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The breakup dynamics of D2H
+ and H2D

+following dissociative recombination with low energetic electrons
has been studied combining two-dimensional imaging and storage ring techniques. The kinematical correlation
between the hydrogen and deuterium atoms produced in the three-body channel was measured. We found that
the three particles tend to dissociate with a geometry close to linear, and that the deuterium atom has a large
probability to be at the center. The data also show that the remaining average internal excitation energy stored
in the rotation of the D2H

+ and H2D
+ molecules corresponds to a temperature of less than 70 meV, much less

than observed for the H3
+ and D3

+ species previously examined.
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The triatomic hydrogen ion H3
+ is the dominant posi-

tively charged molecular ion in all hydrogen containing
plasma. Its destruction by dissociative recombination(DR)
with free electrons, leading to neutral atomic and molecular
fragments,

H3
+sv,Jd + e− → 5Hs1sd + Hs1sd + Hs1sd

or

H2sv8,J8d + Hs1sd
s1d

thus plays a key role in understanding the reaction dynamics
and the atomic and molecular composition of these ionized
systems. In particular, the DR rate coefficient and its influ-
ence on the abundance of H3

+ and its isotopomers is a criti-
cal ingredient in astrochemical models of the cold interstellar
medium [1], as these species play a dominant role in reac-
tions which lead to molecule formation[2] and determine the
deuteration fraction of interstellar molecules[3].

In view of its astophysical importance and its benchmark
character in quantum chemistry, the DR of cold H3

+ ions and
its isotopomers with low energetic electrons has been the
subject of intensive experimental[4–6] and theoretical[7–9]
studies during the last years. But despite these efforts and the
apparent simplicity of the system, the DR process turned out
to be a challenge to both experiment and theory. Experimen-
tally, the control of the initial excitation of H3

+ is the main
issue, while theoretically the three dimensionality of the pro-
cess constitutes the main difficulty. Complete energy depen-
dences for the DR cross section have been measured at sev-
eral storage rings[5,10–12] for H3

+, shown to be
vibrationally but not rotationally relaxed prior to recombina-
tion [13], and rate coefficients of the order ofa=1
310−7 cm3 s−1 for 300 K electrons have been deduced. In
contrast, recent experiments using the flowing afterglow
technique[14,15] have determined an upper limit of only 3
310−9 cm3 s−1 for the H3

+ DR rate coefficient. While the
difference between the two techniques remains unexplained,
a calculation[8,9], which treats the fragmentation reaction in
its full dimensionality, is supporting the storage ring results.
Using storage rings, DR cross sections were measured also
for the isotopomers of H3

+ (Refs. [16–20]) and branching

ratios between the two- and three-body dissociation channel
[see Eq.(1)] have been determined to be 1:3 for H3

+, D3
+,

and H2D
+ [18]; in addition, thefHDg /2fH2g ratio in the DR

of H2D
+ was found to be 1.20±0.05, slightly in favor of HD

rather than H2 production.
Recently, we have performed detailed experiments related

to the dynamics of the breakup of H3
+ and D3

+ in the DR
process[21–23] by measuring the kinematical correlation be-
tween the three hydrogen or deuterium atoms[see Eq.(1)]. It
was found that the three neutral atoms produced by the DR
reaction tend to dissociate along a straight line(while the
original structure of the molecular ions is an equilateral tri-
angle). An additional important outcome of these experi-
ments has been the evidence for highskTrot,230 meVd ro-
tational excitations of the molecular ions prior to
recombination even after storage times of several tens of
seconds. These results have led to storage ring experiments
[5] and resulted in somewhat lower rate coefficients for H3

+

when using an ion source producing rotationally colder ions.
In this work, we present an experimental study of the

dissociation dynamics and of isotope effects in the DR of the
isotopomers D2H

+ and H2D
+, investigating the momentum

distribution between the three neutral fragments. Our data
also indicate that already after a short storage time the re-
maining rotational excitation for both D2H

+ and H2D
+ is

considerably lower than observed for the symmetric species,
an expected result as the asymmetric isotopomers, unlike
H3

+ and D3
+, have a nonvanishing permanent dipole moment

(0.60 Debye and 0.48 Debye for H2D
+ and D2H

+, respec-
tively [24]) and can, therefore, radiatively cool both the vi-
brational and rotational motion.

