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Dynamics of Three-Body Breakup in Dissociative Recombination: H2O1
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To better understand the propensity for the three-body breakup in dissociative recombination (DR) of
dihydrides (H3

1, NH2
1, CH2

1, and H2O1), we undertook a study of the dynamics of this process. A
study of DR of H2O1 to give O 1 H 1 H was carried out at the CRYRING Heavy-Ion Storage Ring in
Stockholm. With the stored beam energy of 4.5 MeV, we separated the O signal from the H signals with
a differential absorber, thus reducing the problem to a sum of two two-body problems. Results included
(1) the ratio of O�3P� to O�1D� product, (2) the distribution of recoil-kinetic energy between the two
hydrogen atoms, (3) the angular distribution between the hydrogen atoms in the O�3P� channel and in
the O�1D� channel.

PACS numbers: 34.50.Gb, 34.50.Lf
Dissociative recombination (DR) is the process in
which a free electron combines with a molecular ion and
the added energy, essentially the negative of the mole-
cule’s ionization potential, causes dissociation into neutral
fragments.

The DR process is important in the dynamics of, e.g.,
low temperature plasmas, ionospheres, and interstellar
clouds. With the advent of heavy-ion storage rings, the
DR process has come under intensive investigation. Stud-
ies have included collision energy dependent total cross
sections, breakup into atomic and molecular fragments,
and, in the case of diatomic molecular ions, populations
of internal atomic energy states [1].

DR of simple triatomic dihydrides has shown a strong
propensity for fragmentation into three separate atoms.
For, e.g., H3

1 [2], CH2
1 [3], NH2

1 [4], and OH2
1 [5–7],

the three-body channel constitutes 60%–80%. Thus far,
no theoretical explanation of this phenomenon has been
forthcoming. To help clarify this situation, we undertook
a study of the dynamics of three-body breakup, i.e., inter-
nal excitation of the atomic products, distribution of ki-
netic energy between fragments, and angular distribution
between the product atoms. Here, we report on the dynam-
ics of the H2O1 DR breakup (absolute total cross sections
for the DR of H2O1 are reported in Refs. [5–7]). The DR
product fractions measured here at approximately zero col-
lision energy are 0.19 for OH 1 H, 0.08 for O 1 H2, and
0.73 for O 1 H 1 H.

At zero collision energy, only two three-body channels
are energetically possible:

H2O1 1 e ! O�3P� 1 H�1s� 1 H�1s� 1 3.04 eV

(1a)

and

! O�1D� 1 H�1s� 1 H�1s� 1 1.07 eV . (1b)

Almost all of the energy released must be divided be-
tween the two (light) hydrogen atoms. For the O�3P�
0031-9007�00�85(26)�5555(4)$15.00
channel, equal distribution for the two hydrogen atoms
gives �1.5 eV per atom; also the minimum energy for the
faster of two hydrogen atoms released is �1.5 eV. Simi-
larly, for the O�1D�, equal distribution gives 0.54 eV per
atom and a maximum energy of 1.07 eV. Hence any H atom
with energy �1.1 eV must come from decay to the O�3P�
state. In the experiment, the recoil velocities are deter-
mined by measuring the distances and angles of the recoil-
ing H atoms from the O atom after DR takes place in an
energetic circulating beam of H2O1.

The experiment was performed at the CRYRING
Heavy-Ion Storage Ring in Stockholm. The H2O1 ions
are injected into the ring and accelerated to 4.5 MeV
(250 keV�amu). After acceleration, the ions “coast” in
the ring vacuum for 5 s which is sufficient to radiatively
relax into the ground vibrational state. The beam is phase
space cooled by passing through a merged electron beam
85 cm in length, which is matched to the velocity of the
stored beam. The “cooling” process reduces the beam
size to �4 mm. The cooler also acts as the electron
target in which DR can occur. At velocity matching, the
relative collision energy is �0 eV; however, the transverse
temperature of the electron beam introduces a 2-meV
spread.

