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An electron, recombining with a molecular ion, deposits the negative of the ionization potential into the
system and leads to dissociation into atomic and/or molecular fragments (dissociative recombination (DR)).
Recent studies using heavy-ion storage rings have done much to elucidate the process. Relative collision
energies as low as’1 meV are obtained, and information has been gained on total cross sections (rates),
fragment branching fractions, and atomic states in DR of diatomic molecules. Tri-atomic di-hydrides (H
CHy", NH,", OH,") show a propensity for dissociation into three fragments. To study the dynamics of this
process, a new method has been used to obtain atomic excitation levels, distribution of energy, and angular
distribution of the fragments. The case study ofOH has been completed and is discussed.

Introduction

Dissociative recombination (DR) is a process in which a free
electron recombines with a molecular ion. The amount of
internal energy given to the molecule in recombination is
essentially the inverse of the ionization potential (e.g.~MP
10—-20 eV) and, as a result, the molecule dissociates, i.e.,

ABT +e—ABXE=—IP)~A+B+AE (1)

The total exothermicity appears as a sum of internal-fragment
excitation and recoil-kinetic energies. The DR process is of great
consequence in determining the composition of low-temperature

plasmas, e.g., cold interstellar clouds, planetary ionospheres, \ y

and edge plasmas in magnetic fusion devices. This process was \\ _ .7

first suggested by Bates and Massey in 197e principal ”

mechanisms envisioned for DR are demonstrated in Figure 1. AB(Rydberg)

The “direct” mechanism occurs when the collision energy is
high enough to promote a vertical transition to a repulsive state Figure 1. Dissociative Recombination. Two paths are shown. E, direct
of the neutral molecule. At lower energies (i.e., down to zero excitation of the AB to a repulsive state of the neutral moleculé; E

kinetic energy), one can have a resonant transfer to a Ryclbergelectron capture to a Rydberg state of the neutral molecule.

state of the neutral molecule followed by pre-diSSOCiation. Denmark; Heidelberg and Darmstadt, Germany; and Tokyo’

Until approximately 1992, the experimental methods used, japan. The Stockholm storage ring (CRYRING) is pictured in
e.g., “flowing afterglow” were in most cases indirect. The final  Figure 2. The extracted ions are first accelerated in the radio
results generally involved assumptions about correlation pro- frequency quadrupole (REQ) and injected into the ring where
cesses and reactions. An additional and important difficulty they are further accelerated and bent around the ring, contained
being that molecular ions extracted from ion sources are by a set of dipole magnets. The maximum energy attainable
generally in excited vibrational states, and it has been ShOanarieS with the individual ring_ (|n the case of CRYR|NG, the
that DR is extremely sensitive to vibrational energy states. A maximum energy is 967M (MeV)) whereq is the ionic charge
more direct “single pass” merged beam method suffers from andm is its mass.) During each revolution, the ion beam passes
low-signal rates, and from the uncertainty of molecular ion through a merged electron beam that is velocity matched to the
internal energy statésThe advent of “cooled” ion storage rings  jon beam. The primary function of the merged electron beam
opened new possibilities. The first suggestion that the rings couldis to “cool” the translational momentum distribution of the ions
be used in DR studies was in 1993nd the intensive studies by Coulomb scattering of the “hot” ion beam onto a continu-
in the last eight years have done much to elucidate this précess oysly refurbished “cold” electron beam. For our purposes, this

. electron beam can also serve as a target for the recombination.

