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Strong-field-induced bond rearrangement in triatomic molecules
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A comparative study of bond rearrangement is reported for the double ionization of three triatomic molecules:
carbon dioxide, carbonyl sulfide, and water (D2O). Specifically, we study the formation of the molecular cation
AC+ from the edge atoms of a triatomic molecular dication ABC2+ following double ionization by intense,
short (23 fs, 790 nm) laser pulses. The comparison is made using the double ionization branching ratio of
each molecule, thereby minimizing differences due to differing ionization rates. The rearrangement branching
ratio is highest for water, which has a bent initial geometry, while CO2 and OCS are linear molecules. The
angular distribution of O2

+ fragments arising from CO2 is essentially isotropic, while SO+ from OCS and D+
2

from D2O are aligned with the laser polarization. In the CO2 and D2O cases, the angular distributions of the
bond rearrangement channels are different from the angular distributions of the dominant dissociative double
ionization channels CO+ + O+ and OD+ + D+. Only the angular distribution of SO+ from OCS is both aligned
with the laser polarization and similar to the angular distribution of the largest dissociative channel, CO+ + S+.
The mixed behavior observed from the angular distributions of the different molecules stands in contrast to the
relative consistency of the magnitude of the bond rearrangement branching ratio.
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I. INTRODUCTION

The breaking and subsequent formation of new molecular
bonds in unimolecular chemical reactions has attracted con-
siderable attention in recent years [1–30]. Examples of such
processes include roaming [4,10,13,17,19,24], in which a
neutral moiety traverses the molecule to capture another atom,
hydrogen migration [9,12,15,16,18,20,21,25], and bond rear-
rangement [1,3,5–8,11,14,22,23,28,30], in which the cleaving
of multiple bonds initiates a process leading to the formation
of a new molecule from atoms that were not previously
bonded to each other. A number of prominent photochemical
reactions involve these processes, including decomposition
of water [31] or NO3 [32,33] by photolysis, the conversion
of carbon dioxide to oxygen in the atmosphere [26,34], the
combustion of hydrocarbons [12,15,20,25], and the formation
of H3

+ from alcohols [10,24]. In addition, there is expanding
interest in moving beyond observing the dynamics of these
processes to controlling those dynamics using ultrafast lasers
(see, for example, Refs. [20,35,36]).

Despite the increasing attention devoted to these processes,
so far most studies focused on a single molecular species
and occurred under an assortment of experimental condi-
tions. For example, the initiating ionization mechanism in
previous bond rearrangement studies has variously included
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single [8,11,37–42] and multiple photons [5,22,26,27,43] as
well as electron [23,28,44] and heavy ion impact [2,7,30].
To assist in understanding these dynamics we examine bond
rearrangement following ultrafast strong-field double ioniza-
tion of three triatomic molecules: carbon dioxide, carbonyl
sulfide, and water. It is hoped that this comparative study will
provide baseline data that drives theoretical explorations of
these processes.

To make a more meaningful cross-molecule comparison,
we consider bond rearrangement in the context of the double-
ionization branching ratio for each molecule, that is, the ratio
of the bond rearrangement yield to the total yield of all the
one-, two-, and three-body breakup channels following double
ionization. This method of comparison [29,45–49] minimizes
the effect of the different ionization potentials across the
molecules since the different ionization potentials naturally
lead to different rates of double ionization at the same laser
intensity. To accurately obtain this ratio, all of the nonnegli-
gible dissociative and nondissociative channels resulting from
the ABC2+ parent must be evaluated.

As illustrated in Fig. 1, the three target molecules have dif-
ferent characteristics. CO2 is linear and mass symmetric, OCS
is linear but mass asymmetric, and water is bent and has a
different highest occupied molecular orbital (HOMO) config-
uration than either CO2 or OCS. The three neutral molecules
have different ground-state vibrational frequencies for both
stretching and bending modes (see Table I), and certainly have
different vibrational frequencies for the associated molecular
ions. A cross-molecule comparison can begin to probe how
some of these factors might influence the bond rearrangement
process. Since we perform an ion-ion coincidence measure-
ment using a cold-target-recoil-ion-momentum-spectroscopy

2469-9926/2019/99(5)/053412(10) 053412-1 ©2019 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.99.053412&domain=pdf&date_stamp=2019-05-15
https://doi.org/10.1103/PhysRevA.99.053412


S. ZHAO et al. PHYSICAL REVIEW A 99, 053412 (2019)

FIG. 1. The three molecules studied in this experiment along
with the associated bond rearrangement channel. The HOMO of each
target molecule is shown. (a) CO2 + nω → O+

2 + C+. (b) OCS +
nω → SO+ + C+. (c) D2O + nω → D+

2 + O+.

