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Individual product channels in the dissociative recombination of deuterated hydronium ions and cold

electrons are studied in an ion storage ring by velocity imaging using spatial and mass-sensitive detection

of the neutral reaction fragments. Initial and final molecular excitation are analyzed, finding the outgoing

water molecules to carry internal excitation of more than 3 eV in 90% of the recombination events. Initial

rotation is found to be substantial and in three-body breakup strongly asymmetric energy repartition

among the deuterium products is enhanced for hot parent ions.
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In ionized media of low density and temperature an
important source of water molecules is oxygen ion chem-
istry in repeated [1] reactions with molecular hydrogen,
leading to the hydronium ionH3O

þ. This ion forms neutral
water in one of the product channels of its dissociative
recombination (DR) [2] with an electron, accompanied by
an energy release of �6 eV. Rate and branching ratios of
this reaction as well as the excitation of the products are of
basic importance for understanding the role of water mole-
cules in astrophysical molecular clouds [3], comets [4],
and planetary atmospheres [5]. Radiation by water mole-
cules, following their production by DR of H3O

þ, pro-
motes the cooling of dense molecular clouds [3], might
explain unusual hot bands in recent cometary observations
[6], and has been suggested as the origin of infrared laser
action seen from water laboratory plasma [7]. Quantum
chemical calculations [8–10] suggest that the incident
electron is first captured in predissociating Rydberg states
of the neutral H3O radical [11]. For H3O states bound by
�3 eV, probably below the Rydberg states governing the
DR process, the predissociation into the H2Oþ H channel
was studied recently [12] byH3O

þ charge exchange on Cs,
revealing vibrational excitation of the H2O fragment of
�1–2 eV. The DR of H3O

þ and its deuterated analogues
was studied in flowing afterglow experiments [3,13] and at
ion storage rings [14–17]. Most of these experiments
[15,16] agree at a branching ratio for the water product
channel of 17%–25%, except for one earlier result [3] of
only 5%. The excitation of the OH product was investi-
gated in flowing afterglows by laser-induced fluorescence
[13], while a storage-ring experiment [17] recently ana-
lyzed the OH product excitation by fragment imaging.

Coincidence imaging of reaction fragments from fast
overlapping molecular ion and electron beams in an ion
storage ring has been established for exploring the molecu-
lar breakup in DR [2]. However, the imaging detectors used

so far, based on electron multiplier plates, exhibit detection
efficiencies for individual particles well below unity and
give signals which cannot be correlated to their masses;
hence, neither individual fragment masses nor the number
of fragments following a DR event can be safely assigned if
polyatomic ions are studied. We overcome this limitation
by applying a multistrip surface-barrier detector [18] to
determine individually, at high event rate and spatial reso-
lution, the fragment translational energies, which in fast-
beam imaging are proportional to their masses. Because of
the intrinsic near-unity efficiency of the detector, the frag-
ment multiplicity of an event and the fragment momenta in
the plane transverse to the beam direction can be efficiently
and reliably reconstructed for all DR product channels.
Strongly improving the insight into this process from ion
storage-ring experiments, this not only reveals the branch-
ing ratios between the individual DR product channels and
the excitation carried by the atomic and molecular frag-
ments, but also allows us to gain information on the initial
excitation of the parent molecules.
We choose to study the deuterated species D3O

þ and
keep a fast beam of these ions in a storage ring for times up
to 20 s to allow them to thermalize with the room-
temperature environment. On a part of its orbit, the ion
beam is merged with a velocity-matched cold electron
beam. Applying the mass-sensitive detector, we image
the resulting DR events leading into the highly exothermic
two-body fragment channel D2Oþ D and find product
kinetic energies much below the reaction energy release,
implying a high internal excitation of the D2O product of
>3 eV. Through the energies of fragments in channel
ODþ Dþ D, the new detection technique also unambig-
uously reveals that the long-time storage of the D3O

þ ions
does not prevent them from keeping a high initial excita-
tion. Analysis of the three-body breakup finally shows
preferred geometries suggesting that a substantial part of
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the ODþ Dþ D events for hot parent ions occurs via a
two-step process through excited, rapidly predissociating
water molecules. The ensemble of results sheds light on the
dissociative dynamics induced by cold electron collisions
with hydronium ions, and at the same time illuminates the
advantage of the recently introduced multistrip detector for
studying the DR of polyatomic molecular ions.

