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ABSTRACT

We present an investigation of the relaxation dynamics of deuterated water molecules after direct photo-double ionization at 61 eV. We focus
on the very rare D™ + O" + D reaction channel in which the sequential fragmentation mechanisms were found to dominate the dynam-
ics. Aided by theory, the state-selective formationand breakup of the transient OD*(a'A, b'Z") is traced, and the most likely dissociation
path—OD*: a'A or b'2* - A °IT - X *27 = B *X”—involving a combination of spin-orbit and non-adiabatic charge transfer transitions
is determined. The multi-step transition probability of this complex transition sequence in the intermediate fragment ion is directly eval-
uated as a function of the energy of the transient OD" above its lowest dissociation limit from the measured ratio of the D* + O + D
and competing D +D* + O sequential fragmentation channels, which are measured simultaneously. Our coupled-channel time-dependent
dynamics calculations reproduce the general trends of these multi-state relative transition rates toward the three-body fragmentation

channels.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0159300

. INTRODUCTION

The concept of reaction coordinates is elemental in chemistry
as it describes the evolution from reactants to products with vari-
ous intermediates and transition states in between. Transition states
and their reaction rates are nearly impossible to observe and identify,
as their activation energies, i.e., the local maxima on the poten-
tial energy landscape, cannot be directly measured. However, it is
not only the activation energy that is crucial to the progress of
bond-forming and bond-breaking reaction steps. Charge redistribu-
tion and electron transfer during a chemical reaction also influence
the possible pathways and outcomes, as well as the reaction rates.
Among several processes, electron transfer in single molecules can

be initiated by spin-orbit coupling (SOC), which is a relativistic
quantum effect due to the coupling of the electronic orbital angular
momentum and spin. SOC happens between electronic states having
potential surfaces that cross, approach each other, or run parallel in
any nuclear degree of freedom.’ The relevant geometries for these
conditions may be far from equilibrium and represent a small sub-
set of the accessible potential energy surfaces. Therefore, in many
molecules consisting of light atoms, the role of SOC is considered to
be rather minimal.’

It is at the heart of modern ultrafast science to trace and
time the coupled non-adiabatic motion of electrons and nuclei in
molecular dissociation processes that create transitional species,
which make effective SOC possible and consequently impact the

J. Chem. Phys. 159, 000000 (2023); doi: 10.1063/5.0159300
Published under an exclusive license by AIP Publishing

159, 000000-1

41
42
43
44
45
46
47
48
49
50
51

52
53


https://pubs.aip.org/aip/jcp
https://doi.org/10.1063/5.0159300
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0159300
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0159300&domain=pdf&date_stamp=9999-99-9
https://doi.org/10.1063/5.0159300
https://orcid.org/0000-0003-4604-4431
https://orcid.org/0000-0001-8891-1359
https://orcid.org/0000-0002-3882-9100
https://orcid.org/0000-0003-3982-5037
https://orcid.org/0000-0002-3252-260X
https://orcid.org/0000-0003-2040-1453
https://orcid.org/0000-0002-2525-5486
https://orcid.org/0000-0002-4770-6348
https://orcid.org/0000-0003-0865-9195
https://orcid.org/0000-0002-7200-3775
https://orcid.org/0000-0002-6214-3520
https://orcid.org/0000-0002-4621-4552
https://orcid.org/0000-0003-3756-2704
mailto:tweber@lbl.gov
https://doi.org/10.1063/5.0159300

54
55
56
57
58
59
60
61
62
63
64
65
66
67

68

70
71
7
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

The Journal

of Chemical Physics

mechanisms and outcomes of chemical reactions. In this study, we
follow the creation of a short-lived molecular ion intermediate in
either of two different electronic states. Moreover, we measure the
transition probabilities of OD™ leading to O + D or D* + O dissoci-
ation, which are multi-step transitions governed by SOC and charge
transfer.

The double ionization of (deuterated) water followed by the
breakup of the dication is an ideal system in which to study such
dynamics. It can lead to many fragmentation channels depending
on the populated electronic state as well as on the rotational and
vibrational modes of the molecule. The water dication can fragment
into two bodies, D™ + OD**'* and D; + O",291 1% or dissociate
into the competing three-body channels D* + D* + 0”'»'****! and

3 99

D' + OT + D.” %% The latter, D* + O + D, fragmentation
channel is especially interesting as it is very rare compared to the
D* + D" + O breakup, even though the dissociation limits of
these two channels are nearly degenerate. Production of the D*
and O" fragments may happen directly following double ioniza-
tion or proceed in a sequential way, i.e., by breaking one bond at
a time, depending on the photon energy and the reaction pathway
on the multi-dimensional potential energy surfaces (PESs). PESs
and non-adiabatic coupling matrix elements, even for simple tri-
atomic molecules, are not widely available for highly excited and
dication states, as they are expensive to calculate, and, hence, the
interpretation of the experimental results is challenging. We hasten
to add that, for small molecules, alternative theoretical approaches
are feasible.”

In contrast to the rare D¥ + O' + D channel, the direct and
sequential (also known as concerted and stepwise, respectively) pho-
todissociation of D,O*" into D + D* + O has been studied in great
differential detail in a collaboration of experiment and theory." "'
There have also been a number of earlier investigations in which
the D™ + O + D fragmentation channels have been observed.
These studies included ion impact,’"‘s‘ electron impact,g’ll‘y

o)

~and
single-photon double ionization.” “** Yet none of these studies fol-
lowed the dynamics of the transient reaction products. Instead,
these experiments focused on identifying the fragmentation chan-
nels with, in some cases, speculations about the electronic states
involved. They found contributions from either direct dissociation,
indirect double ionization, or fragmentation via multi-step pro-
cesses. Most of these studies obtained wide distributions of kinetic
energy release (KER) upon fragmentation, covering energies from
5 eV up to 50 eV, which can be ‘explained by the population of
a variety of excited states of the dissociating D,O** dication that
eventually results in the final products mentioned above. Photoab-
sorption experiments close to the double ionization threshold™’
yielded KER distributions centered at about 5 eV, which are consid-
erably smaller than the KER values obtained in the x-ray regime”*
or in electron-'"'* and ion-impact studies® where Auger decay is the
dominant process. The smaller KER studies must involve autoion-
ization or a sequential dissociation process since the potential energy
curves (PECs, i.e., cuts through the PESs, depicted in Fig. 2 of
Ref. 20) of the states leading directly to D™ + O* + D fragmentation
after double ionization of D, O lie some 20 eV above the vertical dou-
ble ionization threshold and are steeply repulsive. To maintain the
present focus on pathways involving SOC in the molecular transient,
we will not discuss autoionization further in this work and refer the
reader to a separate publication by the authors for that study.”®

ARTICLE pubs.aip.org/aipl/jcp

Despite all these investigations on the three-body fragmenta-
tion of D0 into D* + O* + D, a complete picture of the sequential
fragmentation processes at play in water after photo-double ion-
ization (PDI) is still lacking. The evolution of intermediate species
remains elusive because their transition rates cannot be easily iden-
tified and followed in the lab. In this report, the formation and
dissociation of the transient OD" in its excited electronic states are
observed, and the branching ratios (BR) for the production of two
competing three-body channels, D¥ + D™ + O and D" + O* + D,
are measured simultaneouslyand quantified by theory. Importantly,
as we will see below, this branching ratio is the direct measure of
the A *IT - X *2~ - B>X~ transition probability in the dissociating
OD" intermediate.

Il. EXPERIMENT

The experiments were performed at the undulator beamline
10.0.1.3 at the Advanced Light Source (ALS) synchrotron ring at
Lawrence Berkeley National Laboratory (LBNL) using 61.0 eV lin-
early polarized photons to investigate the fragmentation dynamics
of D>O molecular targets. The photon energy resolution was set to
~200 meV using the 10.0.1 monochromator.”” Since the fragmenta-
tion channel of interest is very rare, the photon energy of 61.0 eV
was chosen to be near the maximum of the PDI cross section of
the water molecule. The experimental setup was similar to the one
described in Ref. 14. In brief, a preheated supersonic gas jet consist-
ing of D,0 vapor with a stagnation pressure of 2 bar was formed
by heating the nozzle, the gas line, and the D,O reservoir to tem-
peratures of 125,115, and 105 °C, respectively. The supersonic gas
jet was collimated laterally by two skimmers (with 0.3 and 0.5 mm
orifice diameters) and then crossed with a photon beam inside the
particle 3D-momentum imaging spectrometer of a reaction micro-
scope, a.k.a. the COLd Target Recoil Ion Momentum Spectroscopy
(COLTRIMS) apparatus.” "’ A static electric field of 12.2 V/cm and
a parallel magnetic field of 10.2 G guided electrons and ions to
two micro-channel plate detectors, each equipped with a delay line
readout,”””” which were located at the opposite ends of the spec-
trometer. Electrons of up to 30 eV and ionic fragments of up to
22 eV were collected with 47 solid angle. The neutral O and neu-
tral D fragments of the competing D* + D™ + O and D* + O* + D
reaction channels were not measured directly, but their momenta
were derived using momentum conservation. Choosing DO as
the target molecule enabled us to distinguish between PDI events
from any residual H,O background present in the vacuum chamber
(%1.2 x107® Torr) and the supersonic gas jet. Moreover, the elec-
tric extraction field and spectrometer geometry were optimized to
ensure that there was no overlap between the D* + O + D channel
and the neighboring OH* + D and OD™ + D* two-body breakups
in the PhotolonPhotolon COincidence (PIPICO) time-of-flight
(TOF) spectrum (not shown here). Hence, the breakup channel of
interest could be cleanly isolated in the PIPICO-TOF for further
analysis.

