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SPECIAL TOPIC — Ultrafast physics in atomic, molecular and optical systems

Isotopic effects in two-body fragmentation process of water dications
induced by electron-impact ionization

Xiaorui Xue(FEEZ), Jiagi Zhou(JH X 3)", Xintai Hao(#f#57%%), Lei Wang(F£ %),
Peng Li(Z=EME), Qibo Ma(Z)ri1#), and Xueguang Ren({L55 %)+
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The two-body fragmentation dynamics of water isotopologues dications (H,0%>*, HOD?*, and D,0?") induced by
200 eV electron impact is investigated. Two fragment ions and an emitted electron are detected in coincidence, and their
momentum vectors are determined by employing a reaction microscope. The complete kinematical information of four
two-body fragmentation channels of HT + OH™, HT +0OD™, D* + OH", and D* 4+ OD™ is obtained. By analyzing
the projectile energy-loss spectrum, the initial electronic state of the two-body dissociation channel is determined. Upon
examining the kinetic energy release (KER) distributions of the four fragmentation channels, a clear difference is found
between the two-body fragmentation channel HT +OD™ and the other three channels. The isotopic effect in the two-body
fragmentation is demonstrated by the analysis of the relative yields of the two-body fragmentation channels originating
from different isotopologues, which shows preferential cleavage of the O-H bond over the O-D bond. These results
provide deeper insight into the microscopic dynamic mechanisms in water radiolysis.
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1. Introduction

The isotopic effect is a key concept in chemistry and
physics and is related to critical reactions in biochemistry
and physics, such as photosynthesis and nuclear fusion.!!~10]
Serving as the solvent for biochemical reactions, the ioniza-
tion and dissociation of water molecules form highly reactive

[11

radicals,!'') which can further drive cascading radiative reac-

tions. These processes are critical in diverse fields, includ-
ing radiation damage,!'?! radiation diagnosis and therapy, 3]
and corrosion in nuclear reactors.['*] The three isotopomers
of water, which are normal water (H,O), semi-deuterated wa-
ter (HOD), and fully deuterated water (D,0), provide a three-
atom prototype for studying the isotopic effect. Minute dif-
ferences in nuclear mass among isotopomers can cause no-
ticeable changes in radiolysis rates, the energy, and yields of
radicals.[13-1°]

The double ionization of water is a fundamental process
in water radiolysis.!!'’>!] Water dications are typically unsta-
ble and tend to dissociate into smaller pieces due to Coulomb
repulsion between charges. One of the dominant processes
observed in all dissociation events is the O—H bond cleavage,
leading to the formation of a proton and a hydroxyl cation.
This process arises from two distinct relaxation mechanisms:

direct double ionization-induced dissociation and a sequential
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mechanism where single ionization of the water molecule is
followed by rapid dissociation into a proton and an autoioniz-
ing hydroxyl radical (OH*).[>>23! In the study of direct double
ionization dissociation, the HOD?* dications exhibit prefer-
ential cleavage of the O—H bond over the O-D bond!?*! and
the kinetic energy release (KER) dissociating into HT +OD™
is higher than that of D™ 4 OH".[?%! Theoretical calculations
indicate that the ratio between the populations of two chan-
nels and the KER difference are primarily governed by sad-
dle points at equal values of the Roy distance in the poten-
tial energy surfaces (PESs) of molecular states.[>’>"! Based
on the calculated PESs, the ratio and KER of the two chan-
nels are also predicted. In experiments, the isotopic ratios are
determined by detecting the counts of H +OD* /D" + OH*

25.26] However, there are significant

ion pairs in coincidence.!
disparities not only between theoretical predictions and ex-
perimental results but also among different experimental out-
comes, which require refined measurements to address these
issues.

In the present work, we study the two-body fragmentation
dynamics of three water isotopologues. In the experiment, two
electrons are removed from the water molecules by 200 eV
electron impact. The electron-impact experiments are moti-

vated by the abundant generation of secondary electrons dur-
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ing water radiolysis, highlighting the critical role of electron-

141 Two frag-

driven processes in radiation-induced damage.
ment ions and one electron are measured in triple coincidence,
and the momentum vector of each particle is determined. Par-
ticular attention is paid to four two-body dissociation channels
with the emission of proton/deuterated proton from the dica-
tions (H,0?*, HOD?*, and D,0O%"). The projectile energy-
loss (Ejoss) spectrum and KER spectrum are obtained, which
enable us to reveal the initial state and fragmentation details
of the two-body channels. By comparing the KER distribu-
tions and the relative ratios of different dissociation channels
originating from three water isotopologues, we reveal the iso-
topic differences in the two-body dissociation process of dou-
bly ionized water molecules.