The experiment is performed at the heavy ion storage
ring TSR using a D3O

þ beam of EB ¼ 4:23 MeV kinetic
energy. The D3O

þ ions are produced with a Penning ion
source in a 2MeV electrostatic accelerator and, after in-
jection into the TSR, are brought to the final energy by
synchrotron acceleration within�3 s. The stored ion beam
is merged over 1.1m with a velocity-matched electron
beam in the TSR electron target section (ETS) [19]. This
beam from a cryogenic photocathode [20] has a kinetic
temperature of �10 K in the comoving reference frame
and a typical density of �5� 106 cm�3. Phase-space
cooling of the polyatomic ions by the electron beam occurs
within 7 s and results in an ion beam diameter of <1 mm.
Neutral DR fragments, separated from the circulating ion
beam at the next storage-ring dipole, hit the recently in-
troduced energy-sensitive multistrip detector EMU [18]
mounted 941 cm from the center of the ETS. The pulse
heights of the hits on the 10� 10 cm2 detector are read out
using 128 vertical and 128 horizontal strip electrodes
evaporated onto the front and back sides of the detector,
respectively, and processed [18] to determine the masses
mi and transverse positions ~ri of the individual fragments i.
With the average velocities of the merged beams being
equal, the collision energies amount to�1 meV because of
the finite temperature of the electron beam. At these col-
lision energies the DR of D3O

þ leads to three fragment
channels as listed in Table I.

The background from charge-transfer collisions of
D3O

þ with the residual gas relative to the DR signal rate
was <0:1%, found by offsetting the beam velocities for a
collision energy of �1 eV, where the D3O

þ DR cross
section is very small. All results are obtained for storage
times of 15–20 s but differ only little for times >10 s.

For each event the c.m. position ~rcm ¼ P
i ~rimi=M in the

detector plane and the total detected mass M ¼ P
imi are

determined. For DR events, identified by requiring M ¼
22 amu, the c.m. positions lie within a spot of only�1 mm
diameter, which reflects the small diameter and divergence
of the phase-space cooled ion beam. For all fragment

channels we then obtain the mass-weighted total squared
distances D2 from the projected squared fragment dis-

tances d̂2i ¼ ð~ri � ~rcmÞ2 by D2 ¼ P
imid̂

2
i =M [18]. For a

given distance S between the interaction point and the
EMU detector, D2 ¼ S2Ek;?=EB. Here Ek;? is the trans-

verse kinetic energy, which depends on the full kinetic
energy release (KER) Ek as well as on the orientation of
the fragment momenta in the c.m. frame; in particular,
Ek;? ¼ Ek if all fragments are emitted in a plane perpen-

dicular to the beam direction.
At zero offset between the average beam velocities an

isotropic distribution of breakup directions in the c.m.
frame is expected, as also confirmed by previous DR
measurements on diatomic ions [22]. Assuming, in addi-
tion, the fragment momentum geometries in the three-body
channel to be equally distributed in phase space, and
averaging over the interaction region, we can simulate
for each channel the expected distributions PðD2;EkÞ for
a given KER Ek. The Monte Carlo based simulations also
take into account the slightly different fragment detection
efficiencies [18] caused by the detector geometry, the
energy resolution, and the finite strip width of 760 �m,
which occasionally may lead to a misassignment of ODþ
Dþ D as D2Oþ D or ODþ D2. Branching ratios deter-
mined with the present technique are published in Ref. [23]
together with those at higher collision energies up to 20 eV.
Examples of measured D2 distributions are shown in

Fig. 1. To analyze the KER reflected by them, each D2

distribution was fitted by a sum
P

j�j
~PðD2; ðEkÞjÞ of con-

tributions for a set of energy bins ðEkÞj, varying the relative
strengths �j. The functions ~PðD2; ðEkÞjÞ, normalized over

D2, were obtained by integrating PðD2;EkÞ over the re-
spective energy bin ranges. The bins in Ek and their relative
strengths after overall normalization are displayed in
Fig. 2, representing the derived KER histograms.

TABLE I. Channels c of the studied D3O
þ DR with their

energy releases Ec from the D3O
þ ground state (revised from

Ref. [15], �0:1 eV [21]), and measured branching ratios.