(COLTRIMS) [50,51] method, the data not only contain yields
of the channels needed to calculate the branching ratio, but
also the momentum vectors of the dissociating molecular
fragments. From this three-dimensional data we evaluate the
angular distributions and kinetic energy release (KER) dis-
tributions of the bond rearrangement process in the different
molecules and also comment on previous strong-field mea-
surements of bond rearrangements in CO2 [26,27] and water
[5,22,43,52].

Sections II and III describe the experimental method and
data analysis procedures, respectively, that allow the accurate
evaluation of the branching ratios in these targets despite the
small overall magnitude of the bond rearrangement channel
(around 0.1% order of magnitude in all cases) compared
to other double-ionization channels. In Sec. IV we discuss
overall trends in the branching ratio and some details of the
measurements of each individual target. Our experiment indi-
cates that the bond rearrangement branching ratio is highest
in the water target. The difference in the bond rearrangement
branching ratio between the three molecules is less than an
order of magnitude.

II. EXPERIMENTAL METHOD

The laser pulses in this experiment have 23 fs (FWHM in
intensity) pulse duration, a central wavelength of 790 nm, and

TABLE I. Vibrational frequencies for the stretching and bending
modes of neutral CO2, D2O, and OCS. Values are from NIST [53].

Molecule Symmetric Stretch Bend
cm−1 cm−1

CO2 1333 667
D2O 2671 1178

CO stretch CS stretch Bend
cm−1 cm−1 cm−1

OCS 2062 859 520

TABLE II. Bond rearrangement branching ratios following dou-
ble ionization of CO2, OCS, and D2O. R includes all the channels
listed in Tables III to V.

Molecular dissociation Intensity R
(1014 W/cm2) (%)

CO2+
2 → O+

2 + C+ 7.2 ± 1.3 0.0796 ± 0.0058
OCS2+ → SO+ + C+ 5.6 ± 0.8 0.0253 ± 0.0014
D2O2+ → D+

2 + O+ 6.6 ± 1.0 0.199 ± 0.016

maximum pulse energy of 2 mJ. These pulses are produced
at a 10-kHz repetition rate by a KMLabs ultrafast Ti:Sapphire
chirped-pulse-amplification laser system known as PULSAR
[54]. The laser pulse is characterized using second-harmonic-
generation frequency-resolved-optical-gating (SHG-FROG)
[55]. The peak laser intensity is determined by measuring
the recoil momentum distribution of Ne+ ions along the laser
polarization and locating the point associated with the 2Up

kinetic energy of the electron [56], where Up is the ponder-
motive energy. At this point, rescattered electrons become
more dominant than direct electrons in the above-threshold-
ionization photoelectron spectrum. Intensities in these exper-
iments were between 5.6 and 7.2 × 1014 W/cm2 as specified
in Table II.

An f = 7.5 cm spherical mirror is used to focus the laser
beam onto the supersonic molecular beam of a COLTRIMS
[50,51] apparatus, from which all the charged products from
the triatomic target are measured in coincidence by a time- and
position-sensitive detector. The OCS gas was seeded into a
helium buffer gas to cool the target and control the total count
rate on the detector. On the other hand, the CO2 and D2O
targets were not seeded in any buffer gas. The target molecules
are randomly oriented with respect to the laser polarization
in the supersonic molecular beam. The base pressure in the
spectrometer region was below 2 × 10−10 Torr, and the count
rate on the detector was around 15 kHz, or approximately 1.5
ions per laser pulse. Since the charged fragments are recorded
on an event-by-event basis, we can use momentum conserva-
tion in conjunction with the measured time and position of
all the charged fragments to reconstruct the three-dimensional
momentum distributions, as will be described below.