Neutral fragments pass through the dipole magnet
following the electron target and strike an imaging
detector (Fig. 1). The imaging detector used in this
experiment consists of three stacked microchannel plates
(MCPs) and a phosphor screen (size F � 77 mm) and is
similar in design to that of Amitay and Zajfman [8] and
Rosén et al. [9]. Fragment atoms from the DR of H2O1

strike the MCPs detector and generate flashes on a phos-
phor screen. The screen is imaged onto a CCD camera
and onto a multichannel photomultiplier tube (PMT, 16
lines). The former records the separation of the fragments,
and the latter is used to report the difference in arrival
times and it also acts as a trigger to the image intensifier
(II). Each of the 16 lines of the PMT is connected to
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FIG. 1. Detector system, multichannel plates, fluorescent
screen, image intensifier, CCD camera, and multichannel
photomultiplier.

a single channel in a 16-channel constant fraction discrim-
inator. To remove signals arising from spurious events and
thermal electrons in the MCP array, the detector is oper-
ated in a gated mode.

The problem is that both the H atoms and the O atoms
give identical signals on a MCP detector. The solution was
to place a thin �2.5 mm� Al disk (5 mm in diameter) at
the center of the MCP (see Fig. 1). At 250 keV�amu, the
range of protons in Al is 2.2 mm and the range of oxygen is
3.2 mm. With a 4.5-MeV H2O1 beam, the 2.5-mm Al foil
completely stops at 250-keV H atom, but a 4.0-MeV 16O
atom exits the foil with �400 keV and strikes the MCP.
Thus any pulse occurring from a strike behind the foil area
must be due to an oxygen atom.

The distance from the center of the 85-cm-long merging
region to the detector is 6.4 m, so that the recoil distances
are 67%. When the H-O-H plane is parallel to the detector
plane, the maximum recoil separation on the MCP for the
O�3P� is (3.04 eV) 22.5 mm, the minimum for the faster
of the two H atoms is 15.7 mm (one-half the maximum
recoil energy). Similarly, for the O�1D� channel, the maxi-
mum spacing (1.07 eV) is 13.2 mm, and the minimum for
the faster H is 9.3 mm. Therefore, any recoil separation
of $15.7 mm must arise from the O�3P� channel, and the
pulses occurring at larger distances represent the energy
spectrum of the more energetic H atom fragment accom-
panying an O�3P� atom.

The procedure is to record all events in which three
particles make an MCP hit within �10 ns. Keying on a
hit made within the area behind the Al foil (i.e., oxygen
atoms), the distances between the O atom hit and the asso-
ciated H atom hits are recorded as is the H-O-H angle. The
system of three particles can, of course, have any orienta-
tion with respect to the MCP detector plane (MCPDP). It
is only when the plane containing the three particles is par-
allel with the MCPDP and hence at a maximum projected
distance that the interatomic distances represent the true
recoil energies. The timing between pulses is also a mea-
sure of the orientation of the H-O-H plane with respect
to the detector plane, i.e., the closer the H-O-H plane is
parallel to the detector plane, the shorter will be the sepa-
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FIG. 2. Measured distribution of total recoil distances (taken
from the square root of the sum of the squares of the two O-H
distances). The time window was ,800 ps.

ration between pulse arrival times. Introducing timing con-
straints can do much to clear up the spectrum by rejecting
latecomers.

From the square root of the sum of the squares of the
two O-H distances, one derives the total recoil distance
in the DR process. The recoil distance spectrum taken
from the three particles in coincidence within an 800-ps
time window is shown in Fig. 2. The upper peak corre-
sponds to DR resulting in an O�3P� state [Eq. (1a)] and
the lower to the O�1D� state [Eq. (1b)]. Integration yields
O�3P�:O�1D� � 3.5 6 0.5:1.

To obtain the distribution of the kinetic energy released
(KER) between the two hydrogen atoms for the O�3P�
channel, we use those events whose total recoil distance
(RD) is measured to be greater than 20 mm. The selection
of the uppermost edge is to limit consideration to events
most parallel to the detector plane. For each H atom in a
given H2O molecular DR, we separately measure its recoil
distance and plot the number of events at that distance di-
vided by the distance, versus distance. This is a particu-
larly convenient formulation for comparison with Monte
Carlo calculations using different models. The data is plot-
ted in Fig. 3 for the O�3P� case. Also shown are the results
for three models. The narrow calculated peak assumes that
the two hydrogen atoms share the total KER exactly (50-50
distribution). For a nonequal but sharply defined energy
distribution (i.e., 90-10), we obtain the bimodal distribu-
tions shown. However, the best fit to the data is given by
a random distribution of energies.