2. lon Storage Rings Relative collision energies as low a€.001 eV ~10°K, ~8

lon storage rings that have been used to study atomic andcm2) can be attained by merging with multi-MeV stored beams.
molecular processes exist in Stockholm, Sweden; Aarhus, For DR experiments, the molecular ion is injected into the
ring and allowed to “float” for some seconds during which time,
T Part of the special issue “Aron Kuppermann Festschrift”. given a reasonable dipole moment, it can radiate down to its
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Figure 2. The CRYRING facility at the Manne Seigbahn Laboratory in Stockholm. Molecular ions are injected from the “MINIS,” accelerated,
and pass through the “electron cooler” which also acts as a merged electron beam target. Neutral fragments from DR eRXidateb®iO

vibrational ground state. DR takes place in the merged beam
region, and the neutral fragments follow a straight path through
the next dipole-bending magnet and strike a detector. The
detectors used fall into two categories: (1) solid-state surface-
barrier detectors which yield pulses heights proportional to the

Q0000
000g0

total energy deposited, and (2) position-sensitive, microchannel °o8
plate systems which are insensitive to the nature of the particle gggé’
causing the pulse, but which can give high-resolution informa- ggg§
tion on the positions of fragments striking the detector. 5838
B
3. Total Cross Sections and Fragmentation gé’g;é
%o

]

To illustrate this aspect of the work, | chose DR ig"Href
5] and HD™ [ref 6], i.e.,

H3+ +e— H3* (2a)
—H,+H (2b) 30%
Transmission
—H+H+H (2¢) Screen Surface Barrier
. Detector
H,D" + e— H,D* (3a)

Figure 3. Detector system used for measurement of fragmentation

pattern of H*, H atoms passing through the holes yield a full-energy

—HD+H (3b) pulse of 6.5 MeV. H atoms at this energy can pass through the solid
but yield a pulse of 4.7 MeV (see Figure 4).

—H,+D (3¢)

—~H+H+D (3d) 3).% The grid was 5Q:m-thick steel and could be penetrated by
) _ _ ) the 5-MeV H atoms. The grid transparency was 31%. Particles
r_nalnly, because the right side of these equations look very mUChpassing through the holes gave full pulse height while those
like the ones that have been of concern to Aron Kuppermann yonerating through the solid portion gave an attenuated pulse
for much of his career. Total cross sections for DR @fHave — ont illystrated in Figure 4). Calculating the probability of a

been measured over 5 orders of magnitude in collision energy. iven pulse heiaht for acareaates of one. two. and three particles
These data was obtained using a solid-state surface-barrie®’ P 9 ggreg ’ ’ P

detector. The beam was storeck& MeV/amu. DR is signaled gives the fraction breaking up into two or three fragments. Here
by the simultaneous arrival of three neutral particles; hence ac@me the first surprises. At low energies)(— 1 eV), three-
pulse height on a solid-state surface-barrier detector correspondParticle breakup is dominant, i.e., the observed breakup fractions
ing to 15 MeV. for Hy™ were H* (0%), H + H, (20%), and H+ H + H (80%)3

The fractions going into each channel (cf., e.g., 2a, 2b, 2c) For H,D" these fractions were #° (0%), HD+ H (13%), H
were obtained by placing a “grid” in front of the detector (Figure + D (7%), and H+ H + D (80%)$
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Figure 4. Energy spectrum of pulses from surface-barrier detector. a position-sensitive microchannel plate detector. The separation mea-
DR of Hs* (6.5 MeV/nucleon) with perforated barrier inserteg, &l sures the recoil kinetic energy which depends on the internal excitation
three H atoms pass through holes, to H atoms pass through holes  states of the fragment atoms. In this case, zero collision energy, the
and one passes through the solid portion;dde atom passes through  exit channel yields exclusively H(= 2) atoms.
hole, two pass through solidpRall three pass through the solid. The ) . o o
peaks labeled B are background peaks from breakup on collision with TABLE 1: Product Fractions in Dissociative Recombination
residual gas, e.g.,g8and B are H atoms which have passed through Of Triatomic Di-Hydrides

solid and hole, respectively, giving a measure of the foil transparency. fragment AE
fraction (eV) ref
4. Internal Excitation States of Recoiling Atoms from DR Het + e —H,+H 0.22 9.2 (5)
of Diatomic Molecules —H+H+H 0.78 4.7
+ —
As an example, take the case of one of the simplest molecular HD™ +e . EH:DH 8? g'g ()
ions HeH" at “zero” collision energy: CH+H4D 0.7 4.7
CHyt +e —CH+H 0.25 5.8 (8)
. —H,+C 0.12 6.8
HeH +e He(1§) + H(1s)+ 11.75 eV (4a) CHHEH 063 23
NHz" + e — NH + H - 7.5 (9)
and —H,+ N - 8.2
—N+H+H 0.66 3.7
_ _ OH;" +e —OH+H 0.19 7.4 (10)
He(1$) + H(n=2) + 1.55eV  (4b) hio 0.08 -
—O+H+H 0.73 3.0 -