III. DATA ANALYSIS

In coincident molecular fragmentation studies, a standard
way to describe the likelihood of a particular outcome is with
a branching ratio [29,45–49,57,58]. (The branching ratio is
sometimes called the “relative cross-section,” “abundance,” or
“fragmentation pattern.”) We compute the branching ratio by
dividing the yield of a specific coincidence channel by the sum
of all possible products originating from a specific transient
molecular ion such as ABC2+. The branching ratio for bond
rearrangement of a doubly charged triatomic molecule, i.e.,
ABC2+ going to AC+ + B+, is

R = M(AC+ + B+)

ε
∑

i M
(

(1)Pi
) + ∑

j M
(

(2)Pj
)+∑

k M
(

(3)Pk
) , (1)

where M stands for the measured counts in each channel
after subtracting false coincidences (described below), (1)P
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FIG. 2. A region of the CTOF data for the OCS measurement. (a) Measured data with the diagonal two-body breakup islands visible for
several channels, including C+ + SO+ at the upper left. This bond rearrangement channel is clearly visible without any correction. An example
false coincidence channel, C+ + CS+, is indicated with the purple arrow and text. (b) Simulated false coincidence spectrum. (c) The CTOF
yield after subtraction of the scaled simulated false coincidence spectrum. Two-body breakup channels are identified. The main (12)C32S+ + O+

channel is accompanied by smaller satellite channels due to naturally occurring (13)C, (33)S, and (34)S isotopes. These channels are too small to
be visible in the C+ + SO+ bond rearrangement channel.

denotes all channels with a final dicationic charge state
where only single dication products were measured (including
channels such as ABC2+, AB2++ C, and A2++ BC), (2)P
stands for all the two-body ion pair breakup channels (i.e.,
AB+ + C+, B+ + AC+, and C+ + AB+) and (3)P stands for
all the three-body fragmentation channels where only the
ion pairs are measured in coincidence (like A+ + B+ + C,
A+ + B + C+ and A + B+ + C+). Note that the (1)P channels
are multiplied by the detection efficiency, ε, to correct for
the difference in detection efficiency of single ions (ε) with
respect to ion pairs (ε2), where we assumed the same detection
efficiency for all ions.

The advantage of calculating the branching ratio with
respect to all possible channels of the doubly ionized parent,
as in Eq. (1), rather than the total yield of all measured ions
is that when making a cross-molecule comparison, effects
due to target dependent factors, such as the ionization poten-
tial, are minimized [29]. If, however, the population of the
daughter dication changes with intensity, that can modify the
branching ratio and make cross-molecule comparisons more
complicated.

The goal of the data analysis is the extraction of the yields
of the various (1)P, (2)P, and (3)P channels that are needed to
calculate R. There are some complications to be addressed in
this process: One factor is that due to nonuniform detection
efficiency across the surface of the detector, we correct the
yield for position-dependent losses on our detector using
known symmetries about the laser polarization. Additional
complicating factors we address are the presence of false
coincidences, which affect the yields of (2)P and (3)P, and
the detection efficiency, which is needed to properly scale the
(1)P yields and to subtract the contributions of higher charge
states which affect the (3)P yield. The following paragraphs
summarize how we address these points.

Since we are operating in the regime of ∼1 ion per laser
pulse, we have a significant contribution from false coinci-

dences, that is, coincident ions that arise from the fragmen-
tation of two or more molecules in the same laser pulse.
To reduce their effect on the calculated branching ratio, we
generate the false coincident ion pairs by randomly pairing
ions from different laser pulses [2,59–61]. Since we can
generate an arbitrary number of random ion pairs, we identify
a purely random feature in any spectrum and generate enough
false coincidences to match it, so it is properly subtracted.
For example, in Fig. 2 we show how to subtract randoms
in the coincidence time-of-flight (CTOF) map for OCS. In
particular, Fig. 2(a) shows the SO+ + C+ and CS+ + O+
channels, which appear as narrow diagonal stripes typical of
two-body (i.e., momentum conserving) breakup of the parent
molecule [62,63]. In addition, we also observe false coinci-
dence structures, such as the C++ CS+ false coincidence peak
indicated by the purple arrow in Fig. 2(a). We scale the false
coincidence distribution, shown in Fig. 2(b), to this purely
random feature and subtract them to produce the “random
free” spectrum shown in Fig. 2(c).