Photoionization above the double ionization threshold leads
to the dissociation of D,O*, primarily to D' + D' + O or
D" + OD" (see Ref. 14 for the iso-energetic H,O molecule). The
D* + O* + D three-body breakup channel is very weak. Neverthe-
less, in the present study, it could be identified and isolated with
significant statistics for detailed analysis. The PDI yield branching
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ratios of these three fragmentation channels are 47.5% for OD* +
D*, 51.8% for D* + D* + O, and 0.7% for D* + O* + D with a
relative error of <1% each. The 47.5% for D* + OD™ refers to the
fraction that goes into long-lived rovibrational states of OD* (hav-
ing lifetimes longer than the 4 ys TOF to the detector) and does not
contribute to what is observed as three-body dissociation, while the
51.8% refers to the total fraction that fragments into D¥ + D¥ + O
either via direct or sequential breakup.

In general, the branching ratios are affected by the detection
efficiencies of the D, OF, and OD™" ions on the MCP detector,
which scale with E/y/m of the particles. Yet, with an overall kinetic
energy of around 2.2 keV gained in the particle extraction and
post-acceleration regions of the imaging spectrometer, the ion detec-
tion efficiencies of all species measured are actually very similar
(specifically, they are estimated to be ~0.5 for O and average to
the same value for particles like H; and D* according to Ref. 33.
Values for OD™ are not known but are expected to be the same as
for O%).

Il. SEQUENTIAL BREAKUP OF D,0%" INTO D* + O* + D

As mentioned in the introduction, the rare D* + O" + D
three-body breakup channel is further characterized by the competi-
tion between direct double ionization and autoionization processes.

ARTICLE pubs.aip.org/aipl/jcp

The investigation of the autoionization process can be found in
Ref. 26. In the present work, we isolate and analyze the direct
PDI process. We achieve this by selecting the PDI events in which
either of the two detected electrons exhibits a kinetic energy of
E. > 2.5 eV, which primarily excludes low energy electrons that typ-
ically stem from double ionization involving auto-ionization (see
Fig. 9 in Appendix A). In the next steps, we determine the relevant
water dication states and fragmentation mechanisms at play, iden-
tify the sequential fragmentation events of interest (see Sec. I1I A),
and then trace the dissociation pathways governed by SOC and
charge transfer that lead to the final products D™ + O* + D (see
Sec. IIT B). This enables us to retrieve the branching ratios for the
electronically excited OD* transients that dissociate to O + D
(see Sec. 111 C).

A. Electronic states and fragmentation mechanisms

Water Dication States: Absorbing a 61 eV photon in water can
photo(double)ionize the target and populate several valence dica-
tion states (see the top panel in Fig. 1). The measured electron sum
energy (see Fig. 10 in Appendix A) peaks around 17.2 eV and spans
the six lowest excited dication states, 1' A, 1'By, 1°A,, 1°By, 2' Ay,
and 1'A,. None of these correlate with the D™ + O" + D dissoci-
ation limit directly. In the investigation reported here, we mainly

FIG. 1. Sketch of the PDI of D,0 populating several dication states (upper panel), followed by the two-body breakup into OD* + D*, providing ample time for the transient
OD* ion to rotate (middle panel) before either dissociating into D* + D* + O or, less likely, electron transfer in the OD* intermediate takes place, which is producing
D* + O* + D (lower panel). Mainly the two water dication states 1'B and 2'A; are populated, which feed the transient OD* (a' A, b' ), respectively, in each fragmentation
channel. These sequential dissociation routes can be exquisitely followed with the native fame analysis (see text).
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focus on the 1'B; and 2'A, states, as they are known for hav-
ing substantial contributions from sequential fragmentation’' and,
therefore, are promising candidates to study the formation and dis-
sociation of OD* intermediates. While the 1' A; dication state might
be considered as well because it undergoes predominantly (98.4%)*
two-body breakup, it feeds the bound electronic ground state of
OD" with insufficient internal energy to dissociate and yield notable
three-body production.'* While focusing on the 1'B; and 2' A, dica-
tions, at this point, we cannot dismiss the possibility that there are
other competing states and dissociation mechanisms that contribute
to the D* + O™ (*S) + D production with similar excess energy
and KER.

To determine the dissociation limit of the D™ + O™ + D three-
body breakup channel of interest, we plot in Fig. 2 the measured
yield distribution of the total kinetic energy of the final products,
i.e., the measured sum energy of the two electrons and the KER. The
presented spectrum reveals that the direct PDI (black line) leading
to D¥ + O" + D ends up at a dissociation limit very close to the
D" + D" + 0(p) breakup (purple line). We thus conclude that the
measured total kinetic energy is correlated with the D* + O*(*S)
+ D limit, which is nearly degenerate with the D* + D* + O(C’P)
limit (with an energy gap of ~20 meV)’*”* and is well below the next
nearest dissociation limit of D + OY(®D) + D, which is expected to
be 3.3 eV higher.

Fragmentation Routes: The sequential fragmentation of
D,0**(1'B;,2'A;) into D* + D* + OC’P) via D* + OD™ has been
recently investigated with a focus on two breakup paths.”! The sec+
ond step in this sequential fragmentation process, namely the OD*
dissociation to D* + OCP), is driven by the SOC between the a'Aor
b'=* intermediate states and the A’II state of OD™, the latter cor-
relating with O(’P) + D*. We now seek to understand if additional
SOC and charge transfer can alter the dissociation pathway leading
to D" + D* + O such that it can produce D* + O* + D. If sequential
fragmentation into D* + O + D proceeds via the same transient
OD" states, then a distinguishing mechanism must exist in the sec-
ond breakup step, i.e., the OD” dissociation yielding O*(*S) + D

x10°

4 ‘
— D*+O*+D total DDI

— D*+D*+0 all states
O(1D)\

Counts

15 24 32
Total kinetic energy (eV)

FIG. 2. Total kinetic energy Eesum + KER for the Dt + D* + O breakup (purple
line) and for the direct double ionization (DDI) process leading to D* + Ot +D
(black line) upon PDI of D,O with 61 eV photons. All error bars reflect one standard
deviation of the statistical uncertainty.
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instead of D™ + O(’P). Next, we will track the OD" intermediate
and quantify the ratio of each reaction channel produced during the
dissociation process of this transient ion. This ratio is a direct mea-
sure of the transition probability leading to an OD™ dissociation into
O" + D rather than D* + O.

Sequential Dissociation: We now turn our attention to the
investigation of the kinematics and energetics of this breakup pro-
cess. Specifically, we are interested in the dynamics of the populated
metastable states of the OD" intermediate, which were identi-
fied by Gervais et al."” and examined in our recent joint experi-
mental/theoretical study.”’ Specifically, this sequential breakup in
heavy water, observed in our experiment, begins with the two-body
dissociation (see middle panel in Fig. 1),

D,0*" - D' + OD%, (1)

followed by the dissociation of the metastable OD™ transient ion (see
bottom panelin Fig. 1),

op* - D' + O(P). (2)

Between these two fragmentation steps, the intermediate
excited OD" fragment rotates for a sufficient duration, i.e., longer
than its rotational period (estimated to be about 1 ps using the rigid-
rotor approximation for OD" at Ro_p = 2 a.u. and j = 1), in the
fragmentation plane to erase any angular correlation between the
two breakup steps, therefore leading to a uniform angular distribu-
tion of the O-D™* dissociation direction [Eq. (2)] with respect to the
OD"-D™ breakup axis of the first dissociation step [Eq. (1)]. We
used this assumed full rotation of the OD™ intermediate to extract
the dynamics of this sequential fragmentation process and identified
two specific pathways,”’ namely

D,0°"(1'B;) — D' + OD"(a'p), (3)

D,0**(2'A;) -» D" + oD*(b's"). (4)

To reach the intermediate D + OD*(a'A, b'=") dissociation limit
in this sequential breakup, the D,O**(1'B;,2'A;) dication needs
to undergo an asymmetric stretch starting from its symmetric Cay
geometry [for PECs, see Fig. 1(a) in Ref. 21]. We will be labeling
the various water dication states by their symmetric (Cay) spectro-
scopic designations, Ai, A, Bi, and B;, with the understanding
that at asymmetric geometries these should be replaced by their Cs
designations, A A" A" and A, respectively.

Both intermediate OD™ states listed in Eqgs. (3) and (4) can lead
to the D™ + D* + O(CP) final products via a spin-orbit mediated
transition from the a' A or b'=* to the A’II state of the metastable
oD* fragment.l‘\’"w‘“ However, it is also conceivable for a more exotic
sequential process to occur, wherein the dissociating intermediate
OD" molecule undergoes a different spin-orbit mediated transition,
enabling dissociation to the O + D limit, namely

OD*(a'A,b'E™) » O (%) + D. (5)

The latter fragmentation step listed in Eq. (5) results in the very rare
three-body breakup D* + O*(*S) + D, which is the reaction channel
of interest in this study (see bottom panel in Fig. 1).
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To summarize, in this reaction, the 1'B; and 2' A; water dica-
tion states, which predominately dissociate in a sequential fashion to
D' + OD?, feed the electronically excited a'Aand b'Z" states of the
OD™ cation [see Eqs. (3) and (4)]. The PECs of the OD* ion and the
vibrational levels of the a' A and b' =™ states of the intermediate OD™
ionic fragment, both correlating with the D* + O('D) dissociation
limit, are shown in Fig. 3.