i.e., 11.75 and 1.55 eV kinetic energy release (KER), respec-

tively, to the fragments. The KER can be determined by of the atoms formed? How is the kinetic energy divided among
measuring the separation of the fragments after traversing thethe fragments? What are the angular distributions of the
~6-m distance from the DR region to a detector (see next fragments?

section). The detector, in this case, is a microchannel plate, The candidate molecular jon, in this case, .11 Because
followed by a fluorescent screen and a CCD camera. A result the O atom is much heavier than the H atoms, the recoil energy
is pictured in Figure 5. The shape is dictated by the dynamics, js taken up almost exclusively by the H atoms. At zero collision
and is a two-dimensional projection of an isotropic distribution energy, only two three-body exit channels are energetically
in the center-of-mass system. The maximum separation distanceossible:

occurs for recoil perpendicular to the center-of-mass velocity

in the lab system. The result in this case (approximately zero + —0f

relative collision energy) is that all of the reaction results in H0" +e—O(P)+ H(ls)+ H(ls)+ 3.04 eV (5a)
formation of H atoms in the = 2 state with virtually no H in

the 1s ground state. As the relative energy is increased, there is
shift to highern values. Studies of the DR dHeH" and
3HeH" were carried out at both the Heidelberg and Stockholm
rings’

— O('D) + H(1s)+ H(1s)+ 1.02eV  (5b)

The imaging detector used in this experiment (Figure 6) consists
of three stacked microchannel plates (MCP) that generate flashes
on a fluorescent screen. The pulses are amplified by an image
intensifier and projected into a CCD camera and a multichannel-
photomultiplier tube. The former records the separation of the
fragments, and the latter is used to report the difference in arrival
As was mentioned above, triatomic species, especially time of the fragments. The distance from the recombination
dihydrides, show a large propensity for breaking up into three region center is 6.4 m and, with stored beam energy of 4.5 MeV,
atoms, rather than an atom and a diatomic molecule. A list of the maximum H-atom displacement at the detector is 22 mm
the di-hydrides that have been measured thus far is given infor the OfP) channel and 13 mm for the ) channel.
Table 1. It includes in addition #%,> H,D™,6 CH,™,8 NH,*,° The plane containing the three fragments can have any
and HO™.19 The reason for this effect is not at all clear. Is it a orientation in space. It is only when this plane is parallel to the
one-step or a two-step process? What are the excitation statesletector plane (i.e., perpendicular to the ion-beam axis) that the

V. Dynamics of Three-body Breakup in Dissociative
Recombination
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Figure 6. Detector system, microchannel plates, fluorescent screen,
image intensifier (I1), CCD camera, and multichannel-photomultiplier.
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Figure 7. Measured distribution of total recoil distances (taken from
the square root of the sum of the squares of the tweHQlistances).
The time window was<800 ps.

projected distances are a maximum and the true fragment
velocities (and hence recoil energies) can be determined. Also,
if the fragment plane is closely parallel to the detector plane,
all three fragments should arrive at approximately the same time.
Hence, we concentrate on the—@& distances in those triple
events, which occur within a narrow time window (in this case
<1 ns).