To analyze the two-body double-ionization breakup chan-
nels [(2)P contributions], we calculate the momenta of each
fragment in the center-of-mass frame of the breakup (see,
for example, Ref. [64]). To limit the contributions of other
channels and other possible sources of contamination, we
set gates on the laboratory frame momentum sum, i.e., the
momentum distribution of the center of mass of the parent
molecule.

To analyze the three-body breakup channels associated
with double ionization [(3)P contributions], we select the ap-
parent ion-pair coincidence channels containing an undetected
third atomic fragment. Due to the high intensities of these
measurements, the missing atom can either be neutral or
charged. When the missing fragment is charged, we measure
the complete three-body channel, scale it by the detection
efficiency, and subtract it to reveal the three-body coincidence
channel with a missing neutral fragment. To determine the
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detection efficiency, we choose a three-body ion-pair coinci-
dence channel where the features of channels due to a third
missing neutral and charged fragment are clearly separated.
The detection efficiency is then the scaling factor required to
subtract the contributions associated with the missing charged
fragment. For an example using a similar method for deter-
mining the detection efficiency using only two-body breakup,
see Ref. [65]. Then, to calculate the momentum of the missing
atom, we compute the initial laboratory-frame velocities of
the measured ionic fragments and subtract the average initial
center-of-mass velocity of the parent molecule, as determined
from the coincidence channels where all fragments are mea-
sured. Using momentum conservation, we compute the mo-
mentum of the neutral atom.

Since momentum conservation is used to determine the
momentum of the neutral fragment, it cannot also be used to
compute the initial spread in the center-of-mass momentum
due to the temperature of the molecular beam. Therefore,
the momentum resolution is worse than the case of breakup
channels where all fragments are measured. Fortunately, the
increased uncertainty is minimal because the initial spread
of the center-of-mass momentum, i.e., the temperature of
the molecular beam, is low. For example, in the OCS mea-
surement, the transverse temperature of the molecular beam
was ∼6 K while the longitudinal temperature was ∼125 K.
The temperatures were determined by examining the sum
of momentum distributions in the laboratory frame. When
determining the yield of each three-body channel with a
neutral fragment, we correct for the competing isotopically
substituted channels that cannot be separated using the iso-
topic abundance of each atom from the NIST database [66].

In analyzing the three-body channels, we neglect most
charge asymmetric channels from the dication, like O2+ +
C + S in OCS, which are expected to have a lower rate
than the charge symmetric channels [67,68]. The present OCS
data supports this assumption, showing CS2++ O is less than
0.2% of the total double ionization yield, about an order of
magnitude less than the smallest of the three-body channels
containing two singly charged and one neutral fragment,
C+ + O+ + S. Since we are mainly interested in the branching
ratio of the bond rearrangement channels, the effect of the
charge asymmetric channels is minimal because their yields
only contribute to the denominator of Eq. (1).

Aside from statistical uncertainties, the primary contribu-
tions to the uncertainty in the evaluated branching ratio are
due to the random coincidence subtraction and the corrections
for position dependent losses.

IV. RESULTS AND DISCUSSION

The main result of this experiment is the branching ratio
of the bond rearrangement channels from double ionization
of CO2, OCS, and D2O. These findings are summarized in
Table II. There are two immediate conclusions that can be
drawn from the results. First, bond rearrangement is more
likely in D2O than in CO2, which in turn is more likely than
bond rearrangement in OCS. Second, all of the R values are
within an order of magnitude.

Carbon dioxide has been described as a “showcase” [40]
for the complexities involved in molecular fragmentation pro-

TABLE III. Branching ratios of the measured final products of
doubly ionized CO2 at (7.2 ± 1.3) × 1014 W/cm2. The CO+ + O+

channel contains contributions from both “prompt” and “dissociation
in flight,” as discussed in the text.

Fragmentation Channel R (%)

CO+ + O+ 65.6 ± 4.5
C+ + O+ + O 23.7 ± 7.3
CO2+

2 6.08 ± 0.81
O+ + O+ + C 4.6 ± 1.4
C+ + O+

2 0.0796 ± 0.0058

cesses. The intricacies in the fragmentation and isomerization
of CO2 can depend on the charge state of the ion [69–74],
metastable states of the dication [75–78], the Renner-Teller
effect [40,71], and the geometry of excited states [71,79].
As a result of these interesting features, CO2 fragmenta-
tion has been examined using electron [77,80–83] and ion
impact [84–86] as well as various photoionization studies
[40,41,69–74,87,88].