The experiments were carried out at the Test Storage Ring
(TSR) located at the Max-Planck-Institut für Kernphysik,
Heidelberg, Germany applying a technique which has been
previously described in detail[21]. In the present case, H2D

+

sD2H
+d ions were produced in a “hot” gas discharge ion

source, and accelerated using a radio-frequency quadrupole
accelerator to a kinetic energy of 1.9 meV for H2D

+ and
1.2 meV for D2H

+ before being injected into the storage
ring. After each injection, about 106 ions were stored in the
ring (55.4 m circumference) in an average vacuum of about
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3310−11 Torr, which ensured 1/e beam lifetimes of about
10 s. At each pass, the ion beam was merged over 1.5 m with
a “cold” electron beam, which was produced by the TSR
electron cooler and guided in the merging section by a mag-
netic field of 0.04 T. The electron beam had a 0.1 meV lon-
gitudinal and less than 25 meV transverse energy spread and
was tuned such that the electrons and ions had the same
average velocity. Thus, the average center-of-mass(CM) en-
ergy between the ions and electrons was approximately
10 meV.

In the interaction region, where the ion and electron
beams are merged, neutral fragments are produced by the DR
reaction. These fragments exit the ring and are detected using
a two-dimensional(2D) imaging detector mounted straight
ahead of the interaction region at a mean distance of 6 m.
The 2D imaging detection scheme has been used extensively
in the past years in several of our DR experiments, and de-
tails can be found in Ref.[21]. In the current detector setup,
the 25 frames/s camera was replaced by a Dalsa CAD-6,
1000 frames/s digital camera, which was coupled to an im-
age intensifier and a home-made frame grabber which can
handle rates of up to 400 events/s. The imaging detector,
which has a position resolution of,100 mm, can resolve
multiple hits which are separated on the surface of the detec-
tor by more than 1 mm; only events with three detected par-
ticles were included in the following analysis.

During the first few seconds of storage, which allows for
the relaxation of the molecular ions, also the momentum
spread of the ion beam is reduced by collisions with the cold
electron beam, yielding very narrow beams with diameter of
less than 1 mm(full width at half maximum). The shrinking
of the beam size due to the phase space cooling by the elec-
tron cooler is essential for the data analysis, as the identifi-
cation of the mass(H or D fragments) of the particle hitting
the detector surface is made on the basis of their relative
distance to the CM. For this purpose, all possible assign-
ments are considered, and the combination with the calcu-
lated CM position being closest to the beam center is se-
lected. Moreover, discrimination against random coincidence
events is achieved by applying a cut on the CM distance
from the beam center before the event is finally accepted.
Monte Carlo simulations of the experiment show that for the
H2D

+ three-body dissociation channel, a 1s cut on the CM
distance from the beam center provides a correct identifica-
tion in 93% of the accepted events(87% for D2H

+), in agree-
ment with estimates obtained from a more detailed analysis
of the CM distance distribution(see below).

The kinetic energy release in the full fragmentation chan-
nel (Ek=4.67 eV for H2D

+andEk=4.72 eV for D2H
+) is dis-

tributed between the three atomic fragments. As the 2D im-
aging technique records distances in the detector plane,
transverse to the beam velocity, only transverse velocities
and energies can be measured. The transverse energyE'i of
particle i is proportional toAiRi

2, whereAi is the mass num-
ber of the particlei (H or D), andRi is the distance of particle
i from the CM position measured on the surface of the im-
aging detector. In the same wayR2;oiAiRi

