Therefore, we expect higher elec-
tronic states of OCS3+ to be responsible for the higher
KER tail in the sequential three-body breakup.

In addition, careful inspection of Fig. 6(e-f) indicates
that the KERCS,O distribution is shifted up with respect
to the KERCO,S distribution by about 1.3 eV. This en-
ergy shift matches the difference between the dissociation
limits of the CO2++S+ and CS2++O+ channels in their
lowest rovibrational state of the ground X3Π electronic

FIG. 7. (Color online) The energy distributions of sequential
three-body fragmentation via the CO2+ and CS2+ interme-
diates. We select the relevant event using the, respective,
θCO,S ≤ 45◦ and θCS,O ≤ 40◦ conditions. Zero energy is set at
the ground state, X 1Σ+(v=0,0,0), of the OCS molecule.

state [90, 91]. This suggests that each sequential frag-
mentation pathway leading to O++C++S+ may origi-
nate at the same energy on the potential energy surfaces
of the transient OCS3+ molecule, but break along differ-
ent reaction coordinates.
To further explore this point, we plot the energy of

the sequential three-body breakup in Fig. 7, where E=0
represents the energy of the ground X 1Σ+(v=0,0,0)
state of the neutral OCS molecule. The energy scale
in Fig. 7 is equivalent to the one used in the poten-
tial energy plots reported by Eland et al. [92], allowing
us to determine which OCS3+ states contribute. As-
suming that the fragmentation ends on the lowest dis-
sociation limit of O++C++S+, we compute the exci-
tation energy with respect to the OCS ground state,
X 1Σ+(v=0,0,0), by summing the KER, the ionization
energies of each atomic fragment [93], and the disso-
ciation energies of the OCS(X 1Σ+) ground state into
CO(X 1Σ+(v=0))+S(3P ) [94] and CO(X 1Σ+(v=0))
into C(3P )+O(3P ) [95]. Here, and throughout the
manuscript, the atomic-states labels are the lowest of
each symmetry and they are associated with the disso-
ciation limits as shown in Figs. 8 and 9. Note that the
KER mentioned above is given by

KER = KERAB,C +KERAB, (23)

i.e., the energy release in the two fragmentation steps.
In Fig. 7, we see that the energy distributions for both

three-body sequential processes overlap, reinforcing the
idea that both sequential breakup processes begin on the
same group of potential energy surfaces. Then, asymmet-
ric stretching of the O–C or C–S bond on each potential
surface is required to form a CS2+ or CO2+ interme-
diate, respectively, in the first step. We note that the
OCS3+ electronic ground state is about ∼61 eV above
the OCS ground state at the equilibrium geometry [92].
This energy is significantly lower than the energy evalu-
ated from our measured KER, shown in Fig. 7, suggesting
that the OCS3+ ground state does not contribute signif-
icantly to the sequential breakup in our measurements.
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On the other hand, the measured energy distribution,
and in particular its width, are consistent with contribu-
tions from a group of low-lying excited states of OCS3+,
which span 4−15 eV above its electronic ground state (see
Table I in Ref. [92]). In the interpretation above we as-
sumed that multi-photon ionization lands the OCS3+ on
the potential surfaces, while the electrons carry the ex-
cess energy. The validity of these assumptions as well as
the relative importance of each of these states and their
specific energy spectrum requires theoretical treatment
that is beyond the scope of our work.

B. Sequential fragmentation – second step

Plots of the second-step KER distribution, i.e.,
N(KERAB), are useful for determining the internal en-
ergy of the metastable AB intermediate. In Fig. 8(a),
we show the N(KERAB) distribution for θCO,S ≤ 45◦,
which only contains sequential fragmentation events in-
volving the CO2+ intermediate. In addition, we include
tick marks representing the expected KERCO associated
with field-free vibrational states of the four lowest elec-
tronic states of CO2+ for J = 1. Aside from the lower
comb of A3Σ+ vibrational states, the calculation of the
KERCO of each vibrational state assumes predissociation
to the lowest asymptotic limit of CO2+. For example,
one possible pathway from the A3Σ+ state is via spin-
orbit coupling to the repulsive 3Σ− state. In contrast,
the lower comb of A3Σ+ vibrational states assumes frag-
mentation leading to the first excited C+(2P )+O+(2D)
dissociation limit, which can occur via spin-orbit cou-
pling through the c 1∆ state.
For an electronic state to contribute to the measured

N(KERCO) distribution, the rovibrational state’s life-
time must fall within a certain time window. The up-
per limit is related to the flight time of the CO2+ and
CS2+ intermediate molecules to the detector, which in
our experiment is approximately 3µs. Using momentum
conservation, we can exclude events in which the interme-
diate molecule, CO2+ for example, moves significantly in
the spectrometer before dissociating. We estimate that
such events involving CO2+ dissociation in flight can be
separated if the flight time is longer than 200 ns. There-
fore, contributions from states with longer lifetimes will
be significantly suppressed. For example, only 5% of the
population of a state with τ =3µs may contribute to the
N(KERCO) distribution.

On the other hand, the lowest lifetime depends on the
ratio between the intermediate molecule’s rotational pe-
riod, TR, and τ . If TR ≪ τ , then we expect to observe a
uniform N(θAB,C) distribution as long as the rotation oc-
curs in the fragmentation plane. The exact relationship
between TR and τ needed to produce a uniform N(θAB,C)
distribution is still under investigation. Assuming a rigid-
rotor, the rotational period decreases with increasing an-
gular momentum. For example, if J =20, TR ≈ 550 fs for
the ground X3Π(v=0) state, as compared to TR ≈ 8 ps

FIG. 8. (Color online) (a) Sequential fragmentation events
via the CO2+ intermediate as a function of KERCO for
θCO,S ≤ 45◦. The expected field-free KER of the vibrational
states of the four lowest lying electronic states are depicted
by the tick marks. Specifically, the thick tick marks are based
on high-resolution spectroscopy by Lundqvist et al. [88] with
the assignment correction noted by Hochlaf et al. [89]. For
the low-lying states not measured in the previous experi-
ments [88, 89], the vertical photoionization energies provided
by Dawber et al. [96] are used. The thin tick marks are cal-
culated using the phase amplitude method [97] for J = 1 and
the potential energy curves provided in Ref. [91]. (b) The
potential energy curves of CO2+ (adapted from Ref. [91]).

for J =1. This suggests that states with higher J and
lifetimes of several hundreds of femtoseconds to a few
picoseconds can contribute to the measured N(KERCO)
distributions.
For the sake of discussing which rovibrational states

may contribute to the N(KERCO) distribution, we limit
the discussion to J =1 (TR ∼ 8 ps for v=0 in the ground
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FIG. 9. (Color online) (a) Sequential fragmentation events
via the CS2+ intermediate as a function of KERCS for
θCS,O ≤ 40◦. The expected field-free KER of the vibrational
states of the four lowest lying electronic states are depicted
by the tick marks, which we calculated using the phase ampli-
tude method [97] for the potential energy curves reported in
Ref. [90]. (b) The potential energy curves of CS2+ (adapted
from Ref. [90]).