We used the native frames analysis method”"* to confirm
these OD™ cation states as active transients in our experiment,
producing D* + O* + D (see Appendix B for details about the
method). The native frame analysis provides us with the emission
angles and kinetic energies of the two separate dissociation steps
and is thus well-suited for the following in-depth investigation of
the sequential fragmentation. In Fig. 4, we plot all the measured
D" + O™ + D events (except the ones associated with autoioniza-
tion) as a function of the kinetic energy released in the second step,
KERop, and the angle 6opp between the conjugate momenta of
the first dissociation step (OD*-D*) and the second dissociation
step (O"-D).

The broad angular distribution at low KERop, within the
red rectangle in Fig. 4, resembles to some degree the distribution
expected for a slow sequential breakup via an OD™ intermedi-
ate, which rotates long enough in the fragmentation plane to yield
a nearly uniform angular distribution, as expected in our native
frames analysis. However, looking more closely, the projected angu-
lar distribution of the relevant events within the red rectangle in
Fig. 4, shown in Fig. 5, is far from the expected flat distribution,
N(6op,p) = constant, i.e., a uniform emission pattern in the frag-
mentation plane [compare with the uniform distribution in Fig. 2(c)
in Ref. 21 for the D* + D* + O channel and also see Fig. 11 in
Appendix C]. Note that 8opp is the angle between the conjugate
momenta Popp and Pop vectors, which define the fragmentation

37,38

2 T
L ] il
B aA 1
L — bz ]
1~ = |
r A
i BY | ]
~ x|
> 0 T —————]
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= F 1
&0 r 4
o I 1
5 -1 ()’L’SMI)\*
L N
Al o’pm+p" 1|
r 1a A
3
0 8
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FIG. 3. Selected OD* PECs. The vibrational levels of the a'A, b'>*, and 1'I1
cation states are shown, as well as the PECs of the °=~, A%IT, X*=~, and B2~
states. The dissociation limits of the latter four states are shown in the zoomed-
in inset. The a'A, b'=*, and 1'II states all dissociate to D* + O('D), 1.95 eV
above the O*(*S) + D dissociation limit. The zero of energy is taken to be the
0*(*S) + D dissociation limit.
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Oopp (deg.)

o A PP A
00 05 10 1
KERyp, (6V)

FIG. 4. Al D* + O* + D events of D,0 following direct PDI with 61 eV photons
as a function of the kinetic energy release in the second breakup step, KERqp,
and the angle, 6opp, between the conjugate momenta of the first and second
dissociation steps. The broad angular distribution at low KERqp (i.e., within the
red rectangle) is associated with the sequential breakup of D,0%* via the D* +
OD™ intermediate, followed by OD* — O* + D (i.e., resulting in the final products
D* + O* + D). The events outside the red rectangle, which also yield D* + O*
+ D, stem from fragmentation Scenarios (1) and (3), described in this paper (see
Appendix E), as well as from other dissociation mechanisms that will be discussed
in detail elsewhere.

plane, and it represents the rotation of the second breakup direc-
tion relative to the first step within this plane (therefore, this angular
distribution is plotted with equal bins in Figs. 4 and 5). This puz-
zling angular distribution is a consequence of the poor momentum
resolution of the inferred neutral D fragment in our experiment
and the very low KERop (<0.25 eV) in the second step of this
fragmentation process. In Fig. 5, we also show a simulated angu-
lar distribution that is expected once the experimental uncertainties

600

— Experiment
e Simulation

400+

Counts

200

0 ‘ ‘ :
0 45 90

Oop b (deg.)

FIG. 5. Measured D* + O* + D events with KERgp < 0.25 eV upon PDI of
D,0 with 61 eV photons as a function of the angle, fopp, between the con-
jugate momenta of the first and second dissociation steps. The simulated data
reflect the effect the experimental uncertainties have on this angular distribution
for an assumed initial uniform distribution, i.e., N(6opp) = constant (see text and
Appendix C). The degree of asymmetry of the distribution around its mean, i.e., the
skewness, is 0.13 for the experimental distribution, while the simulated distribution
is symmetric about 90° (i.e., skewness = 0). All error bars reflect one standard
deviation of the statistical uncertainty.

J.

Chem. Phys. 159, 000000 (2023); doi: 10.1063/5.0159300

Published under an exclusive license by AIP Publishing

159, 000000-5

346
347

348
349
350
351
352
353
354
355

356
357
358
359
360
361
362
363

364
365
366
367
368
369

371
372


https://pubs.aip.org/aip/jcp

376

379

391

393
394
395
396
397

399
400
401
402
403
404
405
406
407
408
409
410
411
412
413

414
415

416
417

418

419
420
421
422
423
424
425
426
427

The Journal

of Chemical Physics

affecting the expected uniform angular distribution are included
(see Appendixes C and D for details). For the most part, this
simulated distribution agrees with the measured one, therefore sup-
porting the assignment of the events within the red rectangle in
Fig. 4 as sequential fragmentation via an OD" intermediate, which
rotates in the fragmentation plane and has a KERop smaller than
0.25 eV. However, there is a noticeable mismatch between the exper-
imental and simulated distributions of 6op,p. The experimental
distribution of Oop,p is asymmetric (skewness = 0.13), while the
simulated distribution is centered at 90°. This small mismatch indi-
cates the presence of another dissociation scenario at play leaking
in from fragmentation mechanisms that are mainly present outside
the red rectangle in Fig. 4. As can be seen in Fig. 4, events out-
side the red rectangle show Oop,p peaking between 45° and 90°,
which is in agreement with the direction of the observed skewness
in Fig. 5.

Competing Minor Direct Fragmentation Scenario: Indeed,
after careful examination, we also found that a direct three-body
fragmentation into D™ + O + D, proceeding via symmetric OD
stretch, is possible for direct PDI, populating the 1'B, state [Sce-
nario (1) in Appendix E 1]. It has similar energetics and kinematics
in the lab frame and molecular frame as the sequential breakup and
partly resides inside the red rectangle of Fig. 4 (see Appendix E 3
for details). The direct and sequential dissociation routes cannot
be completely separated. This dissociation scenario, which is also
present outside the red rectangle in Fig. 4, is part of the reason for the
observed skewness in Fig. 5. Yet, the direct fragmentation involving
SOC driven transitions from the 1'B; state of D,O?" to either of the
neighboring 2° A, or 2°B; triplet states, on which the water dication
symmetrically stretches and finally reaches the D* + O" + D dissoci-
ation limit, is a minor channel contributing 16% at most, compared
to the sequential dissociation of this dication state; for completeness,
the experimental and theoretical findings of this breakup scenario
are described in Appendix E 3.

Other fragmentation routes via intermediates such as OD**
+ D or DI + O" as the first dissociation step are not energeti-
cally accessible, as observed from the measured electron sum energy.
Hence, we can conclude that the sequential fragmentation process
via the OD* transient is mainly governed by the dissociation path-
ways of the 1'B; or 2'A; states of the water dication to produce
D"+ 0" +D.

While we have identified a slow sequential breakup as the most
prominent dissociation pathway for the events in the red rectangle
in Fig. 4 (KERop < 0.25 eV), at this point we still cannot rule out the
possibility that other states besides the two identified 1'B; and 2' A,
dication states may contribute to these events.

B. Sequential dissociation pathways via D* + OD*

Tracing the OD™ Dissociation: In the following, we focus on
the sequential fragmentation pathways of the D,O** (1'B;,2'A})
dication leading to a three-body breakup. After establishing that
both reaction channels—the dominant D* + D" + O and the rare
D" + O* + D—start out via the same sequential D™ + OD* dis-
sociation pathway, we now have to understand how additional
SOC or charge transfer transitions in OD*(a'A, b'=*) produce
0" (*S) + D instead of D* + O(’P). Returning to Fig. 4, we note
that sequential fragmentation via OD™ yields a very low KERop in
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the second step, i.e., the OD* dissociation into O + D (<0.25 eV).
This low KERop indicates that the process is most prominent near
the dissociation threshold, and we only focus on these events in the
following analysis.

Only two OD" states, namely 1°Z~ and B’X", dissociate to
ground-state O* (*S) + D (see Fig. 3). Our initial hypothesis was
a subsequent SOC transition from the a'A or b'>* states of OD™
to the °X state (see Fig. 3), which then produces ot (48) + D, ie,
generates the final products D™+ O" + D. However, this scenario is
very unlikely due to the higher KERop associated with this dissocia-
tion (see Fig. 3) and the required inefficient SOC transition between
the singlet and quintet states (see Appendix E 2 for more details).