Several of these studies noted the production of O2
+

fragments [26,27,40,41], although we are not aware of any
reports of the branching ratio. The results of our double
ionization branching ratio measurement for CO2 are reported
in Table III.

Two recent strong-field studies of CO2 report the ob-
servation of the CO2 + nω → O2

+ + C+ process induced
with laser pulses centered near 800 nm [26,27]. While nei-
ther of these experiments reports an explicit branching ratio,
Larimian et al. do point out that the yield of O2

+ + C+
is approximately three orders of magnitude lower than the
CO+ + O+ channel [26]. Their estimate is consistent with
our result, which was at nearly identical pulse duration but
somewhat higher intensity: (7.2 ± 1.3) × 1014 W/cm2 in our
measurement compared to 1014 W/cm2 in their measurement
[26].

There have been a number of previous studies of the frag-
mentation dynamics in OCS following strong-field multiple
ionization [42,89–93], as well as similar studies using single
photon [8,90,94–98], ion [99,100], and electron impact [101].
Many of these studies examined three-body breakup and did
not focus on the bond rearrangement channel leading to SO+

formation. Our results for the double ionization branching
ratio in OCS are shown in Table IV. The strong preference for

TABLE IV. Branching ratios of the measured final products of
doubly ionized OCS at (5.6 ± 0.8) × 1014 W/cm2.

Fragmentation channel R (%)

OCS2+ 63.4 ± 6.2
CO+ + S+ 26.8 ± 1.4
C+ + S+ + O 5.2 ± 1.3
O+ + S+ + C 1.55 ± 0.40
C+ + O+ + S 1.49 ± 0.38
CS+ + O+ 1.358 ± 0.072
CS2+ + O 0.159 ± 0.015
SO+ + C+ 0.0253 ± 0.0014
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TABLE V. Branching ratios of the measured final products of
doubly ionized D2O at (6.6 ± 1.0) × 1014 W/cm2. As noted in the
text, the absence of the D2O2+ channel is expected from the details of
the potential energy surface of the ground electronic state of D2O2+.

Fragmentation channel R (%)

D+ + DO+ 74.6 ± 5.0
D+ + O+ + D 22.1 ± 6.8
D+ + D+ + O 3.10 ± 0.95
D+

2 + O+ 0.199 ± 0.016

CO+ + S+ over CS+ + O+ has been ascribed to the fact that
the C-O bond is stronger than the C-S bond in OCS2+ [39,97].
Here we note that the two-body CS+ + O+ channel is even
smaller than the three-body channels. We are not aware of any
previous measurements of the double ionization branching
ratio that include the SO+ + C+ channel.

Bond rearrangement in water has been the subject of a vari-
ety of studies using ion [30,102,103] and electron [44] impact
as well as single [11,37,38,42] and multiple photon absorption
[5,22,43,52]. Oxygen core excitation via synchrotron radia-
tion [11,37,38,42] suggests that the stimulation of bending
motion, or a combination of bending and symmetric stretch
modes, enhances the production of H2

+. The process leading
to the formation of H2

+ is thought to be rapid in these
situations, as short as 10 fs on the dication surface [11,42].
While fast ion impact predominantly interacts with valence,
rather than core, electrons, the bond rearrangement process
appears to be explained by a rapid process in these cases as
well, specifically a vertical ionization to the dication leading
to a small probability of reaching the H2

+ + O+ dissociation
limit [2,30,44].

When water is ionized by very short laser pulses
(5–10 fs), bond rearrangement has been reported to occur
in several measurements [5,22,43]. Recent measurements by
McCracken et al. [52], in contrast, reported no evidence of
bond rearrangement in D2O when ionized by 40-fs, 800-nm
pulses. We observe D2O2+ → D+

2 + O+ bond rearrangement
at a pulse duration of 23 fs, in between the shorter [5,22] and
longer [52] pulses used in earlier experiments. As reported
in Table II, R for water is larger than for CO2 or OCS.
The detailed analysis of the D2O fragmentation, presented in
Table V, shows that there is no yield in the main (1)P channel
(i.e., D2O2+). This is expected because the potential well of
the ground electronic state of the water dication is shallow,
supporting states with lifetime around 1 ps or smaller [104].
In addition, there may be small amounts of contamination in
the D+ + D+ + O and D+ + O+ + D channels. We estimate
that the contamination should have a negligible effect on the
branching ratio of D+

2 + O+, which is the main channel of
interest.