X 3Π state) since lifetime calculations for high J val-
ues are not readily available for the CO2+ and CS2+

molecules and predissociation lifetimes depend on J [98,
99]. Following the arguments above, the lowest vibra-
tional level (v=0) of the X 3Π, a 1Σ+ and b 1Π states do
not contribute to the measured N(KERCO) distribution,
since their lifetimes are significantly longer than the flight
time to the detector [87, 91]. The remaining vibrational
states of the X 3Π and a 1Σ+ states as well as the b 1Π
state may contribute to the dominant KERCO peak, la-

beled II in Fig. 8(a). Curiously, the lifetimes of the v=8
and 9 levels of the X 3Π, which align well with the II
KER peak in Fig. 8(a), are 98 and 22 ps, respectively, ac-
cording to our calculations using the method described
in Ref. [87]. Such lifetimes allow the CO2+ intermedi-
ate to rotate long enough to create the uniform angular
distribution, while their translation in the setup is neg-
ligible. However, this statement should be taken with a
grain of salt as the predissociation lifetimes of low vibra-
tional levels vary by more than an order of magnitude
across different computation methods [91]. Other rovi-
brational states of these electronic states may have life-
times too short to contribute to the KERCO distribution.
The high-KERCO peak, labeled III in Fig. 8(a), may be
associated with the high-lying vibrational states of the
a 1Σ+ and b 1Π states as well as the low-lying vibrational
states of the A 3Σ+ state.

To identify states responsible for the low-KERCO

shoulder, labeled I in Fig. 8(a), higher excited states of
the CO2+ intermediate molecule that predissociate to the
first excited C+(2P )+O+(2D) limit must be considered.
One possible electronic state is the A 3Σ+ with vibra-
tional states that can predissociate through spin-orbit
coupling to the c 1∆ state, which are represented by the
low KERCO set of tick marks associated with the A 3Σ+

state in Fig. 8(a). Higher lying vibrational states of the
a 1Σ+ and the b 1Π may also predissociate via the c 1∆
state leading to energies that may contribute to the low-
est KERCO peak.

Similarly for fragmentation via the CS2+ intermedi-
ate, Fig. 9(a) shows the N(KERCS) distribution for
θCS,O ≤ 40◦, shown as the red rectangle in Fig. 3(c).
Here too, the tick marks represent the expected KERCS

for various vibrational and electronic states of CS2+ with
J =1. Using arguments similar to those provided for
the CO2+ intermediate and the reported lifetimes of the
CS2+ molecule [90], we can determine the relevant states
that contribute to the measured N(KERCS) distribution.
In particular, the high-lying vibrational states of X 3Π
and most vibrational states of the a 1Π and b 1Σ+ states
contribute to the main KERCS peak while the A 3Σ−

state may only contribute to the low-energy shoulder.

C. Total kinetic energy release

In Fig. 10, we plot the total KER for all three-body
breakup into O++C++S+ as well as the separated con-
certed and sequential breakup contributions. From this
figure, we see that concerted fragmentation is shifted to
higher KER as a result of the subtraction of the sequen-
tial breakup, which peaks a few eV lower. Assuming that
all these fragmentation processes dissociate to the same,
lowest, energy limit, this KER difference suggests that
concerted fragmentation involves higher excited states of
OCS3+ than the states leading to sequential breakup.

In addition, we plot the energy axis on the top of
Fig. 10, which is identical to the axis in Fig. 7 and the
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TABLE I. The branching ratios for the sequential and concerted fragmentation processes.

Step Sequential Concerted Sequential

CO2++S+ O+ +C++S+ CS2++O+

1st 19.88± 0.82% 69.90± 0.72% 10.22± 0.63%

CO2++S+ O+ +C++S+ O+ +C++S+ CS2++O+

2nd 2.61± 0.79% 17.27± 0.19% 69.90± 0.72% 2.05± 0.62% 8.17± 0.10%

potential energy plots shown in Ref. [92]. From this fig-
ure, we see that concerted fragmentation peaks above
70 eV and extends from 64 to 90 eV. The lower limit sug-
gests that the ground electronic state of OCS3+, which is
about 61 eV in the Franck-Condon region [92], does not
contribute significantly to concerted breakup. Unfortu-
nately, the potential energy surfaces reported by Eland et
al. [92] extend only up to 68 eV, while our KER data in-
dicates the need for potentials extending to much higher
energy (i.e., by more than 20 eV) in order to identify the
contributing states of the transient OCS3+ in our intense
laser pulse.

D. Branching ratios

One advantage of the native-frames method over New-
ton diagrams and Dalitz plots is that it allows us a
straightforward way to evaluate the branching ratios of
the competing concerted and sequential breakup pro-
cesses by exploiting the uniform N(θAB,C) distribution.