Spin-orbit mediated transitions from either the a' A or the b'X*
states of OD™ to the A>T state, which we have shown to be a domi-
nant route toward D* + OCP) dissociation,’! may lead to the O* *s)
+ D dissociation limit via additional transition(s). The a'A or b'E*
to A’II transitions are associated with a few tenths of picosecond
lifetimes' > [corresponding to more than 100 vibrational periods
of the relevant vibrational OD"(a'A, b'E") states that are marked
as black and green wavepackets in Fig. 3, which are on the order
of a few femtoseconds]. Recently, Hechtfischer et al.** studied the
photodissociation of OH™ just above the H" + O(CP) dissociation
limit with high spectroscopic resolution. They noticed dissociation
occurring predominantly in the H" + O but also in the O + H final
products. The observation of the latter channel was attributed to a
non-adiabatic coupling of the A®TI state of OH, correlated with
the H* + OCP) dissociation limit, to states that are dissociating to
the nearly degenerate O*(*S) + H limit. That led us to consider the
direct coupling of OD*(A®M) to either 1°~ or B>S™. After careful
examination, we concluded that this direct coupling cannot produce
a significant amount of O* + D relative to the D* + O yield (see
Appendix E 2 for more details).

Another possibility is considering the ground X*Z " state as an
additional OD™(X>2") intermediate to facilitate the electron trans-
fer. Both the A®IT and X>3~ states of OD™ dissociate to D* + OCP);
they are connected by a SOC, which, for intermediate to large R val-
ues, is, to a good approximation, just the fine-structure splitting of
atomic oxygen and is R-independent. The X’™ and B*2" states, in
turn, are more strongly coupled at large distances by electronic cou-
pling than by the angular coupling that connects the A*IT and B*X~
states. O-D* charge-exchange between the X and B *X~ states has in
fact been well-studied theoretically''** and experimentally,”*® and
the cross sections have been found to be significant near the thresh-
old. Based on the calculations to be described below, we estimate the
timescale of this A *II - X *2~ — B *Y~ dissociation sequence to be
on the order of ~700 ps.

In summary, we find that the most likely sequence of steps for
sequential dissociation of D,O** via the D* + OD™ breakup, leading
to O*(*S), involves the production of OD*(a'A, b'E*) intermedi-
ate ions from two-body dissociation on the 1'B; and 2'A; surfaces
of the water dication, which then produce OD*(A’II) by SOC. An
atomic spin-orbit interaction then strongly mixes the A*IT and X*~
states, while an asymptotic electronic coupling between the X*2~
and B’X” states triggers the charge-transfer that leads to the final
reaction products D* + O + D [Scenario (2) in Appendix E 1].
The last step in this scenario is reminiscent of our earlier study
of dissociative electron attachment to NH; molecules, where an
asymptotic charge-transfer between NH, + H and H™ + NH, was
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investigated.”” Those states are split by 0.02 eV, just like the splitting
in the present case of the OD" dissociation, and we found in that
case a transition probability of about 40%.

Competing Minor Dication State: Before proceeding with a
quantitative examination of the efficiencies of the complex multi-
step OD¥(A *T1 - X °Z7 - B *27) sequence of SOC and charge
transfer transitions, we are now in a position to address the question
raised above about the possibility of other dication states con-
tributing to the O" production at low-KERop. In particular, the
1°A, dication state, which lies energetically between the 1'B; and
2'A; states in the FC region, correlates directly with the interme-
diate OD*(A’II) + D* products. Since less than 1% of the 1°A;
dication state decays via two-body breakup,” it contributes pre-
dominately via direct three-body fragmentation to the D™ + D"
+ O production. Yet, the small percentage that does decay asym-
metrically leads directly to OD*(A’IT) + D*, while the championed
1'B; and 2'A, states under study require a SOC to produce the
A’TI state of OD*. Hence, further investigation with regard to this
competing dissociation path is warranted. Figure 6 shows the elec-
tron sum energy that correlates with the production of D* + O*
+ D for low-KERpp (£0.25 €V). The distribution can be well fit
using three states (employing only two states gave unsatisfactory fit
results). The Gaussian width is extracted from the fit to the elec-
tron sum energy distribution for all events that result in the direct
three-body channel D* + D* + O (not shown here). The difference
between the widths of the 2'A;, 1°A,, and 1'B; dication states is
very small (less than 10% disparity). Therefore, we used the same

1200 — - Y
2'A, 1°A, 1'B,
900+
[2]
€
3 600+
O
300+
0 T — T T
12 14 16 18 20 22

Electrons sum energy (eV)

FIG. 6. Measured electron sum energy, Eesum, for the dication states leading to
low-KERqp (<0.25 eV) contributions of the D* + O* + D fragmentation channel
(black line) upon PDI of D,O with 61 eV photons. The vertical lines indicate the
positions of the dication states. Three Gaussians are fitted to the data. The first
Gaussian fit (red line) represents the 2'A; dication state (20.4 + 1%), the second
Gaussian fit (green ling) represents the 13A, dication state (24.2 + 1.2%), the third
Gaussian fit (blue line) represents the 1'B; dication state (55.4% + 0.9%), and the
sum of all three Gaussians is shown as the magenta line. All error bars reflect one
standard deviation of the statistical uncertainty.
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widths for the fits of the three states. This procedure reveals that
indeed the 1°A, dication state contributes around 24.2%. Since the
SOC between the OD"(a'A, b'=") and OD* (A1) cation states is
the main cause for the sequential dissociation to be slow, remov-
ing that SOC will certainly make the breakup faster. Therefore, we
can describe the breakup of D,O**(1°A;) as a faster dissociation
with little chance for at least one full revolution of the short-lived
OD*(A’II) transient, leading to OD*(A’[T)-D* while populating
continuum vibrational levels of OD ™ (A>II) at or just above its disso-
ciation limit in order to produce the low-KERop. The OD™(A’II)
transient cation state then connects to the OD*(X’Z7) state by
atomic SOC, followed by a charge-exchange to form OD*(B*27),
which then dissociates to O + D [Scenario (3) in Appendix E 1].
We will show elsewhere that the 1°A, dication state, which pro-
duces DY + O* + D exclusively by direct dissociation, affects events
beyond the red rectangle in Fig. 4. It is the main contributor to the
O" production outside that rectangle, i.e., it produces D* + O + D
with a high-KERop (>0.25 eV). Nevertheless, the analysis of the slow
sequential decay of the 1'B; and 2'A; dication states suffers from
some contamination caused by the fast-sequential breakup of the
17 A, state, which we estimate to be 17% and 38%, respectively. These
contributions are also causing the skewness observed in Fig. 5. They
stem from the different angular distribution of the contributions
outside the red rectangle in Fig. 4.

C. Dissociation branching ratios of transient
electronically excited OD*

Theoretical Treatment: In the present context, we concluded
that the X’%™ state of the OD" intermediate facilitates the trans-
fer from the A®IT to the B*Y ™ state of the transient ionic fragment.
To test this hypothesis, we carried out a simplified time-dependent
treatment of the OD* dissociation dynamics initiated in the A’TI
state. The formalism employed for this half-collision problem is
analogous to the one used to study dissociative electron attach-
ment.” The calculations were initiated by placing a vibrational
wavefunction from either the a' A or the b'=™ state on the A>IT PEC
of OD*. We chose vibrational levels with J = 0 at or above the A*TT
dissociation limit (e.g., v = 11 for a'Aand v =7 for b'="). We then
solved the three-channel time-dependent Schédinger equation, cou-
pling the A’TT, X>T7, and B’Z™ states, employing a constant SOC
between the A and X states and electronic coupling between the X
and B>X" states, the latter taken from Ref. 41. From the half Fourier
transform of the wavepackets on the three PECs evaluated at the
dissociation limit, we obtained the final populations of the three elec-
tronic states and, hence, the O + Dand D" + O branching ratios as
a function of KERop, bearing in mind that the X and A states both
dissociate to the same [D* + O(*P)] limit.

For initial vibrational wavepackets from either the a' A or b'=*
excited states of OD™, placed on the A>T PEC, we find that the
O™ + D and D" + O branching ratios decrease as a function of
KERop from threshold. For example, starting with the vibrational
levels v = 12 and 13 of the a'A state, with corresponding KERs of
0.12 and 0.30 eV (ignoring the 0.02 eV energy difference between the
D" + O and O* + D dissociation limits), the corresponding branch-
ing ratios are 0.023 and 0.018, respectively. We hasten to point
out that this simplified treatment, in addition to ignoring the small
asymptotic energy difference between the B and the A and X
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dissociation limits in carrying out the time propagations, also
ignores the effects of fine-structure splittings between the O(’P)
states’**"** as well as rotational effects, all of which can be signif-
icant near threshold. For the vibrational level v = 11 of the a'A
state, which fortuitously lies very close to the D* + O dissociation
limit (see Fig. 3), we took the non-degeneracy of the D* + O and
O* + D dissociation limits into account when choosing the energy
differences between the initial vibrational level and the final asymp-
totic limits. As a result, the computed branching ratio for the
v = 11 vibrational level of the a'A state is 0.105. Unfortunately,
in the case of the b'S" state, there is no vibrational level close
to the D¥ + O dissociation limit, so the simplified model does
not allow us to provide a threshold branching ratio for the
b'S* state. We shall see below that, despite the simplifications
made, the dependence of the calculated branching ratios, BRs,
on the KERop is in reasonable qualitative agreement with the
experiment.