A theme throughout previous studies of bond rearrange-
ment [8,11,14,22,23,26–28,39–42] has been that the primary
initiating step is the stimulation of bending modes in the
triatomic molecule. With this background, it is not surprising
that the bent water molecule has the highest bond rearrange-
ment branching ratio of the molecules examined in this study.
In addition to the favorable configuration of the neutral target,

the lighter mass of the deuterium atoms in D2O can lead
to larger vibrational amplitude than for oxygen or sulfur in
CO2 and OCS, respectively, meaning that a vertical projection
of the neutral vibrational wave function onto the dication
potential energy surface(s) will sample extensive parts of
the surface(s), leading to the possibility of a greater range
of dissociation outcomes. This qualitative argument can also
explain why SO+ is less likely to form from OCS than O2

+
is from CO2, since the sulfur atom is double the oxygen
mass. Similar isotopic trends were observed in studies of bond
rearrangement in methane, ammonia and water [7,30].

The above discussion assumes a vertical transition from
the neutral to the dication potential energy surface. Note,
however, that since we are studying bond rearrangement in
a strong laser field, it is possible for the double ionization to
occur in two steps. Specifically, once the molecule is singly
ionized, the wave packet can evolve on the cation potential
energy surfaces for a short time within the duration of the
laser pulse before the molecule is further ionized, a dominant
mechanism in many dissociative ionization cases (see, e.g.,
the review by Codling and Frasinski [105]). However, the
relative importance of this mechanism in bond rearrangement
is an open question because of the need for significant change
in the nuclear geometry during the laser pulse. Such a “two-
step” ionization mechanism was invoked by Larimian et al.
[26] for O2

+ formation from CO2, which is described in more
detail later in this article. Even during stepwise ionization,
however, the wave packets associated with lighter fragments
can evolve more rapidly on the cation surfaces, allowing
more favorable bond rearrangement geometries to be reached
before the laser pulse initiates the second ionization step.
Since our measurement cannot distinguish direct versus step-
wise double ionization, we can not exclude either possibility.
To explore the role of intermediate cationic states, it may
help to perform Fourier transform vibrational spectroscopy
measurements using a strong-field femtosecond pump-probe
scheme [26,106,107].

In addition, while the simple vertical ionization explana-
tion above describes the trends in the branching ratio across
the molecules, a comparison of the angular distributions of
the bond rearrangement channels gives indications of more
complex dynamics. Figures 3 and 4 show the angular distri-
butions of the bond rearrangement channels in OCS and D2O,
respectively. In both of these molecules, the bond rearrange-
ment fragment tends to be ejected along the laser polariza-
tion direction. Several previous studies [22,39,43] described
particular mechanisms, specific to each molecule, that explain
this aligned dissociation.

As a heteronuclear, nonsymmetric, linear, polar molecule,
OCS has been a standard molecule for studies of alignment-
dependent ionization, e.g., Refs. [108–111]. Double ioniza-
tion of OCS leading to OCS2+ at 2 × 1014 W/cm2 is min-
imized for cos θ = ±1 [111], although the main two-body
dissociative CO+ + S+ channel is peaked at cos θ = ±1.
Both the dissociative and nondissociative distributions are
thought to become less sharply peaked as the laser intensity
increases and more dication states are accessible [111]. Our
observation, shown in Fig. 3, is that the bond rearrangement
(SO+ + C+) angular distribution follows the same trend as the
main dissociative double ionization channel (CO+ + S+).
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FIG. 3. The angular distribution of the OCS2+ → SO+ + O+

bond rearrangement channel (solid purple squares) and the main two-
body fragmentation channel OCS2+ → CO+ + S+ (open orange
circles). Here θ is the angle between the laser polarization and the
direction of the lighter fragment of the ion-pair. The shaded regions
indicate the uncertainty in the measurements and are small for the
OCS2+ → CO+ + S+ channel.