2 is proportional
to the total transverse kinetic energy releaseE'. In Fig. 1,
the probabilitiesPsR2d, obtained by normalizing the mea-
suredR2 distributions to unity(solid dots), are displayed at

large values ofR2 for H2D
+ (b) and D2H

+ (c) and compared
to the PsR2d distribution observed for D3

+ (a) [23]. In con-
trast to the D3

+ data, which are virtually background free, the
flat tails of the measuredPsR2d distributions at largeR2 val-
ues are due to misassigned events in the accepted event en-
semble: The form and size of this contribution is well de-
scribed by the corresponding background spectrum obtained
by analyzing events far outside the CM distance cut. The
solid lines represent the simulated distributions assuming ro-
tationally cold molecular ionsskTrot=0d, while the dashed,
dotted, and dashed-dotted lines correspond to simulations as-
suming spin-weighted Boltzmann distributions with charac-
teristic rotational temperatures of kTrot=65 meV,
230 meV, and 500 meV, respectively. Taking into account

the systematic errors caused by the limited accuracy of the
pixel to mm calibration of the camera as well as uncertainties
due to the assumption of uncorrelated fragment momenta in
the Monte Carlo simulations, an upper limit ofkTrot

FIG. 1. ExperimentalR2 distributions for three-fragment events
following the DR of (a) D3

+, (b) H2D
+, and(c) D2H

+, recorded at
storage time intervals of(a) 45–80 s,(b) 5–10 s, and(c) 10–60 s
(solid dots). The open dots represent the background spectra due to
misassigned events. The lines are the simulatedR2 spectra for rota-
tionally cold molecular ions(kTrot=0, solid lines), and for ions with
rotational temperatures ofkTrot=65 meV (dashed lines), kTrot

=230 meV (dotted lines), and kTrot=500 meV (dashed-dotted
lines).
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<70 meV can be deduced from the present experiment for
the rotational temperature of H2D

+ and D2H
+ after 5 s of

storage. This is also in good agreement with the data ob-
tained by Lammichet al. [20] and the values given by Miller
et al. [25] for highly excited rotational states. In contrast,
D3

+ (as well as H3
+) display a rotational temperature of

kTrot<230 meV even after 45 s of storage.
Due to energy and momentum conservation, the energy

distribution between the three fragments determines uniquely
the relative momenta of all fragments, including their rela-
tive directions in the dissociation plane. The dissociation ge-
ometry is defined in turn by a triangle, spanned by the ve-
locity vectors of the three fragments in the comoving frame
of reference of the molecular ion. The so-called “Dalitz plot”
representation[26], which has already been used as a repre-
sentation for the H3

+ and D3
+ three-body DR[21], is based

on coordinates which are linear combinations of the energies
of the dissociating particles. Representations in such coordi-
nates have the advantage to produce a uniform distribution if
the fragment momenta are uncorrelated(besides obeying to-
tal momentum conservation).

Since our 2D imaging system can only measure the trans-
verse energies of the fragments, we choose to represent the
measured transverse energy distribution by using “transver-
sal” Dalitz coordinates[21], defined by linear combinations
of the transverse energiesE'i of the particlesi. As the inves-
tigated systems are invariant under the exchange of two of
the fragments, it is advantageous to define the transversal
Dalitz coordinates,Q1 andQ2, by

Q1 =
ÎM/m3sE'2 − E'1d

3E'

, s2d

Q2 =
s1 + m3/mdE'3 − E'2 − E'1

3E'

, s3d

wherem1=m2=m denotes the mass of the two identical par-
ticles, and E' and M are defined asE'=E'1+E'2
+E'3, andM =m1+m2+m3.

Each kinematically allowed coordinate pairsQ1,Q2d cor-
responds to a uniqueprojecteddissociation geometry; the
shape of the triangles shown in the upper panels of Fig. 2
actually reflect for characteristicsQ1,Q2d values the hit pat-
tern (modulo a rotation of each triangle around its center of
mass) of the dissociation fragments as seen on the imaging
detector for H2D

+ [Fig. 2(a)] and D2H
+ [Fig. 2(b)]. The al-

lowed region in thesQ1,Q2d plane is limited to the inside of
the circle of radiusÎQ1

2+Q2
2=1/3 by momentum conserva-

tion. The tangents to the circle shown by the solid lines are
given by energy conservation and are obtained by setting the
transverse energy of one of the particles to zero, e.g., the
Q2=−1/3 line defines the points at which the odd atom re-
ceived zero transverse energy, i.e., the D atom in H2D

+ and
the H atom in D2H

+. The symmetry of the two investigated
systems obviously require a mirror symmetry around the
Q1=0 line.