Assuming that N(θAB,C) is uniform over all θAB,C, the
total number of sequential fragmentation events involv-

FIG. 10. (Color online) The separated N(KER) distributions
for sequential and concerted fragmentation. The top axis
represents the energy of the transient OCS3+ relative to the
X 1Σ+(v=0,0,0) ground state of the neutral OCS molecule.

ing an AB molecule is

NAB,C =
180

θmax − θmin

θmax∑
θmin

N(θAB,C), (24)

where [θmin, θmax] is the region where the sequential frag-
mentation events do not overlap with other channels. To
determine the number of concerted fragmentation events,
Nconc., we subtract the number of events in all sequen-
tial fragmentation channels, i.e., all possible intermediate
molecules, from the total number of three-body breakup
events.
As previously mentioned, the assumption that

N(θAB,C) is uniform for all θAB,C is not exactly fulfilled
in our experiment since dips exist around θAB,C = 0◦

and 180◦ for both sequential processes. Furthermore, in
Appendix A we provide a simple model describing one
possible origin for the dips. This model also shows that
the N(θAB,C) distribution as well as the ’dips’ are sym-
metric about 90◦. Therefore, to accurately determine the
number of sequential events, we need to take the dips
into account. To do so, we select the region [θlow, θhigh]
shown in Fig. 11(a) [100], which only includes the dips,
and the region [θmin, θmax] that selects the remaining
separated sequential fragmentation events outside of the
dips. Then, taking advantage of the reflection symme-
try of N(θAB,C) about 90◦, the total corrected number
of sequential events are

N ′
AB,C =

180− 2 (θhigh − θlow)

θmax − θmin

θmax∑
θmin

N(θAB,C)

+2

θhigh∑
θlow

N(θAB,C). (25)

Then, Nconc. is determined by subtracting N ′
AB,C for all

sequential breakup channels from the total number of
three-body fragmentation events.
We report the evaluated branching ratios in Table I.

These measured branching ratios differ from the physical
ones due to the limitations of the experiment, as is usu-
ally the case. Our experiment, for instance, is sensitive
only to particular time windows for each step. Therefore,
any comparison with theoretical results requires consid-
eration of these limitations. In addition, we note that the
two- and three-body breakup channels are corrected for
their different detection efficiency, specifically (ε2) and
(ε3), respectively. The single ion detection efficiency is
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estimated to be ε = 0.37 ± 0.03 by comparing the mea-
sured O++C++S+ to the C++S+ ion pairs measured
in coincidence, i.e., events where the O+ fragment was
“lost”, as further explained in Ref. [101]. The reported
errors in Table I include the statistical errors and the
uncertainty in the detection efficiency.

Following triple ionization, the OCS molecule
undergoes concerted three-body fragmentation into
O++C++S+ or sequential breakup, which is initiated
by breaking into either CO2++S+ or CS2++O+ in the
first breakup step. In the second step, the sequential frag-
mentation channels can either break into O++C++S+

or the dication remains intact all the way to the detector.
Sequential fragmentation involving the SO2+ molecule is
not observed in our measurement (see further discussion
in Sec. VID).

V. SEQUENTIAL FRAGMENTATION
RETRIEVAL ALGORITHM

The main advantage of analyzing three-body breakup
using native frames and identifying sequential breakup as
a uniform angular N(θAB.C) distribution is our ability to
reconstruct the concealed sequential events by exploiting
the uniform distribution. Below, we present an algorithm
that reconstructs the whole sequential fragmentation dis-
tribution event-by-event, which allows one to separate
competing sequential and concerted breakup in any plot
created from the measured momenta. It is important
to note that the reconstruction algorithm assumes that
the rotation of the intermediate fragment occurs entirely
in the fragmentation plane, which is not necessarily ex-
pected to be the case as explained in Sec. III.

Returning to the general ABC notation, our algorithm
begins with selecting the clearly separated sequential
events. Explicitly, we select the events within the range
θAB,C = [θmin, θmax] and KERAB = [KERmin,KERmax].
For example, the specific region used to select sequen-
tial fragmentation involving the CO2+ intermediate is
θCO,S = [8◦, 45◦] and KERCO = [4, 11.5] eV, shown as the
red rectangle in Fig. 11(a). The reconstruction of se-
quential fragmentation involving the CS2+ intermediate
(using a selection procedure like for CO2+ above [102])
yields a similar figure (not shown for brevity).

The goal of the algorithm is to generate equivalent
events from the measured events and reproduce the se-
quential fragmentation distributions in regions overlap-
ping other competing processes. To accomplish this
goal, one has to determine how many equivalent events
should be created based on the number of measured
events clearly identified as sequential breakup. Then,
the equivalent events generated need to be assigned an
angle θAB,C randomly to produce a uniform angular dis-
tribution. These two key components are detailed below.

First, to determine how many equivalent sequential
events must be generated from each measured event

within [θmin, θmax], we define the factor

F =
180− (θmax − θmin)

θmax − θmin
. (26)

For sequential fragmentation involving CO2+, F = 3.86,
meaning each event within θCO,S = [8◦, 45◦] creates, on
average, 3.86 equivalent events outside this range. In
practice, this is accomplished by generating either 3 or
4 equivalent events for each measured event, where the
random choice between 3 or 4 is weighted by 16% to 86%,
respectively, to yield the 3.86 average.
Second, to build a uniform distribution, we transform

each equivalent event to the body-fixed xyz coordinate
system given by Eqs. (14)–( 16), where θAB,C is defined in
the xy plane as shown in Fig. 12. Since N(θAB,C) is uni-
form, we rotate each event to a new, randomly selected,
θ′AB,C, given by

θ′AB,C ≡ r(180 + θmin − θmax) + θmax (mod 180), (27)

outside the [θmin, θmax] region, shown in Fig. 12(b). In
Eq. 27, r is a random number uniformly distributed
between [0, 1]. This rotation is performed while main-
taining |pAB| constant and preserving the conjugate mo-
mentum associated with the first step, i.e., pAB,C. If
done correctly, the distributions inside and outside the
[θmin, θmax] region should have the same average density
of counts. The equivalent events maintain the statisti-
cal fluctuations of the original data set since they are
generated using the data and are rotated randomly.

FIG. 11. (Color online) The N(KERCO, θCO,S) distributions
for (a) all O++C++S+ events, (b) the selected sequential
events used to generate equivalent events, (c) the full sequen-
tial fragmentation distribution including the selected and re-
constructed equivalent events, and (d) the N(θCO,S) distribu-
tions for the different steps of the reconstruction algorithm
integrated over KERCO.
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FIG. 12. (Color online) A schematic for reconstructing equiv-
alent events. (a) an original measured sequential event is de-
picted (see text). (b) an equivalent event, which is just the
original event rotated to a new, randomly generated, θ′AB,C

angle. Note that pAB only spans the space for x ≤ 0 due to
the definition of the fragmentation plane.