While the ground-state configuration of the neutral OCS
molecule is linear, the minimum energy configuration of the
dication is bent [112], with an energetic barrier of about
4 eV separating the linear and nonlinear configurations. Brites
et al. [39] performed calculations that show that at an OCS
angle of about 150◦, the OCS2+ undergoes isomerization from
OCS2+ to CSO2+. In other words, in this process the oxygen
atom migrates to the other side of the molecule. Brites et al.
further predicted that the lowest electronic state of the CSO2+

isomer is repulsive, leading to dissociation into C+ + SO+

reaction products, as observed by Sorensen et al. [8,42]. This
process increases when driven by resonant excitation of the
C 1s → π∗ transition that induces a bending mode which is

FIG. 4. The angular distribution of the D2O2+ → D+
2 + O+

(filled green squares) and D2O2+ → OD+ + D+ (open violet trian-
gles) channels where θ is the angle between the laser polarization
and the direction of the least massive fragment in the respective ion-
pair. The shaded regions indicate the uncertainty in the measure-
ments. The small decrease in the OD+ + D+ distribution around
cos θ = 0 is likely due to a small fraction of D+ fragments missing
the detector.

FIG. 5. The angular distribution of the CO2+
2 → O+

2 + C+ (solid
blue circles) and CO2+

2 → CO+ + O+ (open red squares) where θ

is the angle between the laser polarization and the direction of the
lighter dissociating fragment in each ion-pair. The shaded regions
indicate the uncertainty in the measurements. The dips near cos θ =
±1 are due to reduced detection efficiency near the center of the
detector.

further enhanced by the Renner-Teller effect [8]. This mech-
anism is triggered if the photoabsorption induces a bending
mode with the transition dipole aligned with the polarization
direction [8].

If inducing a bending mode that eventually leads to isomer-
ization reaching a dissociative CSO2+ state is also the primary
driver of SO+ + C+ production in strong-field ionization (the
previous work [8,39,42,112] involved single photons), then
one would expect a similar alignment when the process is
initiated with a linearly polarized laser pulse. Indeed, our
measured angular distribution is peaked along the polarization
direction, similar to the single photon data [8]. The peak of our
measured KER distribution is located at approximately 5.5 eV,
1.5 eV higher than the value predicted by Brites et al. [39]
for dissociation of the lowest electronic state of the CSO2+

into SO+ + C+, showing that there are differences between
the single-photon and strong-field measurements despite the
similarities of the fragment angular distributions. Additional
theoretical efforts are needed to develop further insight into
the strong-field dynamics.

Like the OCS results, our measured D+
2 + O+ angular

distribution, shown in Fig. 4, is peaked along the laser polar-
ization direction. In contrast, the main OD+ + D+ fragmen-
tation channel has a much less aligned distribution. Thus we
conclude that the angular distribution of the bond rearrange-
ment channels is not generally the same as the predominant
double-ionization channel. Mathur et al. [22] examined the
dynamics of the bond rearrangement process using velocity
map imaging after ionization by 10-fs, 790-nm laser pulses.
Our measured angular distributions, shown in Fig. 4, are
consistent with the shorter pulse measurement [22], with both
showing that D+

2 + O+ fragment ejection is strongly peaked
along the laser polarization.

While the OCS and D2O bond rearrangement channels are
aligned along the laser polarization, the angular distribution
for CO2+

2 → O2
+ + C+ shown in Fig. 5 is isotropic, at

least within the uncertainty of our measurement. The angular
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distribution of the bond rearrangement channels is also dif-
ferent than the angular distribution of the dominant double
ionization channel, CO2+

2 → CO+ + O+, which, as shown
in Fig. 5, is strongly peaked along the laser polarization
direction. These differences can originate from the angular
dependence of the ionization process. Previous measurements
of single- and double-ionization of CO2 have shown that the
ionization is peaked for different angles between the laser
polarization and the molecular axis depending on the final
state of the (di)cation [106,113,114]. For example, CO2+

2 →
CO+ + O+ is peaked for ionization parallel to the polarization
[106], while the ionization is peaked perpendicular and at 45◦
to the polarization for other final states [106,113,114]. If a
number of these CO2+

2 states lead to bond rearrangement, then
the resulting angular distribution from the combination could
be approximately isotropic.

Another possible explanation of the isotropic angular dis-
tribution for CO2+

2 → O2
+ + C+ shown in Fig. 5 are the

dynamics of the bond rearrangement process. Based on their
COLTRIMS measurements, associated calculations and fur-
ther pump-probe measurements, Larimian et al. [26] hypoth-
esized that O+

2 formation occurs after the nuclear wave packet
evolves on the CO+

2 potential energy surface toward a bent
configuration, which they estimate to occur within 25 fs. In
their model, subsequent ionization to a CO2+

2 surface with
a triangular configuration initiates the ejection of the carbon
atom.