There remains one major problem. The H atoms and the O
atoms give identical signals on a MCP detector. This was solved
as follows. Because the O atom is so heavy, it is very little
deflected from its original path. Therefore, in the center region
of the MCP, we place an Al foil 2..xm thick and 5 mm in
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Figure 8. Distribution of recoil H atom distances in the®} channel
divided by distance. Three models chosen for Monte Carlo analysis
are chosen - - assumes 50:50 distribution between the two hydrogen
atoms;— - — assumes a 90:10 division. The solid line is obtained using
a random distribution.

those events whose total recoil distance (RD) is measured to
be greater than 20 mm (see Figure 8). The selection of the
uppermost edge is to limit consideration to events most parallel
to the detector plane. For each H atom in a give® Irholecular

DR, we separately measure its recoil distance and plot the
number of events at that distance divided by the distance, versus
distance. This is a particularly convenient formulation for
comparison with Monte Carlo calculations using different
models. The data are plotted in Figure 8 for theR)(case.
Also shown are the results for three models. The narrow
calculated peak assumes that the two hydrogen atoms share the
total KER exactly (56-50 distribution). For a nonequal but
sharply defined energy distribution (i.e.,-900), we obtain the
bimodal distributions 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. The vibrational distribution in a postulated ‘OH
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 Figure 9 for both the é¥) and the GQ) channels.

diameter (see Figure 7). If we operate the stored beam at 250Here again to ensure best fragment plane orientation, we use

keV/amu, the 250-keV H atoms are stopped in the foil, but the
4-MeV O atoms pass through, emerge witd00 keV, and

strike the MCP. Thus, we know that pulses arising in the region
behind the foil must be due to O atoms and the remaining two
pulses must come from H atoms whose positions with respect

only the data from an upper slice of the measured recaoll
distances (Figure 8). For the ¥ case, we use RR 20 mm

and for the OYD) case, we use 1& RD < 14 mm. The line
drawn for the OfP) is a two-point smooth and, for the D),

we use a Lorenzian fit. However, both curves are just meant to

to the O atom can then be determined. From these data, we canguide the eye.”
measure the distances of the H atoms from the O atom and the The H-O—H bond angle in the ground states of botbCH

angle between them. The first result is shown in Figure 7, where
we plot the total recoil distance obtained from the square root
of the sum of the squares of the{®); plus (O—H), distances.
These points were obtained within a timing window of 0.8 ns.
The upper portion is due to the ) channel and the lower
one to OfD). From this spectrum, we derived the branching
ratio OGP):0(D) = 3.5+ 0.5:1.

To obtain the distribution of the kinetic energy released
between the two hydrogen atoms for theé@)(channel, we use

and HO™ is ~11C. In the case of GP), there is no hint of
preference in this angular region. The maximum is close’to 0
strongly indicating rearrangement prior to dissociation. A
possibly relevant observation, in regard to the peaking at low
angle, is that in the two-body DR channels, i.e., @HH and

O + Hy, the ratio (OH+ H)/(O + Hy) is only a factor of 2, i.e.,

as though statistically distributed even though thetOH;
channel would require considerable rearrangement to bring the
two H atoms into close contact. (Note also in Table 1 that this
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Figure 9. Angular distribution of the H atoms departing from-@—

H. For the OfP) channel®, the data used is from recoil distances

>20 mm (Figure 2). The line is a two point smoothing to “guide the
eye.” For the O{D) channel, O, the data used is from recoil distances
region 16-14 mm. The line is a Lorenzian fit to “guide the eye.”

factor of ~2 is also obtained in the 41 and the CH" cases.
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-worKatisl
trajectory calculations on photodissociation ofHand showed
that, along excited surfaces, there was considerable three-bod
decay and angular smearing. Chifdhas speculated that

J. Phys. Chem. A, Vol. 105, No. 11, 2004373

again two three-body exit channels are possible:
NH," +e—N("*S)+ H+ H +3.67 eV

—NCD)+H+H+1.29eV

The energetics are similar, yet a plot of total recoil distance as
in Figure 8, we observe what appears to be a mirror image,
i.e., the NgD) channel is dominant!

The state of DR theory has been highly developed for the
treatment of diatomic systems. However, the treatment for even
simple three-body systems is reminiscent of the phenomenologi-
cal approaches used in the early days in other branches of
chemical dynamics, a phenomenology which the contributions
of Aron Kupperman have done much to clarify and quantify.
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