This lack of structure indicates the lack of a well-defined
intermediate state, i.e., the existence of an intermediate
excited state of OH or H2. The vibrational distribution in a
postulated OH� or H�

2 would surely smear any sharp binary
distribution, but it is unlikely to completely eliminate it.

The distribution of angles between the two departing H
atoms is plotted in Fig. 4 for the O�3P� channel and the
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FIG. 3. Distribution of recoil H atom distances in the O�3P�
channel divided by distance. Three models chosen for Monte
Carlo analysis are chosen; the dashed line assumes 50:50 dis-
tribution between the two hydrogen atoms; the dash-dotted line
assumes a 90:10 division; the solid line is obtained using a ran-
dom distribution.

O�1D� channel. Here again, to ensure the best fragment
plane orientation, we use only the data from an upper slice
of the measured recoil distances (Fig. 2). For the O�3P�
case, we use RD � 20 mm and for the O�1D� case, we
use 10 , RD , 14 mm. The line drawn in Fig. 4 for the
O�3P� is a two point smooth line and, in the O�1D� case,
we use a Lorenzian fit. Both curves, however, are just
meant to “guide the eye.”

The H-O-H bond angle in the ground states of both
H2O and H2O1 is �110±. In the case of O�3P�, there
is no hint of preference in this angular region. The dis-
tribution rises sharply at 40± and continues to rise at the
lowest measurable H-O-H angle. This strongly indicates
rearrangement of the H2O� complex prior to dissociation.
However, the random distribution of velocities between
the two H atoms (above) mitigates against any formation
of an H2 intermediate. A possibly relevant observation
in regard to the peaking at low angle is that in the
two-body DR channels, i.e., OH 1 H and O 1 H2, the
ratio �OH 1 H���O 1 H2� is only a factor of 2, i.e., as
though statistically distributed even though the O 1 H2
channel would require considerable rearrangement to
bring the two H atoms into close contact. This “sta-
tistical” distribution was noted in a DR fragmentation
study of H2D1, where the HD�H2 product ratio was
2:1 [10]. Similar observations were made in the DR
of CH2

13. The angular distribution from DR to O�1D�
gives a broad peak in the region of 90±, i.e., qualita-
tively different from the O�3P� and close to what might
be expected from dissociation along the bond angle
directions.
FIG. 4. Angular distribution of the H atoms departing from
H-O-H. For the O�3P� channel ���, the data used is from recoil
distances .20 mm (Fig. 2). The line is a two point smoothing
to guide the eye. For the O�1D� channel ���, the data used is
from recoil distance regions 10–14 mm. The line is a Lorenzian
fit to guide the eye.

Summing up, we have investigated for the first time the
dynamics of three-body breakup in dissociative recombi-
nation. The case in point being dissociative recombination
of H2O1 at approximately zero collision energy.

(i) The yield in the O�3P� channel exceeds the yield in
the O�1D� channel in a ratio of 3.5 6 0.5:1.

(ii) The distribution of kinetic energies between the two
recoiling hydrogen atoms appears to be quite random,
indicating single step three-body dissociation without a
well-defined intermediate state (e.g., OH� or H�

2).
(iii) In the case of the O�3P� channel, the measured

angular distribution of the recoiling hydrogen in the 2P
channel decreases rapidly from O± to 70± with a slight rise
at 180±. There is no trace of any preference for the region
of the H-O-H bond angle, indicating major rearrangement
prior to breakup.

(iv) In the case of the O�1D� channel, a broad peak at
�90± is observed, i.e., not too distant from the ground state
H2O and/or the H2O1 bond angle.

Although there has been no direct theoretical treatment
of three-body DR dynamics, several publications may have
a bearing on our observations. For example, Dixon and
co-workers [11] did trajectory calculations on photodis-
sociation of H2O and showed that, along excited sur-
faces, there was a lot of three-body decay and angular
smearing. Child [12] speculated that dissociation pro-
ceeds via Rydberg states associated with the second excited
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superbent state B2B2 of H2O1. At least one Rydberg state,
�Ã 2A1�3pb2

1B2, has been shown to be linear [13] and may
be associated with the rise near 180±. The net result of this
paper is to give detailed information on the dynamics of
DR of H2O1. The theoretical reasons for this behavior re-
main to be elucidated.
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