One possible explanation of the isotropic angular distribu-
tion for the O2

+ + C+ bond rearrangement channel is that
there is a delay, after the rapid formation of the triangular
dicationic CO2+

2 states within the laser pulse duration, that
“erases” any angular dependence of the initial step(s) in the
bond rearrangement process. If this is the case, the lifetime
of the dication would need to be longer than the rotational
period of CO2+

2 but shorter than ∼150 ns. Longer lifetimes
would be detected as dissociation in flight (see, for example
Ref. [115]). The lower limit set by the rotational period is
≈ 33 ps for the J = 1 state for each of the X 3�−

g , 1�g, and
1�+

g electronic states of CO2+
2 , which we estimated using

the spectroscopic constants reported in Ref. [116]. The upper
limit is estimated by modeling our experimental conditions
to determine when prompt breakup, i.e., events that do not
significantly move in the spectrometer before dissociating, is
separated from dissociation in flight. Note neither our data nor
that of Long et al. [27] show any evidence of dissociation in
flight of the O2

+ + C+ bond rearrangement channel.
On the other hand, a fraction of events of CO2+

2 breakup
into CO+ + O+ are known to dissociate in flight [27,75],
where Field and Eland reported a mean lifetime of 900 ns
of the intermediate metastable CO2+

2 [75]. The angular dis-
tribution of the CO+ + O+ presented in Fig. 5 focuses on
the prompt dissociation, which is observed to be aligned
along the laser polarization, in contrast to the O2

+ + C+ bond
rearrangement channel which is isotropic.

While the branching ratio for bond rearrangement pro-
cesses in polyatomic molecules such as ammonia and methane
[7] can vary over orders of magnitude (e.g., the large H2

+ +
CH+

2 channel in methane), it is curious to note the relatively
similar branching ratios for the triatomic molecules examined
here. Despite the differences in the structure and bonding of

the molecules, and the observed differences in the angular
distributions of the bond rearrangement fragments discussed
above, the bond rearrangement branching ratios in double
ionization are all within an order of magnitude of each other.
This is consistent with previous measurements of similar
branching ratios in water [30] and even acetylene [28], where
the H2

+ + C+
2 channel was estimated to be 0.05% of the

dominant ion-pair channel H+ + C2H+. Theoretical treatment
may reveal if the similarity in the branching ratios is just a
coincidence or if there is a general predisposition for bond
rearrangement involving two atoms located at the edges of a
small molecule to occur at this level.

V. SUMMARY

The strong-field induced bond rearrangement branching
ratio of three doubly ionized triatomic molecules (CO2, OCS,
and D2O) was measured to provide comparative information
about the bond rearrangement process in which the two edge
atoms break from the center atom and reform into a diatomic
ion. Out of these triatomic molecules, bond rearrangement oc-
curs most often in water, which has an initially bent geometry
and the least massive edge atoms. The mass-dependent trend
extends to CO2 and OCS, where the more massive sulfur atom
on the edge of the OCS molecule can qualitatively explain the
lower bond rearrangement branching ratio in OCS compared
to CO2.

Both D2O and OCS are more likely to undergo bond rear-
rangement that ejects the newly formed molecular ion along
the laser polarization, which is consistent with previous expla-
nations of these processes [8,22,39,42]. Bond rearrangement
in CO2, in contrast, leads to a nearly isotropic distribution
of the O2

+ + C+ breakup. Furthermore, OCS was the only
molecule in which the bond rearrangement channel had an
angular distribution that was similar to the main dissociative
double ionization channel. Thus it appears that the details
of the bond rearrangement mechanisms are different in the
molecules studied here.

Despite these differences between CO2, OCS, and D2O,
however, the double ionization bond rearrangement branching
ratios are similar in the three molecules. This similarity is
somewhat curious since the differences are much less than ob-
served in similar measurements of slightly larger polyatomic
molecules [7]. An increased theoretical understanding of these
processes is necessary to determine if the similarities are a
product of some general behavior of bond rearrangement in
triatomic molecules.
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