The new conjugate momentum describing the second
fragmentation step is given by

p′
AB = |pAB|

(
− sin θ′AB,C x̂+ cos θ′AB,C ŷ

)
. (28)

To determine the momenta of each individual fragment
in the CM frame of the ABC molecule, we first transform
the momenta from the body-fixed frame (i.e., xyz coor-
dinates) to the lab-fixed frame (i.e., XYZ coordinates).
Then, we solve Eqs. (6, 8, 10) for PA, PB, and PC.
With these momenta, we can determine the sequential
fragmentation via AB+C contributions in any plot.

The algorithm described above generates a uniform
N(θAB,C) distribution over all θAB,C. However, our data
contains dips located at θCO,S = 0 and 180◦, as seen
in Fig. 3(a-b). We explain the origin of these dips in
Appendix A using a simple model, which also indicates
that the dips are symmetric about θAB,C =90◦. To ac-
count for the dips, we modify our algorithm using a sim-
ilar approach as detailed in Sec. IVD. Specifically, we
select the data contained in the dip on the edge where
the sequential fragmentation events are clearly identified,
given by the gate [θlow, θhigh] = [0, 8◦] for the CO2+ in-
termediate. Then we duplicate and rotate the events to
θ′CO,S = 180−θCO,S to preserve the shape of the dip. Be-
cause of its “copy and paste” nature, this reconstruction
of the dip is statistically inferior to the sequential event
reconstruction describe above, and it may even introduce
artifacts. As the dip is a small fraction of the distribu-
tion, however, the quality degradation is minimal. The
reconstructed N(KERCO, θCO,S) distribution is shown in
Fig. 11(c), while the resulting N(θCO,S) distributions for
each step of the reconstruction algorithm are detailed in
Fig. 11(d).

The crux of this algorithm is that we retrieve the se-
quential fragmentation distribution in regions obscured
by other competing fragmentation mechanisms by ex-
ploiting the uniform N (θAB,C) distribution. Since the
algorithm works event-by-event and provides the momen-
tum of each fragment, any plot can be created showing
the contributions of each sequential fragmentation mech-
anism separately. It is important to note that the recon-

struction algorithm only properly reproduces the distri-
bution for states that have long enough lifetimes to create
a uniform angular distribution.
In Sec. VI, we take the reconstruction algorithm pre-

sented above a step further and subtract the sequential
fragmentation contributions from several plots contain-
ing all events, revealing the detailed behavior of con-
certed and sequential breakup beyond their identification
and branching ratios discussed in Sec. IV. To judge how
well the reconstruction method works, we examine the
quality of the subtractions to ensure no over-subtraction
of the sequential breakup distributions occur, as shown
in Appendix C.

VI. SEPARATING CONCERTED AND
SEQUENTIAL EVENTS: COMPARISON OF

METHODS

In this section, we demonstrate the strength of apply-
ing the native-frames approach, where its extension al-
lows us to separate concerted from sequential fragmen-
tation in any plot created from the measured momenta.
In particular, we show how to properly subtract the se-
quential breakup contributions in the N(KERAB, θAB,C)
plots, revealing the structures associated with concerted
fragmentation. Additionally, we show that the recon-
struction algorithm accurately reproduces the expected
sequential fragmentation distributions in both Newton
diagrams and Dalitz plots, and that sequential fragmen-
tation via the SO2++C+ is negligible under the condi-
tions of our experiment.

A. Native-frames analysis

In Fig. 13(a–d), we plot the N(KERCO, θCO,S) distri-
bution and show the contributions of concerted breakup
as well as sequential fragmentation involving the CO2+

and CS2+ intermediates. To determine the contribu-
tions of concerted fragmentation, shown in Fig. 13(b),
the sequential breakup distributions in Fig. 13(c) and
Fig. 13(d) are subtracted from the plot containing all
events shown in Fig. 13(a). The analysis quantifying
the quality of the resulting concerted breakup plot is
discussed in Appendix C. The subtraction reveals that
the large feature centered at θCO,S =120◦ is mostly
due to concerted breakup. There is also a feature
in Fig. 13(a) extending over a wide KERCO range,
overlapping (partly) the concerted-breakup peak, which
arises from analyzing the sequential fragmentation via
CS2++O+ in the incorrect frame [this feature is shown
separately in Fig. 13(d)].

Note that the remaining density plots of the separated
channels shown in this paper always follow the style of
Fig. 13(a-d). Explicitly, the top left panel represents the
entire data set, the top right panel contains the concerted
breakup contributions while the bottom left and right
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FIG. 13. (Color online) (a–d) The N(KERCO, θCO,S) distri-
butions for (a) all O++C++S+ events, (b) concerted frag-
mentation, and sequential fragmentation via (c) CO2++S+

and (d) CS2++O+. Note that panel (b) shows the difference
between panel (a) and the bottom two panels, which in turn
show reconstructed data (see text). (e-h) The same as panels
(a–d), but plotted for CS2+ intermediate, specifically for (e)
all events, (f) concerted fragmentation events, and sequential
fragmentation via (g) CO2++S+ and (h) CS2++O+. Note
the sharp “cuts” in panels (b) and (d) that indicate imper-
fections in the subtraction procedure as detailed in the text
and Appendix C. These features are at the few-counts (below
1%) level.

show the sequential fragmentation distributions via the
CO2++S+ and CS2++O+ channels, respectively. Rem-
nants of the sequential breakup are still visible in the
concerted breakup distributions in Figs. 13(b) and 13(f).
These remnants are generally at the level of the subtrac-
tion error, however. The same holds for other figures

implementing the same subtraction procedure below.
Similarly, we plot in Fig. 13(e-h) the separated con-

tributions of the concerted and sequential fragmentation
distributions in the CS native frame. Here, too, the con-
certed breakup contributions appear as a feature centered
at θCS,O = 120◦ while the curved distribution originating
at low KERCS comes from the sequential fragmentation
involving the CO2+ intermediate.
Next, we utilize the sequential and concerted fragmen-

tation channels, separated using native frames analysis
as shown in Fig. 13, and plot them using the more tra-
ditional schemes, namely Newton diagrams and Dalitz
plots, to illustrate how each of these channels appears in
these presentations.