2. Experiment

The experiment was performed using an advanced reac-
tion microscope that allows the coincidence measurement of
fragment ions and electrons.’%32] A brief overview of the
setup is provided here, as detailed descriptions are available
elsewhere.3>33! In the reaction region, a pulsed electron beam
with an energy of 200 eV intersects with a supersonic gas
jet, leading to the ionization of the target. The pulsed elec-
tron beam, with a duration of AT ~ 0.5 ns and an energy
width of AEy = 0.5 eV, is generated by a pulsed ultraviolet
laser beam (A = 266 nm) irradiating a tantalum photocath-
ode. The supersonic gas jet, consisting of a 50:50 mixture
of H,O and DO, leading to approximately 25% H,O, 25%
D,0, 50% HOD, is carried by helium into the reaction cham-
ber through a 30-pm nozzle and a two-stage differential pump-
ing system. A homogeneous electric field (1.5 V/cm) and mag-
netic field (6.8 Gauss) guide the electrons onto microchannel
plate (MCP) detectors with delay-line position readout. The
scattered electrons at small scattering angles in the near for-
ward direction can be detected completely. Since the frag-
ment ions typically carry higher momenta, 47 collection of
ions requires a higher electric field (25 V/cm). This is obtained
through a pulsed-field generator after the electron extraction.
The unscattered electron beam is directed through a hole in
the electron detector without generating a signal. During off-
line analysis, the three-dimensional momentum vector of each
detected particle is reconstructed from the measured time of
flight (TOF) and position.

3. Results and discussion

In the experiment, the generated ion fragments and elec-
trons from three isotopologues of water (H,O, HOD, and
D,0) are measured in coincidence, and the mass-to-charge
ratios and three-dimensional momentum vectors of fragment
ions are determined. The dissociation channels originating

from three water isotopologues are identified by the TOF cor-
relation map between two detected fragment ions, as shown in
Fig. 1. These channels display a sharp diagonal structure with
a slope of —1, due to the back-to-back emission of two cations
with equal momentum magnitude but opposite directions. Be-
sides, the shadow structures are observed in the upper-right
quadrant of each channel, which originate from the sequen-
tial process where single ionization of the water molecule is
followed by rapid dissociation into a proton and an autoion-

) [22,23,34

izing hydroxyl radical (OH* 1 Here, we focus on four

complete two-body Coulomb explosion channels:

HOD?** — H" +0D", )
HOD** — D' +OH™, )
H,0*" — H" +OH™, (3)
D,0*" - D" +0D". “)
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Fig. 1. Experimental time-of-flight correlation spectrum of two mea-
sured cations. Four two-body dissociation channels of water dications
(H,0%*", HOD**, and D,0%") are identified.

In our measurement, the scattered electrons are detected
in coincidence with the H™ + OH™ ion pair. The Ejog Spec-
trum associated with the two-body dissociation channel is ob-
tained, which allows us to determine the initial state of the
dissociation channel. The projectile energy loss is defined as
the incident projectile energy Ep minus the scattered electron
energy E| (Ejoss = Eo — E1). The energy loss spectrum is cali-
brated using the single ionization of helium with Ejys[He™] =
24.6 eV. The energy-loss spectrum of the HY + OH™ channel
is displayed in Fig. 2. The minimum energy leading to spe-
cific ionization channels can be determined from the onsets of
the Ejoss spectrum. The onset value is determined as approxi-
mately 34.5 eV (refer to the arrow in Fig. 2), which lies below
the vertical double-ionization threshold of H,O (39 eV).[24
This is consistent with the threshold (34.4 eV) of the indi-
rect dissociative double-ionization channel reported in pho-

22,35-37] n this process, neutral wa-

toionization experiments.|
ter molecules are first singly ionized and simultaneously ex-

cited, which is followed by the dissociation into a proton and
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an excited OH* fragment. The OH* fragment subsequently au-
toionizes to reach the X3X~ ground state leading to OH™ once
the proton is far enough away that the autoionization channel
becomes energetically accessible.??!

1.0{ —=— H+*+OH+
\{/

0.8 */
z */
g 0.6 \*/
A
4
e 0.4 *
i
A 34.5 eV,

0.2 l

0 ./i\.-l'/i\rl_./"l-'l._.

20 25 30 35 40 45 50
Projectile energy loss (eV)

Fig. 2. Projectile energy-loss spectrum for two-body dissociation chan-
nel H + OH™. The arrow represents the onset of the channel.