Channel Energy release (eV) Branching fraction

D2Oþ D 6.36 0.165(20)

ODþ D2 5.72 0.125(10)

ODþ Dþ D 1.17 0.710(20)
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FIG. 1 (color online). Measured, normalized D2 distributions
(dots) for the DR product channels D2Oþ D (a) and ODþ Dþ
D (b) with fits (solid lines) of the superimposed contributions
(dashed lines) described in the text. In (b) the arrow marks the
highest D2 of ODþ Dþ D expected for cold D3O

þ ions;
Roman numerals mark D2 ranges applied below.
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Most surprisingly, in the water producing DR channel
[Fig. 2(a)] only a small part of the available energy is
released as kinetic energy; in fact more than 90% of these
events occur with KER deficits of >3 eV compared to the
maximum available energy of 6.36 eV (D2 up to 150 mm2

in Fig. 1). Moreover, a remarkable sharp cutoff occurs at
Ek ¼ EOD;D;D ¼ 1:17 eV, where the deficit coincides with
the dissociation energy of D2O. On the other hand, it
follows from the KER spectrum deduced for the three-
body channel ODþ Dþ D [Fig. 2(b)] that more than 30%
of all DR events have a KER exceeding the channel energy
release EOD;D;D by up to�1 eV. Moreover, energy releases

below 1.17 eV are observed, indicating the production of
OD fragments with some internal excitation. The KER
histogram for the second two-body channel ODþ D2,
Fig. 2(c), also reveals a large KER deficit with respect to
the channel energy release of EOD;D2

¼ 5:72 eV. In the

KER histogram of this channel structures related to the
opening of the ODþ Dþ D (1.17 eV), Oþ Dþ D2

(1.25 eV), and the OD� þ D (1.67 eV) channels (the star
denoting the first excited electronic state) can occur, if at
least one of the resulting molecular fragments does not
carry a high, broadly distributed rovibrational excitation.
The maximum at Ek � 1:2 eV, close to both EOD;D;D and

EO;D;D2
, suggests that indeed one of the molecular frag-

ments of this channel is only weakly excited and that the
branching to OD� is minor. As previous measurements
[13,17] indicate that OH fragments from the DR of
H3O

þ are mostly in lower vibrational states (v & 3), we
attribute only a moderate excitation to OD while inferring
that the D2 fragments carry most of the KER deficit as
internal energy.

The large KER deficit of>3 eV for most of the events in
the D2Oþ D channel points to a high, predominantly
vibrational excitation of the D2O molecules. The most

striking argument for this is the excellent agreement of
the minimum KER observed in Fig. 2(a) with the expected
stability limit of D2O. In principle, the missing KER might
also be caused by radiative emission from high Rydberg
states of the D3O radical, likely to be formed in the initial
phase of DR, to lower D3O levels with less breakup en-
ergy towards D2O. In fact, the lowest (3s) state of the D3O
radical is calculated [11] to lie�1 eV above the D2Oþ D
threshold, not far from the observed minimum KER.
However, the recent charge-exchange measurements [12]
on H3O

þ find very few signs, if any, of radiative decay for
the lower H3O levels studied.
The only viable explanation of the energy excess in the

three-body channel is a significant excitation of the D3O
þ

ions even after >15 s of storage. Similar excess projected
distances of three-body breakup products from the DR of
H3O

þ were in recent work [17] explained by background
from residual gas collisions. Disregarding such events in
the analysis, it was concluded that the H3O

þ beam was
internally thermalized to the 300K blackbody field.
However, in our case the measured low background level
clearly rules out such an explanation. For all vibrational
modes of D3O

þ, the calculated transition dipoles [24]
imply radiative level lifetimes of <1 s. Hence, we con-
clude that the D3O

þ ions are excited rotationally.
Assuming the DR cross section to be independent of
angular momentum we find a rotational temperature near
3500K. High initial rotational excitation is known to occur
through reactive collisions in the plasma-type ion sources
used here as well as in most previous storage-ring DR
measurements on polyatomic ions. While the long persis-
tence of such an excitation is unanticipated considering the
predicted subsecond radiative lifetimes [25] in the
inversion-rotation spectrum even down to <0:05 eV,
long-lived rotational levels are in fact conceivable consid-
ering the angular momentum selection rules governing the
decay of rotating D3O

þ [26].
For the ODþ Dþ D channel also the three-body frag-

mentation geometries were analyzed. As previously estab-
lished for the DR of triatomic ions [18,27], Dalitz

coordinates defined by [18] Q1 ¼ ðm2
D=mODMÞ1=2ðd̂2D2

�
d̂2D1

Þ=3D2 and Q2 ¼ ðmOD=3mDÞðd̂2OD=D2Þ � 1=3 are used

to represent the measured projections of the fragment
velocities in the detector plane. Histograms in Q1, Q2 are
built for different D2 ranges while taking into account the
symmetry of the system as well as the properties of the
EMU detection system [18]. They are normalized by cor-
responding histograms calculated for breakup geometries
equally distributed in phase space. The resulting Dalitz
ratio plots show a remarkable dependence on the D2

cuts, changing from nearly flat [see Fig. 3(a)] to clearly
structured [see Fig. 3(b)]. At the highest D2, where the
D3O