B. Newton diagrams

In a Newton diagram the sequential breakup is iden-
tified as a circular feature due to the rotation of the
intermediate in the fragmentation plane [50]. To ana-
lyze sequential fragmentation via the CO2+ intermedi-
ate, we choose to fix the momentum of the S+ fragment
along the x axis, while the C+ and O+ momenta are di-
vided by |P S| and placed in the upper and lower halves
of the plot, respectively, as shown in Fig. 14(a). Fig-
ure 14(c) displays the expected offset semi-circle for se-
quential fragmentation via CO2++S+. The “sprinkler”
shape extending to large relative momenta is due to se-
quential fragmentation involving the CS2+ molecule, as
shown separately in Fig. 14(d). The concerted fragmen-
tation contributions, shown in Fig. 14(b), demonstrate
that the breakup is not co-linear, suggesting some bend-
ing of the linear OCS molecule. Moreover, the O+ frag-
ment has nearly the same momentum (∼85%) as the S+

fragment, and they are breaking almost back-to-back,
while the C+ fragment, experiencing forces in opposite
directions, gains less momentum, as one would expect
from a simple Coulomb explosion modeling of a slightly
bent OCS.

Likewise, to analyze sequential fragmentation via the
CS2+ intermediate, the O+ momentum is chosen to be
along the x axis of the Newton diagram while the C+

and S+ are scaled by |PO| and placed in the upper and
lower halves, respectively, as shown in Fig. 14(e). The
CS2+ sequential channel also appears as an offset semi-
circle, shown in Fig. 14(h). The other sequential channel
involving the CO2+ intermediate emerges as a sprinkler-
like feature in Fig. 14(g). The concerted fragmentation
distribution, shown in Fig. 14(f), is similar to the results
shown in Fig. 14(b).

C. Dalitz plots

As stated above, the Dalitz plot depicts energy sharing
between the fragments [66]. In the case of OCS breaking



16

FIG. 14. (Color online) Newton diagrams with the S+ mo-
mentum fixed along the x axis for (a) all O++C++S+ events,
(b) concerted fragmentation, and sequential fragmentation
via (c) CO2++S+ and (d) CS2++O+. Similar Newton di-
agrams but with the O+ momentum fixed along the x axis
for (e) all O++C++S+ events, (f) concerted fragmenta-
tion, and sequential fragmentation via (g) CO2++S+ and (h)
CS2++O+.

into O++C++S+, Wales et al. [55] identified the fea-
tures in the Dalitz plot associated with sequential frag-
mentation involving the CO2+ and CS2+ intermediate
molecules. In this brief section, we show that the results
of our analysis are consistent with their results.

We show the Dalitz plots of the separated concerted

FIG. 15. (Color online) Dalitz plots for (a) all O++C++S+

events, (b) concerted fragmentation, and sequential fragmen-
tation via (c) CO2++S+ and (d) CS2++O+. The brown
dashed line in panels (a-b) marks the expected location of se-
quential fragmentation via the SO2+ intermediate assuming
EC =2 eV and a total KER of 20 eV (see Sec. VID).

and sequential fragmentation distributions in Fig. 15, fol-
lowing the same choice of axes used by Wales et al. [55].
Recall that εi represents the scaled energy of fragment i
relative to the center-of-mass of the molecule, that is the
kinetic energy of that fragment divided by the total ki-
netic energy release in the OCS3+ fragmentation. In par-
ticular, we observe straight line distributions due to the
sequential fragmentation channels involving the CO2+

and CS2+ intermediate molecules, as shown in Fig. 15(c)
and Fig. 15(d), respectively. The concerted distribution
in Fig. 15(b), which is a broad feature peaked at approx-
imately (0.125,−0.295) and extending to larger εC − 1/3
values, shows that the C+ fragment accounts for a larger
fraction of the total KER than the ∼0.3% expected for a
linear geometry. This suggests that bending of the OCS
molecule plays a role during concerted fragmentation.
This finding is consistent with the other visualization

methods described above though the signatures differ.
Recall that the indication for bending was that the mo-
mentum distributions peaked away from the expected lin-
ear breakup, for example θCO,S peaking away from 180◦

in native frames analysis — the simplicity of the signa-
ture in the momentum imaging methods is worth noting.

D. Is there sequential fragmentation via SO2+ +
C+ ?

One would expect a low rate, if any, for sequential
fragmentation of OCS3+ via SO2++C+ since it requires



17

bond formation between the two end atoms. This less
likely bond-rearrangement process has been observed in
double ionization of some triatomic molecules [101, 103,
104]. In this section, we use the native-frames method
to verify that this sequential channel is negligible in our
experiment, while illustrating the method for identifying
sequential fragmentation.

First, we plot the N(KERSO, θSO,C) distributions in
Fig. 16(a), and observe a vertical stripe centered around
KERSO =18 eV. Hereafter, we refer to this feature as
the “stripe”. The relatively narrow KERSO distribu-
tion of this stripe, supported by its nearly uniform an-
gular distribution in θSO,C, suggest that sequential frag-
mentation via the SO2+ intermediate may be occurring.
The KERSO values are much higher than the ≲10 eV ex-
pected for SO2+ [105], thus raising doubts if this sequen-
tial breakup truly occurs in our experiment.

To further test if sequential fragmentation via the
SO2+ intermediate occurs, we plot the N(γSO, θSO,C) dis-
tribution in Fig. 17(a). Recall that γSO is the Euler angle
between the N-axis and X-axis defined in Sec. III C [see
Fig. 5(d)]. Figure 17(a) exhibits a clear dependence of the
N(θSO,C) distribution on the angle γSO, indicating that
the apparent sequential fragmentation via SO2++C+ is
not independent of the orientation of the fragmentation
plane as it should. This suggests that sequential breakup
via an intermediate SO2+ molecule is not observed in our
experiment.