Branching Ratios of OD" Dissociations: On the experimen-
tal side, we turn again to the native frames analysis of the measured
data, with which we are able to investigate the sequential breakup
of D,0*" in great detail. We note that the dissociation via the two
states of the OD" intermediate, a'A and b'T ™", can be separated in
the experiment by the slanted line in the KER correlation map shown
in Fig. 7(a) for the D* + D* + O channel,”’ which only represents
the events from the sequential breakup. This KER correlation map
shows this reaction channel’s PDI yield as a function of the KER of
the first step, KERop,p, and the KER of the second step, KERop. The
ratios of the yields of these two fragmentation pathways, originat-
ing from the D,O** (1'B,,2'A;) dications and leading to the a'A
and b'Z" states of the OD™ intermediate, are around 37% and 63%,
respectively, as extracted from the counts left and right of the slanted
line in Fig. 7(a). In Fig. 7(b), we show a similar KER correlation map
for the breakup generating the D* + O* + D final products. The
events with KERop < 0.25 eV (below the red dashed line) mainly rep-
resent the sequential dissociation processes in this reaction channel
(compare to Fig. 4). With this identification, we can now compare
the sequential breakup scenarios that are active in the D* + D*
+ O channel [Fig. 7(a)] with the scenarios in the DY + O + D
channel [Fig. 7(b)]. One can clearly see that in the latter case, the

D'+ D"+ O O 200 400 600 p. .. 0O

2.0 ,';'J.;{;'{":‘--"-‘_"m kil

50 100 150
o

3 6 9 3 6 9

KERqpp (V) KERopp (€V)
FIG. 7. KER correlation maps for the sequential fragmentation of
D,0% (1'B,,2'A;) after PDI of D,0 at 61 eV via D* + OD* followed
by the dissociation of the intermediate molecular ion (a) OD* — D* + O (i.e.,
D* + D* + O final products) (adapted from Ref. 21), and (b) OD* — O* + D
(ie., D* + O + D final products). The dashed lines separate the two states a' A
and b= of the transient OD* at KERgpp + KERqp = 7.18 &V.
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transition via the OD*(a'A) state dominates the O* production at
low KEROD.

The fact that both final products of the OD™ predissociation,
namely D* + O and O* + D, are measured simultaneously in their
respective reaction channels, D*/+ D* + O and D* + O" + D,
allows us to compare their transition probabilities and, with this, the
probability for an additional transition leading to O* + D instead
of D* + O. This comparison is made as a function of the energy
above the dissociation limits within the common KERop < 0.25 eV
window [note: we neglect the small energy difference between the
D" + OCP) and O*(*S) + D dissociation limits shown in Fig. 3].
This is accomplished by computing the BRs for the D* + O* + D
channels, given by

N(D* +0" +D)
N(D*+0*+D) + N(D*+D* +0)’

BR(a'A,b'Eh) = (6)

where the measured yields N are for the specific intermediate OD*
states a'A and b'=*. In order to remove the effect of the experimen-
tal resolution on the measured KERop distribution, we have used the
simulated KERop (see Appendix C for details) for the calculation of
the state-selective BRs in both reaction channels. We account for the
possible systematic uncertainties in the measured branching ratios as
follows: We note that we lose less than 0.5% of the D™ + D* counts
due to the multi-hit dead-time response of the detector for the
D* + D" + O channel, which for some events requires measuring
two D* ions with similar time-of-flight that hit the detector at neigh-
boring positions. Moreover, the counts of the D* + O* + D reaction
channel are corrected for the imperfect gate isolating the direct PDI
from the autoionization mechanism, which has been achieved by
monitoring the electron energy sharing (not shown here). Addi-
tionally, the pollution in the D* + O + D channel from the direct
three-body fragmentation of the 1' By state, as discussed in Sec. 11 A,
and from the fast-sequential breakup of the D,O** (1°A;) dication
state, as discussed in Sec. I1] B, has been accounted for. After all these
corrections, we estimate the remaining experimental relative uncer-
tainty of the extracted BRs to be less than 10%, which has been added
to the respective statistical errors.

In Fig. 8, we show the BRs, representing the probabilities to pro-
duce D* + O* + D from the a' A and b' =" states of the excited OD*
intermediate with respect to the sum of both sequential breakup
channels, namely D* + O* + D and D* + D* + O [see Eq. (6)]. The
BRs are a function of energy above the dissociation limit KERop,
which is truncated for both the D* + O + D and D* + D* + O
channels at KERop < 0.25 eV. Since both the a'A and b'=" states
of OD" dissociate via a SOC mediated transition to the A’IT state,
which leads to the D* + O(’P) products, a sequence of additional
transitions is needed to yield the observed O*(*S) + D fragments.
Assuming that the transition probabilities are products of the proba-
bilities of each transition along the path, which means the transitions
are independent from each other, the branching ratio is a measure
of the A *IT - X *2~ — B *T" transition sequence probability to
produce the measured O + D reaction products (denoted here-
after as Pa_x_g). Quantitatively, Po_x-p = BR if BR « 1, otherwise,
Pa—x-p = BR/(1-BR). Moreover, as this BR is independent of the
transition leading to the OD*(A%I) state, one can expect the BRs
of thea' A and b'=* states of OD™ as a function of KERop above the
dissociation limit to be the same. Within the error bars, the observed
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FIG. 8. The D* + O* + D branching ratios with respect to the combined
D* + O* + D and D* + D* + O production upon sequential dissociation of
D,02*(1'B,,2"'Ay) according to Eq. (6) for the OD*(a'A) state (blue solid tri-
angles and open diamonds) and the OD* (b'=*) state (red solid squares and open
circles), separated in Fig. 7, for the same KERqp range (<0.25 eV).

near-congruence of the two measured BRs presented in Fig. 8
(solid blue triangles and red squares) confirms the interpretation
above.

While the trends of the calculated BRs as a function of KERop
are in reasonable agreement with the experiment, the theoretical BRs
are roughly 8 times smaller than the experimental results, which
is not very surprising given the somewhat coarse model employed
here, as described above. However, in the case of the a'A state, the
theory results qualitatively confirm the experimental findings rea-
sonably well. Figure 8 shows that for KERop < 0.04 eV, the likelihood
of producing the reaction products D* + O" + D is higher than the
likelihood of generating D* + D* + O. This very low KER of OD*
corresponds to a very slow dissociation and provides more time for
efficient SOC, which is needed in this complex multi-step sequential
dissociation process.

Finally, we note that our calculations with J =0 were conducted
for very few vibrational states, i.e., the ones within the relevant
energy window. In contrast, the experiment smoothly spans the
whole energy range because of the wide angular momentum distri-
bution of the OD™ intermediate.”' The explicit angular momentum
(J) dependence of these multi-step transitions calls for further
theoretical work.

IV. CONCLUSION AND SUMMARY

We identified two specific pathways in the rare dissociation
of D,0*" into D* + O + D. Both are initiated by populating
either the 1'B; or the 2'A; electronic dication states by direct PDI,
dissociating initially into D* + OD™.intermediates. Applying our
highly differential measurements and analysis methods in combina-
tion with coupled-channel time-dependent dynamics calculations,
we have investigated state-selectively the possible sequential frag-
mentation mechanisms of the D,O*" dication, proceeding through
the formation of excited OD™ transients to feed the rare D* + O
+ D three-body breakup channel following PDI of water with a single
61 eV photon (see Fig. 1).

The first step of the dissociation pathway eventually leading to
D' +0" + D, namely the breakup into D' + OD™, is similar to our
previous observation of the more prominent D* + D* + O reaction
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channel.”! The second step, specifically the predissociation of the
a'A and b'T* states of the OD* transient ion, requires SOC to pro-
duce OD™(A®II), which starts dissociating toward the D* + o(Cp)
limit. However, to then generate the very rare reaction D + O*
+ D channel under investigation here, the subsequent pathway,
diverting a small fraction of the events on the potential energy
landscape toward the D* + O + D breakup, is more involved. It
turns out that an additional atomic SOC connects the OD* (A%IT)
state to the OD™(X®Z") state, and the latter transient ion under-
goes an asymptotic charge-transfer through electronic coupling to
the OD"(B’2") state, which eventually dissociates into o*(*s) +
D, as these states are nearly degenerate for O-D distances greater
than 6 bohrs. Apparently, this complex multi-step A *IT — X 2~
— B %7 sequence of SOC and charge transfer transitions domi-
nates over competing single transition paths like A *IT — B *X™ at
low-KERop. An _analogous electron transfer at similar intermedi-
ate distances (%18 bohrs), without the need for SOC and hence of
greater efficiency, has been observed recently in the PDI of NH3."

Evidently, upon PDI of heavy water creating D,O**, SOC effec-
tively changes the course of the D* + D* + O dissociation process
toward the D* + O + D fragmentation channel by triggering charge
redistribution and electron transfer in the sequential photodissocia-
tion route via OD* transients as a function of the KER (see Fig. 1).
The key to the direct measurement of the A’II - X°2~ — B3~
transition probability in the transient OD" ion in our experiments
is the simultaneous measurement of both sequential fragmentation
channels, i.e., DT + Ot + D and D' + D™ + O, combined with the
fact that both dissociation paths have a common first step, namely
the SOC transition to the intermediate OD* (A1) fragment ion.
The BR of the transient OD" ion to dissociate into O*(*S) + D
instead of D* + O(®P) varies with its KER and is similar for both a'A
and b'Z* states of the OD™ intermediate. Apparently, feeding the
D* + O* + D reaction channel quickly becomes inefficient with
increasing KERop of the dissociating OD" intermediate, as there is
less time for effective SOC and the BRs drop to zero. On the other
hand, under certain circumstances, the transient OD" ion dissoci-
ates more efficiently to O™ + D than D* + O. This can be seen in
Fig. 8 for double ionization events where the kinetic energy release
of the transient KERop is lower than 0.04 eV. For these very slow
dissociation processes of oD" (alA, bIZ+), the branching ratios for
producing D™ + O* + D exceed 0.5, i.e., they contribute more than
the D* + D* + O breakups.
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Ee, (eV)
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FIG. 9. Electron energy correlation map for all photo double ionization events lead-
ing to the D* + O* + D fragmentation channel at 61 eV. The contributions from
autoionization have been excluded by gating on the events in the red rectangle.