To unravel the fragmentation dynamics of water dication
(H,0>*, HOD?*, and D,0%"), the KER spectra are measured
for four two-body fragmentation channels. The KERs are nor-
malized to emphasize the variation of the peak position and
width of the KER distribution. The KER distributions are
consistent with previous experimental measurements. 3438 Ag
shown in Fig. 3, the KER distributions of channels (2)—(4) are
almost identical, with a peak value at about 6.3 eV and a shoul-
der at around 4.0 eV. It has been demonstrated that the low
KER component is produced via an indirect two-step process,
that is, an autoionization that takes place outside of the vertical
Franck—Condon region. The high KER component is regarded
as the contribution from higher dication states. [22->437.39:401
However, for channel (1), only the shoulder is identical to
other channels, while the main peak shifts to a larger value
(~ 6.7 eV) and exhibits a wider distribution. This indicates
that the isotopic effect has a minimal impact on the sequen-
tial dissociation process, being primarily observed in the direct
dissociation channels.

The KER difference between them can be explained
both by the initial phase-space distribution correlations and
the vibrational energy of the final residual fragment. In the
HT +OD™ and DT 4+ OD™ channels, the vibrational energy of
the final OD™ ion is identical. The differences in KER arise
from the initial phase-space distribution of neutral molecules,
which is related to their vibrational frequency and reduced
mass. %! These parameters for HOD and D,O molecules are
different.*1#2] For the two channels of HOD** ions, the ini-
tial energy of the parent dication leading to the H™ + OD™
is higher than the D* + OH™ channel.””®! Furthermore, for
the same vibrational energy levels of OH' and OD™, the

vibrational energy of OH™ is higher than that of OD™ by
approximately 0.45 eV.[?] These lead to a higher KER of
the H" +OD™ channel. For the broad distribution of the
H*™ +OD™ channel, it originates from the different PESs con-
figurations of different states. According to the calculated en-
ergy levels and fragmentation schemes of doubly charged wa-
ter molecules with ab initio multi-reference configuration in-
teraction method,*’! the lowest triplet state (X’A”) and the
three lowest singlet states (1'A’, 1'A”, 2'A’) can lead to the
H* 4+ OD" and DT+ OH* channels. The X’A” and 1'A”
states mainly contribute to the H* + OD™ channel. The rel-
atively steep slope of the PES of these two states leads to
the broader KER distributions. While the D™+ OH™ chan-
nel mainly originates from the 1'A’ state, whose PES presents
a shallow minimum around Royg = 2.3 a.u., meaning the sur-
face is quite flat in the Franck-Condon area. The repulsive
force between HT /DT and OD* /OH™ is smaller than that be-
tween X°A” and 1'A” states, which leads to the narrower KER
distribution.

—=— H++OD+

1.0 —— H*4+OH*

—+— D*++0OD+

—v— D++OH*
Gaussian fitting

for peak I

=== Gaussian fitting {

for peak II J

0.64 Gaussian fitting :
: for peak III i

0.8

0.4

Relative intensity

0.2

KER (eV)

Fig. 3. The measured kinetic energy release spectrum for channels (1)-
(4) with multipeak Gaussian fitting results. These curves are normalized
to unity at the maximum.

Additionally, it is noteworthy that, unlike H,0*t,
HOD?* exhibits a preferred O-H bond dissociation. This can
be readily understood as the O—H bond has a higher vibrational
frequency than the O-D bond. Nevertheless, to quantitatively
determine this tendency, it is necessary to precisely determine
the ratio of the H" +OD™ channel to the D™+ OH™ chan-
nel. In our experiments, the supersonic cold target contains
H,0, HOD, and D,0O. Therefore, we can simultaneously de-
termine the yields of four two-body channels. The channel
yields are determined by counting the channel events in coin-
cidence measurement and normalized with the branching ratio
of parent molecules in the gas target. The branching ratio is
determined to be about 49.48% +0.11% : 26.17% 4+ 0.09%
: 24.34% +0.08% by the yield of the cations (HOD™', H,O"
and D,O™). During counting statistics, we have taken into ac-
count the correction for detection efficiency for different ions,

073401-3
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which mainly depends on the incident energy, charge state,
and mass for the individual ionic species.*3! The kinetic ener-
gies of the ions are increased at the time of impact on the MCP
to increase the detection effciency, which are about 2200 eV
for cation. Accordingly, the detection efficiencies for the wa-
ter cations H,O", HOD™, and D,O™" are 0.474, 0.470, and
0.466, respectively. At the same time, for the lightest pro-
ton/deuterated proton, the detection efficiency has been deter-
mined to be 0.582, while the detection efficiency of the hy-
droxyl cations is 0.479 for OH*, and 0.474 for OD*.[43]