To determine the source of the stripe, visible in
Fig. 16(a), we show the separated concerted- and
sequential-fragmentation distributions in Fig. 16(b-d).
These figures demonstrate that the stripe, centered about
18 eV, is accidental, as it is due to a combination of se-

FIG. 16. (Color online) The N(KERSO, θSO,C) distributions
for (a) all O++C++S+ events, (b) concerted fragmenta-
tion, and sequential fragmentation via (c) CO2++S+ and (d)
CS2++O+. The magenta dashed lines at 18 eV indicate the
apparent uniform N(θSO,C) distribution.

quential breakup via CO2+ and CS2+, shown in Fig. 16(c-
d), respectively. Note that part of this accidental stripe is
still visible in Fig. 16(b), which shows the concerted frag-
mentation after subtraction of the sequential-breakup
channels shown in Fig. 16(c-d), however, this leftover fea-
ture is on the level of the subtraction error.

Another indicator that the observed stripe is not due
to sequential fragmentation via SO2+ is provided by the
channel separated N(γSO, θSO,C) distributions shown in
Fig. 17. It is evident from this figure that the stripe is
not independent of γSO as it should for a SO2+ interme-
diate rotating in the fragmentation plane. The observed
γSO dependence of the stripe occurs because pSO,C is not
aligned along the projection of the polarization into the
fragmentation plane, as is the case for the pCO,S and
pCS,O conjugate momenta. Instead, it rotates in space
since the pSO,C momentum is related to the other sequen-
tial processes that exhibit the observe tilt when plotted
versus γSO, as shown in Fig. 17(c-d).

Finally, we call attention to the fact that some
SO2+ states are predicted to have very long life-
times [105] (though no lifetimes are computed explic-
itly in Ref. [105]). Moreover, this metastable dication
has been observed recently in SO2+

2 →SO2+ +O pho-
todissociation [106] experiments with comparable TOF
as in our setup (i.e., a few microseconds). Therefore,
we expect that if SO2+ is formed in the first fragmen-
tation step of OCS3+, some of the metastable SO2+

molecules should survive all the way to the detector, re-
sulting in SO2++C+ coincidence events. In our experi-
ment, only 79 events passed the momentum conservation
conditions for this channel, about the level of random-

FIG. 17. (Color online) The N(γSO, θSO,C) distributions
for (a) all O++C++S+ events, (b) concerted fragmenta-
tion, and sequential fragmentation via (c) CO2++S+ and (d)
CS2++O+. Note that the N(γSO, θSO,C) distributions for the
sequential breakup via CO2+ and CS2+ are tilted (see text).
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FIG. 18. (Color online) Newton diagrams with the C+ frag-
ment fixed to the x axis (see text) for (a) all O++C++S+

events, (b) concerted fragmentation, and sequential fragmen-
tation via (c) CO2++S+ and (d) CS2++O+.

coincidence events. Moreover, if these are true events
then the SO2++C+ channel is about 7× 10−4 times
smaller than each of the other sequential breakup chan-
nels, i.e., CO2++S+ and CS2++O+. Though we cannot
exclude sequential breakup via SO2+ completely, we can
safely state that it has an extremely low rate in our ex-
periment.

For comparison, we investigate whether or not New-
ton diagrams or Dalitz plots can better determine if this
unlikely process occurs. To use the Newton diagram for
identifying sequential fragmentation via the SO2+ inter-
mediate, the C+ momentum is set along the x axis while
the O+ and S+ momenta are divided by |PC| and plotted
in the upper and lower halves of the figure, respectively.
The Newton diagram, shown in Fig. 18(a), exhibits a
circular feature suggesting that sequential fragmentation
via SO2++C+ does occur. In reality, this feature is again
accidental resulting from the other sequential fragmenta-
tion channels shown in Fig. 18(c-d), and vanishing upon
their subtraction as demonstrated in Fig. 18(b).

Similarly, the Dalitz plot does not help identify if se-
quential fragmentation via SO2++C+ occurs, but for a
different reason. The distribution resulting from this se-
quential breakup should be centered around a constant
εC because the energy of the C+, ejected during the first
fragmentation step, is independent of the rotation of the
SO2+ intermediate. Using the peaks of the measured
total KER and KERSO, the center of the distribution as-
sociated with the SO2+ intermediate in the Dalitz plot
is predicted to be located around ( εC − 1/3 )= -0.233,
marked by the brown dotted line in Fig. 15(a). This loca-

tion is simulated assuming that EC =2 eV due to energy
conservation and using the information that the total
KER is centered at approximately 20 eV, as we show in
Fig. 10. Based on the Dalitz plot, we cannot exclude the
sequential channel involving the SO2+ intermediate until
the other sequential channels are subtracted, as shown
in Fig. 15(b). However, if the C+ fragment acquired a
larger fraction of the total KER than was assumed above,
the Dalitz plot may facilitate the unique identification of
sequential breakup via the SO2+ intermediate.
Finally, we note that without the ability to subtract

the CO2+ and CS2+ sequential breakup contributions,
these conclusions about SO2+ sequential breakup would
be difficult to reach. It is also worth mentioning that
the accidental strip around KERSO ∼ 18 eV would not
prevent the observation of sequential breakup via SO2+

as that is expected to form a stripe at lower KERSO

(<10 eV) [105], and that underscores the fact that we
use both the angular distribution and expected KER to
identify and separate sequential breakup.

VII. SUMMARY

This paper details the native-frames analysis method,
which we apply to identify and separate sequential and
concerted fragmentation, as proposed in our previous
publication [37]. Explicitly, the native frames analysis
method is based on the use of the conjugate momenta
of the relevant Jacobi coordinates, i.e., the relative mo-
menta. In addition, to identify the sequential breakup
we use the KER in the second fragmentation step, and
the rotation of the intermediate molecule in the frag-
mentation plane as the signature. This rotation results
in a uniform N(θAB,C) distribution. The advantage of
our analysis is that it allows the separation of compet-
ing sequential and concerted fragmentation distributions,
which may be vital for interpreting experiments. In addi-
tion, the method provides information about the sequen-
tial and concerted breakup mechanisms.
Since we introduced the native frames analysis

method [37], it has been applied, for instance, in molec-
ular fragmentation studies induced by photon [36, 81,
82, 107–112], electron [113, 114] and ion [115–119] im-
pact. These examples demonstrate the broad applicabil-
ity of the native-frames analysis in understanding molec-
ular dynamics. The detailed description of this method,
presented in this paper, should help researchers to take
full advantage of this analysis method.
As the molecular imaging community moves toward

measuring more complex molecules and higher-fold coin-
cidence channels, researchers need to be mindful of pos-
sible contributions due to sequential fragmentation. In
the case when polyatomic molecules are multiply ion-
ized, the formation of metastable molecules with life-
times of picoseconds or longer are likely to occur [120–
122]. Therefore, sequential fragmentation can play a non-
negligible role in three- or more-body fragmentation, ne-
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cessitating the ability to identify and separate its con-
tributions from concerted fragmentation. Furthermore,
the native-frames methodology can be methodically gen-
eralized to four- and more-body fragmentation channels
using Jacobi coordinates, thus providing scientists with
additional methods for visualizing their data, regardless
if the molecule fragments through sequential or concerted
breakup processes.
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Appendix A: Modeling N(θAB,C) distribution