APPENDIX A: WATER DICATION STATES

The electron-electron energy correlation map for all photo dou-
ble ionization events leading to the D* + O" + D fragmentation
channel at 61 eV is shown in Fig. 9. In the remainder of the analysis,
the autoionization channel is excluded by taking only the events in
the red rectangle into account.

By plotting the measured sum energy of both detected elec-
trons, we can identify which water dication states have been pop-
ulated in the direct double ionization (DDI). The vertical lines in
Fig. 10 indicate the positions of the dication states at the equi-
librium geometry of the neutral water molecule derived from the
potential energy curves in Ref. 20. Note that the calculations of
Streeter et al. in Ref. 20 incorrectly place the H* + H* + O asymp-
tote 0.2 eV above the H + O + H limit. This error is related to
the difficulty of calculating the ionization potential (IP) of atomic
oxygen (13.618 eV) relative to that of hydrogen (13.598 eV) and

1A, | [2'A, 1%, 1B, [I'A,
&

2000+ 1382
1000 F'F frl—hq ]
ﬁffrf Eﬁ
0 : : : ‘

12 14 16 18 20 22
Electrons sum energy (eV)

Counts

FIG. 10. Electron sum energy, E._., for the direct double ionization (DDI) process
leading to the D* + O* + D fragmentation channel. All error bars reflect one
standard deviation of the statistical uncertainty. Black lines and symbols: all KERop
contributions. Red lines and symbols: for 0 < KERpp < 0.25 eV.
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TABLE . Electronic states of water dications and their electronic configurations in C,,, symmetry, the two- and three-body dissociation products, and thermochemical thresholds
for the generated products. The electronic configuration of neutral water is given as 1a$ 2a$ 1b§ Saf 1b%.

Cay SYm. Electronic configuration 2-Body dissoc. limit 3-Body dissoc. limit Thermochemical threshold (eV)
X°B, (3a; 1b)) 7! oD*(X’z7) + DY D" +D* +0(p) 36.86
1'A, (1by)~2 OD*(a'A) + D* D"+ D' + 0O('D) 38.83
1'B, (3a; 1by)7! OD*(a'A) + D* D" + D'+ 0O('D) 38.83
1°Ay (1by 1by)7! OD™(A’II) + D* D" + D' + O(P) 36.86
2'A (3a1)2 oD*(b'z") + D* D" + D'+ 0('D) 38.83
1'A; (1by 1by)7! op*('m) + D* D* + D' + 0('D) 38.83
1’B, (1b; 3a;)7! OD"(A’II) + D" D" + D"+ 0O(Pp) 36.86
2’A, (1b,1b;3a;) '4a’ OD*(B’z") + D* D" + D+ 0" (*S) 36.88
2°B, (3a1)"%(1b;) '4a! OD*(B*z7)+ D" D'+ D+ O*(*S) 36.88

has been taken into account here. The black line and symbols rep-
resent the electron sum energy distribution for DDI events (no
restriction on KERop), while the red line and symbols show the
events with KERop < 2.5 eV, which stem from mostly the sequen-
tial breakup of the OD™ intermediate into O + D (see also Fig. 6
and related text for further analysis). The electronic configurations
(in Cy, geometry), the two-body and three-body dissociation lim-
its of the states, as well as the thermochemical thresholds are given
in Table L.

APPENDIX B: NATIVE FRAMES ANALYSIS METHOD

The native frames analysis method is based on the use of the
conjugate momenta of the Jacobi coordinates, which describe the
relative positions of the three fragments.”"""" For D,0 fragmenting
into D* + O" + D via the intermediate D™ + OD™, the conjugated
momentum associated with the first breakup step is given by

mop mp

Pop,.p; = M Pp, - M [PDH +PO]) (B1)

where Pp, and Po are the measured momenta of the D' and O
fragments, respectively, while Pp,, is the momentum of the neutral
D fragment evaluated from momentum conservation. (Note that in
the equations, we denote the D* and D fragments as D; and Dy,
respectively.) In this case, mp is the mass of D, mop is the mass of
OD™, and M is the mass of the D,O>" dication.

Similarly, the conjugate momentum associated with the second
breakup step is

Pp, _ Pﬁ] (B2)

= UoDp
Pop, U [ . mo

where . is the reduced mass of OD™. The angle between these
two vectors, 8op,,,p,, is evaluated from the scalar product of the con-
jugate momenta given in Eqs. (B1) and (B2). Finally, the KERs of

the first and second steps are given by KERop,,,p, = PéDn,D; [2uop,p
(where pqpp, is the reduced mass of D*- OD") and KERop,

= P?)D,,/ 240D, respectively.

APPENDIX C: MONTE-CARLO SIMULATION

We perform a Monte-Carlo simulation to determine the
impact of the experimental uncertainties on the measured dis-
tribution of the angle between the conjugate momenta given in
Egs. (B1) and (B2), N(fop,p), i.e., the direction of the assumed
two breakup steps, as well as the KER in the second step. As
this KERop approaches zero, it becomes harder to define the
angle Oopp, and this effect is also addressed by this simula-
tion. Specifically, we assume that the distribution is uniform, i.e.,
N(6op,p) = constant, and simulate how it becomes distorted due
to the finite experimental resolution. To achieve this, we first
compute the momenta of the three fragments upon dissociation
using the measured KER associated with each step of the sequen-
tial breakup and span fopp randomly over the whole angular
range.

The angular and energy resolution of the detected fragment
ions are affected by (a) the size of the interaction volume defined
by the overlap between the synchrotron light and gas jet beam (~1.0
x 0.3 x 0.3 mm®), (b) the temperature of the supersonic gas tar-
get (»50 K parallel and »~15 K perpendicular to the jet propagation
direction), and (c) the time (~0.5 ns) and position (~0.25 mm)
uncertainties of our particle detectors.

We generate a random distribution of the initial positions of
the D,O molecules to match the interaction volume defined by the
crossing of the molecular jet and synchrotron beam, given explic-
itly by the boundary condition (a). To satisfy condition (b), we
generate a center-of-mass (CM) velocity distribution for the D,O
molecules in the supersonic jet of our COLTRIMS setup. Next, using
this “initial” CM-velocity and the point of origin of each fragment,
combined with the N(6op,p) = constant distribution, we compute
its impact time and position on the detector by solving the equa-
tions of motion in our COLTRIMS spectrometer. Then, we add
the uncertainty due to the detector resolution, given in point (c)
above, to the simulated impact data. Using the resulting dataset,
we compute the momenta of the D* and O" fragments for each
event (i.e., single molecule) by applying the same algorithm as for
the measured data. Likewise, the momentum of the neutral D frag-
ment is computed using momentum conservation. The resulting
simulated momenta now include the main experimental uncertain-
ties listed in the experimental broadening conditions (a)-(c) above.
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FIG. 11. Simulations of the relevant observables of the native frames analysis of the D* + Ot + D (a)—(c) and D* + D* + O (d)~(f) fragmentation channels with (red dashed
curve) and without (solid blue curve) experimental broadening (see text) show the uncertainties effect on the KERop (a), (d), KERop,p (b), (€), and 6opp (c), (f) distributions.

This process is repeated for about the same number of events as in
the measured dataset to achieve similar statistical quality as in the
experiment.

The simulation, which includes the experimental resolutions
and yields a non-uniform distribution /that is similar to the
measured spread, indicates significant distortion of the expected
N(6op,p) = const. angular distribution, as shown in Fig. 5. The near
congruence of the observed and simulated distributions suggests
that the measured 8opp spread represents what one should expect
for a uniform angular distribution in 8op,p of a sequential fragmen-
tation via an intermediate transient molecule, i.e., OD" rotating in
the fragmentation plane, under the influence of the uncertainties
of our experiment [for comparison, see the uniform distribution in
Fig. 2(c) in Ref. 21 for the D¥ + D* + O channel]. This notable
distortion of the angular distribution is rooted in the momentum
of the detected O" ion, which is on the order of the D* momen-
tum but results inlow kinetic energy of this heavy fragment and,
hence, little excursions on the ion detector and a small spread in
time-of-flight.

The KERop,, distribution of the second fragmentation step is
also affected by the experimental resolutions, becoming broader
than it should be. This broadening was corrected for the BR data
shown in Fig. 8.

In contrast to the large distortions in the D™ + O + D
channel, the same simulation for the D + DT + O fragmenta-
tion channel, measured simultaneously, i.e., affected by the same

experimental uncertainties, demonstrates that distortions of the
reported uniform angular distribution, N(8op,p), and the second
breakup step KERop distribution [see Fig. 2(c) in Ref. 21] are sig-
nificantly smaller. This difference between the D* + D + O and the
D* + O + D channels is due to the much better momentum res-
olution of the detected D* ions as compared to the O* ions in our
measurements.