It is easy to verify that the colinearprojecteddissociation
geometries are located on the circumference and the triangu-
lar geometries in the middle of the circle. However, as the

dissociation plane is randomly oriented with respect to the
detector plane, there is no unique correspondence between
the geometry in the dissociation plane and the projected ge-
ometry; each specific dissociation geometry is thus trans-
formed into a variety of different projected geometries. For
example, all the triangular geometries can be rotated such
that their projections would be linear on the detector plane.
This is why the number of events located on the circumfer-
ence of theQ1,Q2 plot are enhanced relative to the number
of counts observed at other projected dissociation geometries
even when the 3 dim momenta of the fragmentation products
are uncorrelated. In a previous paper[21], we have shown,
that the most prominent features of the true dissociation ge-
ometry distribution can be restored by dividing the measured
transverse Dalitz plot by the simulated transverse Dalitz plot
for random dissociation geometries. This “weighting” proce-
dure, which takes into account all details of the detection
efficiency, at least allows one to clearly identify preferred or
avoided breakup geometries. For a more quantitative analy-
sis, one is bound to use the Monte Carlo image restoration
technique[21], but to avoid the creation of artifacts this
needs an experimental data set of much higher statistical sig-
nificance and purity than available from the present experi-
ment. The resulting Dalitz plots, obtained for D2H

+ and
H2D

+ by using the weighting procedure after symmetrizing
the data aroundQ1=0, are displayed in the two lower panels
of Fig. 2. Both distributions give evidence for an enhanced
occurrence of certain linear dissociation geometries and re-
veal an unexpected isotope effect: In the H2D

+ case[Fig.
2(c)] the data clearly show that the D atom prefers to be in
the middle of the two hydrogen atoms, while no preferences

FIG. 2. (a) Kinematically allowed transversal Dalitz coordinates
for H2D

+ and projected dissociation geometries for a sample of
points in thesQ1,Q2d plane. The dots show the position of the D,
and the circles the position of the H.(b) Same as(a) but for D2H

+.
(c) Weighted Dalitz plot for H2D

+. (d) Weighted Dalitz plot for
D2H

+.
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for the linear H-H-D and D-H-H geometries are observed.
Similarly, for D2H

+ [Fig. 2(d)] linear geometries with one of
the two deuterons occurring between the hydrogen and the
other deuteron seem to be preferred compared to the linear
D-H-D configuration. The stability of this conclusion was
checked by using different CM cuts(the 1s CM cut is shown
in the Fig. 2) to ensure that the observed features are not an
artifact due to false identifications of the H and D fragments.

Enhancements of symmetric linear dissociation geom-
etries where already found for H3

+ and D3
+ [21], but because

the three constituents are indistinguishable the D3h symmetry
leads to a three-fold occupancy in the corresponding Dalitz
plots; the small isotope effect indicated by the size of the
enhancement when comparing H3

+ and D3
+ is likely due to

the differences in the width of the initial wave function for
these two isotopomers. On the other hand, for H2D

+ and
D2H

+ the D3h symmetry is broken and only the C2v symme-
try remains. Based on the Born-Oppenheimer approximation,
the potential energy surfaces(PESs) of both the precursor
ion and the neutral complex are identical to the symmetric
(H3

+ and D3
+) case. On the other hand, the non-Born-

Oppenheimer Jahn-Teller coupling was found to play a cru-
cial role in the theoretical treatment of the DR process for
H3

+ (Ref. [9]) and thus the nuclear species might indeed be
suspected to produce asymmetries in the PES for H2D

+ and
D2H

+ as compared to the symmetric isotopomers. Another
possibility for the observed symmetry breaking might be re-
lated to kinematics: The force driving the breakup, which is
initially equal for all fragments, causes a slower acceleration
when acting on the D atom than on the H fragment, which
breaks the fragment permutation symmetry in later phases of
the dissociation process. It is felt that only detailed calcula-
tions of the three-dimensional wave packet propagation on
the respective PES can shed more light on the preference for
linear dissociation geometries and on the origin of the ob-
served isotope effect.
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