Throughout the paper, we assumed that the rotation
of the AB intermediate molecule occurs in the fragmen-
tation plane. As a result, even though θAB,C represents
a polar angle in spherical coordinates, the signature of
sequential fragmentation is a nearly uniform N(θAB,C)
distribution instead of a uniform N(cosθAB,C) distribu-
tion, which is the signature of an isotropic distribution as
discussed in Sec. III C. We illustrate in Fig. 19 that the
momentum, pAB, probability distribution is a ring pro-
duced by the rotation and breakup of the AB molecule
in the fragmentation plane.

The thickness of the ring is mainly attributed to the
resolution of the measured momenta. This assessment is
based on the large difference between the width of these
“edge dips” between sequential dissociation of D2O

2+ to
D++D++O and D++O++D , both occurring via an
OD+ intermediate molecule [82]. The momentum reso-
lution of the latter channel is inferior and the dips are
much larger. This assessment is supported by simula-
tions presented in Appendix C of Ref. [82]. That said,
we cannot exclude that in some cases other factors, such
as high initial angular momentum, may also play a role,
and further investigations are needed.

In this appendix, we explore the consequences of de-
scribing the ring distribution as a function of the spheri-
cal polar angle θ, which is equivalent to the angle θAB,C

between the two conjugate momenta. Specifically, we
demonstrate that the thickness of this thin ring leads to
dips at the edges of the N(θAB,C) distributions, similar
to what we observe experimentally.

The ring distribution, shown in Fig. 19, is modeled

using Gaussian distributions and is explicitly written as

Φ(x, y, z) ∝ exp

[
−1

2

(
ρ− ρ0
∆

)2
]
exp

[
−1

2

( y

∆

)2]
,

(A1)
where ρ0 is the radius of the ring in the XZ plane, ∆ is
the width in each direction, and ρ is given by

ρ =
√

x2 + z2. (A2)

Note that we set the width of the ring to be the same
in both directions, which simplifies the following math
significantly. Converting the expression to spherical co-
ordinates gives

Φ(r, θ, ϕ) ∝ exp

[
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− 1
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r2(1− χ2)
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]
,

(A3)
with

χ ≡ ρ

r
=

√
1− sin2 θ sin2 ϕ , (A4)

where θ and ϕ are the standard polar and azimuthal an-
gles in spherical coordinates.
To determine the expected angular distribution N(θ),

we integrate the function Φ over the radial and azimuthal
coordinates assuming that ρ0 ≫ ∆, i.e., the distribution
width is small compared to its centroid. This approxi-
mation makes possible the analytic result

Φ(θ) ∝ e−β η [ (2− η) I0(β η) + η I1(β η) ] , (A5)

where In(β η) are the modified Bessel functions while η
and β are defined by

η = sin2 θ , (A6)

β =
ρ20
2∆2

. (A7)

We find that Φ(θ) is symmetric about θ = π/2 as one
would expect.

FIG. 19. (Color online) The isosurface of the pAB probability
distribution given by Eq. A1. Specifically, the surface is for a
constant value of Φ = 0.5, where ∆ = 0.5 and ρ0 = 4.
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Then, to plot the distribution of N(θ), we multiply
Φ(θ) by the volume element sinθ, resulting in the dis-
tribution shown in Fig. 20 for a few values of ρ0/∆.
Note that the distribution shown is normalized, i.e.,∫ π

0
N(θ) dθ=1, and it is plotted as a function of θAB,C,

which as stated above is the same as θ.
This model reproduces the dips at the edges of the

distribution. Furthermore, we see small peaks next to the
dips that we do not observe experimentally, most likely
because of the reduced detection efficiency around the
detector center, which affects mainly events with θAB,C

as we discussed in Sec. III C.
It is important to mention that we do not need to in-

corporate the volume element, sin θ, in our experimental
data because it is naturally accounted for when binning
the data.

Appendix B: Classical model — point charges–rigid
rotor interaction

In this appendix, we describe the classical model used
to determine the angular momentum gained by a het-
eronuclear diatomic molecule interacting with a point
charge. Specifically, we use the sequential fragmentation
of OCS via the CO2+ intermediate as an example. In
this case, the angular momentum gain is perpendicular
to the molecular plane due to the interaction between the
permanent dipole of CO2+ and the S+ fragment ejected
in the first step, which is treated as a point charge.

In Fig. 21 we show a diagram of the initial condi-
tions immediately after the rapid triple ionization of
OCS, where we assume no stretching of the C–O and
C–S bonds, i.e., equilibrium distances in the neutral
OCS, given by RCO =2.19 and RCS =2.95 a.u., respec-

FIG. 20. (Color online) The normalized probability distribu-
tion N(θ)= sin θ Φ(θ) for ρ0/∆ = 5, 10, and 20.

tively [123]. On the other hand, the bond angle ξi, which
is 180◦ for the equilibrium geometry of OCS, is used as
a parameter. For the linear equilibrium configuration,
the S+ fragment does not apply any torque on the CO2+

fragment, hence the CO2+ molecule does not gain any
angular momentum. In contrast, if the OCS molecule is
bent, even slightly, the CO2+ does experience a torque
and quickly gains significant angular momentum.
In order to compute the angular momentum gained

by the CO2+, we model it as a rigid rotor having two
point charges, qC and qO, separated by RCO. To eval-
uate the charges qC and qO, we use the calculated per-
manent dipole of the CO2+ ground electronic state at
RCO =2.19 a.u., which is D≃ 3Debye [124] (with similar
values for other low-lying states). For the origin defined
at the CM of the CO2+ molecule, we approximate the
dipole as