To visualize this distortion, we show in Fig. 11 how the sim-
ulated uncertainties affect the relevant observables of the native
frames analysis while assuming the same KERop and KERop,p dis-
tributions for both fragmentation channels. We find that, while the
KERop distribution broadens in panel (a), the assumed flat (uni-
form) 6op,p angular distribution for the D' + O + D channel in
panel (c) becomes peaked at around 90°. We see no effect of the
simulated uncertainties on the KERop,p distribution in panel (b)
for the D* + O + D fragmentation. In contrast to the D* + OF
+ D fragmentation, the broadening of the KERop distribution in
the D* + D™ + O reaction channel is barely noticeable in panel
(d). The assumed flat (uniform) 8op,p angular distribution remains
flat in most parts but develops dips for very small and large angles
of the D™ + D + O fragmentation in panel (f). In summary, the
same experimental uncertainties result in significantly smaller dis-
tortions of the expected flat (uniform) angular distribution 6op,p
between the conjugate momenta of the two fragmentation steps and
the KERop of the second dissociation step in the latter reaction
channel.
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APPENDIX D: EXPERIMENTAL SHIFTS

AND BROADENING—IMPACT OF THE EXPERIMENTAL
RESOLUTION ON THE RELATIVE ANGLES

OF THE FRAGMENTS

For the discussion of the kinematics of the considered dis-
sociation routes, the angular resolutions of the fragments have to
be taken into account. In the lab frame, the average momentum
uncertainty of O* ions is approximately +1.9 a.u., while the uncer-
tainty for the D* ion is about +0.7 a.u. The derived momentum
of the neutral D fragment is low and peaks around 5.8 a.u. It has
a significant momentum uncertainty of about +2.3 a.u., which has
a large impact on the corresponding angular distribution. While
integrating over the direction of the polarization vector, we define
the molecular breakup frame via the measured momenta of the
three heavy fragments in the laboratory frame, which establish a
plane (similar to a Newton plot). The azimuthal relative angles ¢ ,
between the fragments A and B are measured around the normal
of this plane [arctan(pa/ps)] and shown in Fig. 12. The uncertain-
ties of the relative angles between D* and D and between O" and
D are on average £31° and +33°, respectively, while the uncer-
tainty of the relative angle between O* and D" ions is notably better
(about +3°).

A deconvolution, comprising the finite momentum resolution
of the measured fragment pair angles ¢+ p+, which peak at 175°
in Fig. 12, yields sharp distributions shifted to 180° (not shown
here). The deconvoluted ¢+ , and ¢+ ;, angular distributions peak
at 180° and 0°, respectively, but are notably broader. These observed
large shifts in the measured relative angles ¢+ , and ¢+ , in Fig/ 12
are to be expected for particles that fly in the opposite or the same
direction when the uncertainty of the center-of-mass-momentum
of this subsystem is on the order of one of their momentum vec-
tors. This is because the finite resolution in these emission scenarios
provides ample phase space to redistribute yield away from a strict
parallel or anti-parallel orientation of the momentum vectors, which
are scarce combinations to begin with due to the small solid angle.
The situation is different for relative angles larger than 0° and
smaller than 180° because the solid angle, and, hence, the yield

3000+

2000+

Counts

1000+

0 45 90 135 180
dap (deg.)

FIG. 12. Relative angles ¢, ; in the molecular breakup plane of D,0%* between

fragment pairs D* and O* (black), D* and D (red), and O* and D (blue) for the
KERop < 0.25 eV feature, marked as the red rectangle in Fig. 4. All error bars
represent one standard deviation of statistical uncertainty.
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for these orientations of the momentum vectors, is much larger.
Consequently, the finite lab frame angular resolutions mentioned
above will mainly result in a broadening of the relative angles but
little to no shift for the measured relative angles of fragment pairs
approaching 90° that are contributing to the events inside the red
rectangle and beyond in Fig. 4.

APPENDIX E: CONSIDERED DISSOCIATION
MECHANISMS OF THE 1!B;, 2'A;, AND 13A, WATER
DICATION STATES

1. Overview of fragmentation scenarios

The D fragments, which are subject to electron transfer, are dis-
tinguished by as Dy; while D; represents the D* ions that remain
unaffected.

SCENARIO (1): Direct Fragmentation
(0)D,0+hy 2L D,0** (1'By)+ 26"
soc
(1) D2O™*(1'B1) (ot +0('D)+Dy timity ——
(2) D0 (2°A,, 23B2)(D,++o*(4s)+D,, limit)
(3) Df + O*(*S) + Dy [high- and low-KERop].
SCENARIO (2): Slow Sequential Fragmentation

sym—str—3—body
- 7.

0) D20 +hy 2L D0 (1'By,2'Ay) + 26
—str—2—bod,
(1) D202+(1131,21A1) asym-—str ody

—_—>,

(2) OD} (a'A,b's") + Df; 2%,
atomic—SOC

(3) OD; (A1) + Dj;
(4) OD; (A’T1 + X*27) + Dy

(5) 0D} (B’5") + D ——22,.
(6) D; + O*(*S) + D}; [low-KERop].

SCENARIO (3): Fast Sequential Fragmentation

charge—exchange
[ ———N

(0)D,0 +hy 255 D0 (1°4) + 2¢ ™.
(1) D202+(13A2) + w

(2) OD; (A1) + Df;
(3) OD; (X*’27) + D}y

(4) OD7 (B*z7) + Dj;
(5) D; + O*(*S) + Dj; [low-KERop].

atomic—SOC
charge—exchange

2—body
—_

2. Alternative less likely dissociation routes
of the OD*(a' A, b'2*) intermediate in Scenario (2)

The dissociation of the OD™(a'A, b'E") intermediate into
O + D to yield D* + O*(*S) + D in the measurement could take
place in several ways. Bearing in mind that only two OD™ states,
namely 1’2~ and B*Y, dissociate to ground-state O*(*S) + D***
(see Fig. 3), and assuming either D,0*"(1'B; or 2'A,) dications to
dissociate into D* + OD*(a'A or b'2*) in the first step, our ini-
tial hypothesis was a subsequent SOC transition from the a'A or
b'Z* states of OD* to the °X~ state (see Fig. 3), which then pro-
duces O*(*S) + D, i.e., generates the final products D* + O* + D.
Considering the lowest PECs of the OD* intermediate ion, shown in
Fig. 3, we then expect a direct predissociation from the a' A and b'z*
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states to the final 1°2” state, mediated by SOC, to be strongest near
the crossings between these PECs. The KERs associated with these
crossings are expected to peak around 0.31 and 0.67 eV, respectively
(see Fig. 3), while the measured KER associated with this dissocia-
tion step is much lower, specifically peaking around 0.06 eV. This
reason, along with the fact that SOC between singlet and quintet
states is quite small, leads us to conclude that these pathways are
clearly not the dominant ones.

As a direct transition of the OD"(a'A, b'E™) to the >T~ state
seems unlikely, we then took into account that a transition to the
OD*(A’II) takes place first. Yet, spin-orbit mediated transitions
from either the a'A or the b'Z* states of OD" to the A’II state,
which we have shown to be a dominant route toward D™ + O(P)
dissociation,”’ may lead to the O (*S) + D dissociation limit by sev-
eral pathways. One possibility is an additional spin-orbit transition
between the A’II and the final 1°%” states along the dissocia-
tion path. This can be viewed as a third step along this sequence
of fragmentation steps, which starts with D,0%*" breaking up to
D" + OD", followed by the predissociation of the OD* interme-
diate via the A®II state toward the D' + O(*P) limit, and ends with
ATl - 1°27, i.e., a spin-orbit mediated transition that leads to the
O*(*S) + D dissociation limit of interest in this work. Hechtfischer
et al.,** however, pointed out that the A’TIand °Y" states only inter-
act through second-order SOC, which they, therefore, did not con-
sider in their detailed modeling of near-threshold photodissociation
of OH™.

Instead of this second SOC mediated path, which is very
unlikely to take place as the states involved in the transitions have
different symmetry as well as spin, an electron transfer in the frag-
menting OD" intermediate between the A’II state, dissociating into
D' + O(3P), and the B*Z™ state, dissociating into the measured
07 (*S) + D, appears more probable. These states run parallel, sepa-
rated by ~ 0.02 eV, for O-D distances greater than 6 bohrs toward
their respective limits, as seen in Fig. 3, and, hence, provide ample
time for the charge transfer. A non-adiabatic transition between
the II and X states is facilitated by a matrix element describing
the electronic orbital angular momentum coupling, as laid out by
Wolniewicz et al.”" The matrix element falls off as 1/R*. We mod-
ified our structure codes to include this property and found that
at ~ 6 bohrs, the coupling matrix element is ~#0.025 a.u. However,
since this angular coupling derives from the nuclear kinetic energy,
it enters the Hamiltonian with a factor of one over the reduced
mass (1/po, = 1/3264 a.u.) and is hence very small. Wavepacket
calculations confirmed that this angular coupling resulted in a neg-
ligible transfer of population to the O*(*S) + D channel. As the
likelihoods for the above contemplated dissociation routes appear
to be very small, we were left with considering a complex multi-
step OD™(a'A or b'2* — A °II = X *2™ — B *37) sequence of
SOC and charge transfer transitions as described in the main text
(see Sec. 111 B).