The relative yield of two-body fragmentation channels of
water dications is displayed in Fig. 4. The yield of D* +OH*
channel is used as a reference standard, the yields of the
other three channels have been normalized to the D™+ OH™
channel. The results indicate that the relative yield of the
D 4+ ODT is the highest, while the yield of the D + OH™
channel is the lowest. For HOD?*t dications, the yield of
the HT + OD™ channel is significantly higher than that of the
DT 4+ OH™ channel, which shows that the cleavage of the O-H
bond is more likely than that of the O-D bond by a factor of
about 5.7 for the HOD**. The dominance of the HT + OD*
channel can be understood by the following simple picture.
The mass of DT is heavier than HT, so the vibrational ef-
fect has larger influence on H* than on D*.1*l The lighter
H™ fragment is accelerated more than the D' ion. The O-H
distance thus increases faster than the O-D distance, making
the trapping of OD™ more likely than the reverse process. As
a consequence, the competition between O—H and O-D bond
elongation results in the H* reaching a larger distance from the
O atom, while the D" ion stays, on average, in closer vicinity
of the O atom and is trapped in the well of the OD™ potential.
Therefore, H" can be lost more easily, leading preferentially
to the formation of the OD™ ion.

Relative ratios

1_
i
0_
H*+OHt H*4+OD* D+*4+OH* D+4OD*

Fig. 4. The yield ratios of four two-body dissociation channels. The
yield of DT +OHT is used as the reference standard for double ioniza-
tion of water molecules (H,O, HOD, and D,0 ), with the value being
setto 1.

From a theoretical point of view, accurate calculations
have been published on the PESs of the ground and excited

states of water dication.?”#>47] The calculations presented
the dependence of the isotopic ratio between two channels on
the multiplicity of the HOD>* molecular state. For example,
the isotopic ratio for the ground triplet state was calculated to
be 8.6, whereas for the first and second singlet states the ratios
were found to be 3 and 15.7, respectively.!?’! The discrepancy
in the ratios between theoretical calculations and experimental
results also indicates that the isotopic ratio in our experiments
is an average value due to the population of the ground and
several excited states. The initial rotational and vibrational
states of the HOD molecule have also been proven to play an
important role in the dissociation dynamics of the doubly ion-

28,48] With a prior vibrational excitation of the

ized molecules.
O-H or O-D mode, the branching ratio will increase or de-
crease correspondingly, which provides a possibility to selec-
tively dissociate a water molecule into respective channels by
simply exciting its vibrational modes.?®!

Taking a comprehensive view, both H + OD™" channel
and D' + OH™ channel contribute to the two-body dissocia-
tion of HOD2*, which can be determined as the sum of the
relative yields of the two channels, amounting to 6.7. The to-
tal relative yields are compared with the two-body dissociation
yields of H,O%* (5.9) and D,O>" (7), it is suggested that the
presence of deuterium atoms in water molecules also enhances
the yield of the two-body dissociation channels. The differ-
ences in total relative yields also reflect the isotopic effect in

the dissociation of water molecules.

4. Conclusion

To summarize, we have studied the two-body fragmen-
tation dynamics of water dications (H,0?*, HOD?**, and
D,0%") induced by 200 eV electron-impact. The complete
two-body dissociation channels Ht +OH™, H" +0OD™, DT +
OH™, and D' + OD™ are identified by the multiparticle co-
incidence measurements. Two ionic fragments and an emit-
ted electron are measured in coincidence and their momentum
vectors as well as kinetic energies are obtained. According to
the projectile energy loss spectrum, the initial electronic state
corresponding to the two-body dissociation channel is deter-
mined. Two fragmentation mechanisms of water dications are
identified, including the direct double ionization dissociation
and the sequential process. For the latter, single ionization of
water molecule is followed by dissociation into a proton and an
autoionizing OH*. By comparing the measured KER of four
two-body channels, it is found that the H + OD™ channel has
a higher and broader KER distribution. Focusing on the two-
body fragmentation of the water isotopologues, the dissocia-
tion of HOD molecules exhibits a strong isotopic preference
for the cleavage of the O—H bond over the O-D bond. We find
an isotopic branching ratio defined as the yield of H™ +OD™"
over DT + OH™ dissociations of 5.7. At the same time, the

073401-4
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relative yields of HY + OH* and D* 4 OD™ are determined
as 5.9 and 7, respectively. Our study provides a powerful way
to investigate the isotopic effect of water molecules. By an-
alyzing the isotopic difference in the two-body fragmentation
of isotopologues of water induced by electron impact, we gain
a deeper understanding of the dynamic mechanisms in water
radiolysis.
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