D = RCO

(
δq +

1

7

)
, (B1)

where qC = 1 + δq ≃ 1.4 and qO = 1− δq ≃ 0.6 a.u. Fur-
thermore, we neglect the motion of the fragments asso-
ciated with the molecule’s initial vibration and rotation,
which are expected to be cold in the He seeded supersonic
jet used in the experiment. Specifically, the translational
temperature is estimated from the width of the center-
of-mass momenta to be about 10-20K [6, 82, 125]. The
internal temperature, vibrational and rotational, is ex-
pected to be similar due to collisions in the jet. So, we
expect the target OCS molecule population to be in its
vibrational ground state with only a few low-lying rota-
tional states.
Due to the mutual Coulomb repulsion and conserva-

tion of linear momentum, the S+ and CO2+ undergo
back-to-back breakup. The translational and rotational
motion is described by a set of coupled differential equa-
tions that we propagate in time. Specifically, we use the
“ode45” function in MATLAB, which is based on the
Runge-Kutta method, to solve the equations of motion
numerically. We assume that the motion starts from rest
at t=0a.u. at the internuclear distances associated with
the equilibrium of the neutral molecule and neglect any
initial angular momentum. The propagation of the equa-
tions of motion is terminated after 3×104 a.u. (i.e., about
725 fs) when the distance between the two fragments ex-
ceeds 350 a.u., at which time the CO2+ velocity and an-

FIG. 21. (Color online) Schematic diagram of a bent OCS3+

leading to rotation of the CO2+ fragment (see text). The
black-dashed arrows marks the Coulomb forces’ direction.
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gular momentum converge to a constant value (smaller
than 0.1% deviations).

The calculated angular momentum of the intermedi-
ate CO2+ as a function of initial bond angle ξi is shown
in Fig. 22(a). It can be clearly seen that the final an-
gular momentum increases rapidly with bending of the
OCS, resulting in a few tens of ℏ for bending angles
smaller than 177◦. Moreover, the time evolution shown
in Fig. 22(b) indicates that this angular momentum is
gained in a couple hundred femtoseconds.

At this point it is reasonable to wonder what is causing
such bending in a vibrationally cold linear OCS molecule.
It seems the natural explanation is that the laser pulse
is exciting some bending of the molecule before all three
electrons are stripped. The specific underlying excita-
tion mechanism is not known, and it is still being inves-
tigated, but the evidence for bending is provided also by
the fact that concerted fragmentation peaks far from the
θAB,C =180◦ expected for collinear breakup (see Fig. 13).

Appendix C: Quantifying the quality of the
separated concerted breakup plots

In this Appendix, we discuss how to evaluate the qual-
ity of the subtractions leading to the separated concerted
fragmentation plots. This analysis allows one to deter-
mine if the reconstruction algorithm accurately repro-
duces the sequential distributions by looking for over or
under subtraction. As an example, we discuss the error in
the concerted fragmentation N(KERCO, θCO,S) distribu-
tion. A similar analysis needs to be conducted for every
concerted breakup plot to determine what features are
statistically significant.

The separated concerted fragmentation plots are com-
puted by subtracting the sequential fragmentation distri-
butions from the distribution of all O++C++S+ events.
To quantify the error of the resulting concerted frag-

FIG. 22. (Color online) (a) Calculated final angular momen-
tum of the CO2+ intermediate fragment of OCS as a function
of the initial bond angle ξi. (b) The time evolution of the
total angular momentum of the CO2+ for a few values of
ξi. Note that angular momentum conservation holds for the
whole S+ +CO2+ system.

mentation distribution, statistical errors are propagated
through the subtraction pixel-by-pixel to determine the
error map.
In Fig. 23(a) and Fig. 23(b), the respective positive and

negative values of the concerted fragmentation distribu-
tions are displayed. In particular, Fig. 23(b) shows that,
in some regions, we over-subtract the sequential-breakup
contributions. To determine if the over-subtraction is
statistically significant, we divide, pixel-by-pixel, the
yields Nij by their error σij , i.e., Nij/σij , as shown in
Figs. 23(c) and Figs. 23(d) for positive and negative val-
ues, respectively. If |Nij/σij | ≤ 2, the value of the pixel
is consistent with zero, within the subtraction error at
a 95.45% confidence level. Since the majority of pixels
in Fig. 23(d) are less than 2σ from zero, we conclude
that the negative values resulting from the subtraction
are within the statistical fluctuations of our data set.
Even though only the statistical analysis for the

N(KERCO, θCO,S) distribution is discussed in this Ap-
pendix, a similar analysis was conducted for every con-
certed breakup plot presented in this paper and in
Ref. [37]. The quality of all the plots mentioned above
are consistent with the example shown in this appendix.

FIG. 23. (Color online) Characterization of the quality of
the concerted fragmentation N(KERCO, θCO,S) distribution.
Plots of the (a) positive and (b) negative values of the
N(KERCO, θCO,S) distribution, and the similar (c) positive
and (d) negative distributions determined by dividing the
yields of each pixel Nij by their error σij .
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[70] R. Álvarez-Rodŕıguez, A. S. Jensen, E. Garrido, D. V.
Fedorov, and H. O. U. Fynbo, Momentum distributions
of α particles from decaying low-lying 12C resonances,
Physical Review C 77, 064305 (2008).

[71] K. Ogata, M. Kan, and M. Kamimura, Quantum
three-body calculation of the nonresonant triple-α reac-
tion rate at low temperatures, Progress of Theoretical
Physics 122, 1055 (2009).

[72] O. S. Kirsebom, M. Alcorta, M. J. G. Borge, M. Cubero,
C. A. Diget, R. Dominguez-Reyes, L. M. Fraile, B. R.
Fulton, H. O. U. Fynbo, S. Hyldegaard, B. Jonson,
M. Madurga, A. M. Martin, T. Nilsson, G. Nyman,
A. Perea, K. Riisager, and O. Tengblad, Breakup of 12C
resonances into three α particles, Physical Review C 81,
064313 (2010).

[73] J. Refsgaard, H. Fynbo, O. Kirsebom, and K. Riisager,
Three-body effects in the Hoyle-state decay, Physics
Letters B 779, 414 (2018).
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