3. Direct breakup of D,O*(1' B;, 2' A;) into D* + O*
+ D for Scenario (1)

In the following, we describe why a second dissociation sce-
nario for the 1'B; water dication state, i.e., the direct fragmentation
into D* + O* + D via the intermediate D* + D" + O three-body
breakup step [Scenario (1) in Appendix E 1], needs to be considered
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a small contribution, according to our measurement and theoretical
description. We begin with the latter.

Out of the three water dication state candidates 2'A;, 1°A,,
and 1'B;, only the last state is seen to have a shallow well in sym-
metric Cy,, geometry, which supports efficient SOC (see Fig. 13);
the other states are purely repulsive. However, a vertical tran-
sition from the equilibrium geometry of neutral water produces
the 1'B; dication roughly 1 eV above the symmetric barrier near
4.5 bohrs. Furthermore, the isolated crossing between the 1'B; and
the 2°A, dication states near 5.5 bohrs is unlikely to result in a
charge exchange. Nevertheless, since the 1'B; PEC is steeply repul-
sive near the equilibrium geometry of neutral water, non-vertical
transitions within the FC region can produce dications at or below
the aforementioned ‘symmetric barrier that trap dications in the
shallow 1'B; potential well and thus increase the probability of
a spin-orbit induced charge exchange with the 2°A; state, which
we estimate to take over 100 oscillations and, hence, more than
100 femtoseconds. To model this process, we carried out classi-
cal trajectory calculations on the 1'B; surface, as was performed in
Ref. 20. The idea was to estimate the fraction of the trajectories that
pass between the top of the 1'B; barrier at 5.1 eV and the point
where the 1'B; and 2°A, surfaces cross, which is 0.25 eV lower,
establishing a small appearance window in the potential energy land-
scape (see Fig. 13 as well as Ref. 49 for a similar appearance window
in NH3).

While sampling from a Wigner distribution of initial states, we
selected only those trajectories with a total energy less than 5.1 eV
(correlated with the top of the barrier) and having one deuteron with
an energy less than 0.25 eV, approximating KERop < 0.25 eV. Of
the 100 000 trajectories sampled leading to the three-body breakup,
roughly 0.3% met these criteria, i.e., this small amount of trajecto-
ries passes through the narrow energy appearance window where
trapping is possible. However, not all such trapped dications must
necessarily undergo charge transfer via SOC.

We also found that the accepted trajectories always tend to
open the DOD angle, which is also consistent with our finding that,

21H0™ H+ H* O+ H™+H"

i

2%, —1'A,
A7 2%, — 1B,
i’, 3 \ . 3Az
E; 13 *3 x 4444,21/\1
L%’ b 1°B,

2.0eV, O('D)
-0.2 eV, O°(*s)
%00.0 eV, O(°P)

Ron1) = Ropgz) (bohr)

FIG. 13. PECs for the symmetric breakup of the H,0%* states dissociating into
H* + H* + OandH* + O* + H; adapted from Ref. 20 and corrected by —0.77 eV.
The zero energy value of the y-axis corresponds to the H* + H*+ O(*P) dissoci-
ation limit with a PDI threshold of 36.7 eV.> The photon energy of 61 eV, hence,
corresponds to 24.3 eV on the ordinate.
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near the geometry of neutral water, the energy of the 1'B; dication
state is lowered with increasing HOH bond angle, i.e., the dissoci-
ation angle ¢p+ , is expected to be bigger than the bond angle of
neutral D,O (104.5°). The small amount of trajectories means that
only up to 16% of the 1'B; state contributions in the red rectangle
of Fig. 4 fragment in a direct way; the remaining events dissociate
sequentially as described in the paper.

We complement the theoretical interpretation with our experi-
mental observations. This is discussed in the lab frame and molecu-
lar frame while taking the momentum and angular resolution of the
fragments (discussed in Appendix D) into account. The momentum
correlation maps of the three heavy fragments in the lab frame are
shown in Fig. 14 for the events that reside inside the red rectangle in
Fig. 4 and which are associated with the 2'A;, 1°A,, and 1'B; water
dication states. Figure 14 reveals that the momentum of the neutral
D fragment is ~6 times lower than that of the D* ion.

Given this momentum balance, a contribution to the
D" + O + D fragmentation having low KERop can be conceivably
facilitated via the intermediate D™ + D + O three-body breakup
step [see Fig. 13 and Scenario (1) in Appendix E 1]. We conclude
this from the aforementioned non-vertical transitions within the
FC region leading to the top of the 1'B; barrier and populating
the 2°A, dication surface 0.25 eV below via SOC after a sym-
metric O-D stretch. During this fragmentation step, the energy of
this appearance window is released and mostly distributed equally
among the light D" ions. Accordingly, both fragments yielded
about ~0.125 eV at the crossing (corresponding to a momentum
of ~5.8 a.u.), while the oxygen fragment received almost no kinetic
energy (~0.025 eV) in this first dissociation step. After the elec-
tron transfer, the neutralized D' ion is expected to receive no
additional energy, which corresponds to the measured momen-
tum of 5.8 a.u. we observe. On the other hand, the O fragment
will receive most of its kinetic energy in the subsequent dissoci-
ation step between itself and the other D* fragment ion. These
two ions repel each other due to the Coulomb explosion, and the
O" ion is emitted in the direction of the neutralized D fragment
(we discuss the relative angles in more detail below). Accordingly,

70

()
338

Momemtum [a.u.]

(D)
5.8

0
37.4(D%) 70
Momemtum [a.u.]

0 5.8(D)

FIG. 14. Lab frame fragment momentum-correlation diagram: yield attributed
to the 1'A; and 1'B; dication states of water after PDI at 61 eV resulting in
D* + O + D for the low KERqp feature, marked as the red rectangle in Fig. 4,
as a function of the momenta of the fragment pairs D*, O*, and D: see labels at
axes and islands
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the kinetic energy release KERop between the O fragment and
the to-be-neutralized D* ion yields low values that partly reside
inside the red rectangle of Fig. 4. After this SOC and state cross-
ing, the 23A, and 2°B; PECs will lead to the detected final products
D"+ 0*(*S) + D.

Throughout the remaining discussion, we mark the
D-fragment subject to electron transfer as Dy; and the unchanged
D" ion as Df for this direct three-body breakup.

After the second step of the dissociation happens and the elec-
tron is transferred from the neutral oxygen atom to the deuteron, the
neutralized Dy fragment no longer experiences a Coulomb repul-
sion from the other ionic D} fragment. Instead, the now charged
O™ fragment is repelled by the Df ion in the third step. Accord-
ingly, the D ion is expected to have higher momentum than the O*
ion, which is corroborated in Fig. 14 (the feature lying just under
the diagonal). Furthermore, we expect to see a momentum correla-
tion between the O" ion and the neutralized D fragment, reflecting
where, or in other words, how early or late, SOC on the PECs is tak-
ing place, as apparent in Fig. 14. The low momentum of the neutral
D fragment and the high momentum of the O" ion tell us that the
crossing is happening shortly after the direct PDI took place. The
crossing would happen later if the momentum of the neutral Dy
fragment was high and the momentum of the O" ion was low. Our
momentum map agrees with the former scenario. The momentum
map also shows a clear correlation between the neutral Dy fragment
and the O™ ion in the sense that the deuteron has less momentum
when the O* ion exhibits more momentum and vice versa (see the
~1 slope of the D/O* island in Fig. 14, i.e., the upper left feature).
This reflects that the large momentum of the fast D{ fragment is
imparted on the O + D™ center of the mass system. Opposite the fast
D7 ion, the neutral O fragment appears to follow the slow Dj; ion,
while the latter two particles do not repel each other.

Using the momentum of the neutralized Dy fragment in
Fig. 14, we can estimate the time between the first and second disso-
ciation steps. Before it is neutralized, the D}; ion travels from the FC
region at around 1.8 a.u. to the crossing between the 1'B; and 2°A,
water dication states at around 5.5 bohrs with a momentum of circa
5.8 a.u. Classically, the time can be estimated at ~56 fs.

We support and quantify our findings in momentum space
with the analysis of the relative dissociation angles between the
measured D and O' ions and the deduced neutral Dy frag-
ment. The relative angle between the O* ion and the deuteron
presented in Fig. 12 peaked at 40° (blue line). Apparently, both
particles were preferentially emitted with a small relative angle,
which is necessary for an effective electron transfer between the
two fragments in the intermediate step of the dissociation pro-
cess and which yields low-KERop,. Moreover, we can identify a
near back-to-back emission of the O* and D;j ions with a rela-
tive emission angle peaking at 175° (black line). We also see that
the Df ion and the neutral Dy fragment are emitted with a large
relative angle, which peaks at 148° (red line) to a degree that is
similar to the width of the relative angular distribution between
the neutral Dy fragment and the O" ion. This again points to a
larger bond angle of the water dication. A Walsh diagram of the
1'B; dication state of water with an electron in the 4a; orbital
shows that, indeed, the bond opening is slightly preferred in the
FC region."”” In summary, the direct three-body fragmentation
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scenario [Scenario (1) in Appendix E 1] requires an almost linear
water dication in order to produce the DI++ O*+ Dy reaction
products. A large relative emission angle between the two D* ions
was also observed for the direct fragmentation of the 1'B; dication
state into D* + D + 0.4
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