þ ions undergoing DR are presumably strongly rotat-
ing, we find a local enhancement of up to 40% in the region
of the Dalitz ratio plot where one D is released at much
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FIG. 2 (color online). Normalized kinetic energy release histo-
grams derived from the D2 distributions for the three DR frag-
ment channels of D3O

þ; dashed lines mark the reaction energy
releases Ec.
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smaller velocity than the other (jQ1j � 1=3). One possible
explanation for such a geometric preference is a two-step
fragmentation via an intermediate, strongly vibrating D2O
fragment: at the high D2 where the enhancement occurs, a
strongly vibrating D2O product can be expected to carry
also considerable rotational energy left over from that of
the parent ion. This could populate levels behind a rota-
tional barrier, whose rotational predissociation [28] would
produce slow D fragments in a second decay step.

The results demonstrate the large benefits to be gained
from individual fragment mass assignment in molecular
breakup imaging. Since investigations of DR and its final
channels often aim at cold astrophysical media, the possi-
bility of verifying the internal excitation of polyatomic
parent ions will be valuable for future storage-ring DR
measurements on them. The denser environment of flowing
afterglow experiments [3,13] would avoid rotational exci-
tation of the parent ions by collisional relaxation. In fact,
somewhat lower branching ratios towards water were seen
in these experiments which, however, in the light of the
present measurements could be caused by collisional dis-
sociation of the highly excited water products in this denser
environment. Taken that the vibrational D2O product ex-
citation seen in our measurements by far exceeds the initial
rotational energy, we rather consider that the branching
ratios and product excitation reflect the predissociation
dynamics of the D3O radical formed in the initial recom-
bination step, and we do not expect the basic character of
the fragmentation dynamics towards D2Oþ D to be
changed fundamentally through the presence of rotation
in the D3O

þ parent ion. Hence, our observations give
strong direct evidence that water molecules produced by
the DR of hydronium ions with cold electrons have a
highly inverted vibrational population, experimentally re-
producing the mechanism that makes DR of H3O

þ a likely
source of hot-band emission from water in terrestrial and
extraterrestrial cold-plasma environments. While theory
[8,9] has already considered the production of excited
H2O through this process, the precise mechanisms leading

to the extremely high excitation found here are left for
future investigations.
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FIG. 3 (color online). Dalitz ratio plots for the three-body
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PRL 105, 103202 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

3 SEPTEMBER 2010

103202-4

http://dx.doi.org/10.1086/152436
http://dx.doi.org/10.1086/152436
http://dx.doi.org/10.1086/427473
http://dx.doi.org/10.1007/s11214-008-9395-3
http://dx.doi.org/10.1111/j.1365-2966.2009.15239.x
http://dx.doi.org/10.1111/j.1365-2966.2009.15239.x
http://dx.doi.org/10.1016/S0009-2614(01)00253-6
http://dx.doi.org/10.1021/jp991143e
http://dx.doi.org/10.1021/jp991143e
http://dx.doi.org/10.1039/b002559n
http://dx.doi.org/10.1016/j.cplett.2005.11.034
http://dx.doi.org/10.1016/j.cplett.2005.11.034
http://dx.doi.org/10.1016/S0301-0104(98)00426-1
http://dx.doi.org/10.1063/1.3068334
http://dx.doi.org/10.1063/1.474586
http://dx.doi.org/10.1063/1.474586
http://dx.doi.org/10.1103/PhysRevLett.77.4891
http://dx.doi.org/10.1086/317137
http://dx.doi.org/10.1063/1.481979
http://dx.doi.org/10.1063/1.3141434
http://dx.doi.org/10.1103/PhysRevA.81.062702
http://dx.doi.org/10.1016/j.nima.2004.06.058
http://dx.doi.org/10.1016/j.nima.2004.06.058
http://dx.doi.org/10.1063/1.3208054
http://dx.doi.org/10.1063/1.1680090
http://dx.doi.org/10.1063/1.1680090
http://dx.doi.org/10.1103/PhysRevA.54.4032
http://dx.doi.org/10.1021/jp9104097
http://dx.doi.org/10.1063/1.445953
http://dx.doi.org/10.1016/0009-2614(83)87045-6
http://dx.doi.org/10.1016/0009-2614(83)87045-6
http://dx.doi.org/10.1103/PhysRevA.66.032719
http://dx.doi.org/10.1080/00268978100103151

