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We report results from high-resolution studies of D5+ cluster ion collisions with low-energy electrons performed in a heavy
ion storage ring. Absolute dissociative recombination (DR) and dissociative excitation (DE) cross sections were determined
for the energy range from 0.0005 to 20 eV. The DR cross sections were exceedingly large at low energies, and DR resulted
in efficient internal energy redistribution and pronounced fragmentation with two main product channels: D, + 3D (0.62 +
0.03) and 2D, + D (0.35 £ 0.01). The DR and DE cross sections were comparable in the energy range from 0.2 to 20 eV,
which suggest that the two processes follow similar dynamics and are competing outcomes of the ion—electron interaction.
A simple picture of the recombination process of Ds* which captures the essential physics is suggested.
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1. Introduction

Hydrogen-containing ions play important roles in several
types of plasmas including the interstellar medium, plan-
etary atmospheres, man-made discharges and fusion re-
actors. For a low-density plasma cold enough to contain
molecular components, ions are removed by dissociative
recombination (DR) where a molecular ion and a free elec-
tron react to form two or more neutral fragments. In the
related dissociative excitation (DE) process, the electron is
not permanently transferred to the ion, it instead transfers
energy to the ion, which breaks apart while the electron
is re-emitted with a lower kinetic energy. The DR process
may control ion and electron concentrations in the plasma
and it produces radicals and highly excited molecules that
may undergo subsequent reactions. The current understand-
ing of these processes is far from complete and although
DR has been treated theoretically from first principles for
a handful of ions [1,2], a general theoretical framework is
lacking for larger systems.

The H; ™ ion was discovered in mass spectrometry al-
ready in 1911 [3], but its spectroscopy was not unravelled
until 1980 [4], followed by the first extraterrestrial obser-
vation in the auroral regions of Jupiter in 1989 [5,6] and
the first observation in the interstellar medium in 1996 [7].
The next stable ion in the Hy, ; | family, Hs ™, was discov-
ered by mass spectrometry in a glow discharge in 1962 [§]
along with its isotopologue Ds ™, but just as for H; * the
spectroscopic discovery came much later [9,10], in partic-
ular the medium resolution spectroscopy of Hs ™ and D5 *
[11,12]. The spectroscopic work and the fact that Hst is

the simplest molecule containing five atoms and the sim-
plest system with two neutrals combined by a proton have
stimulated much theoretical work [11-19].

Another reason for the interest in Hs ' is the central
role played by Hy * in interstellar chemistry [20,21], which
in collision with H, leads to the formation of a short-lived
Hs* complex in which proton scrambling can occur [22].
It has been estimated that interstellar Hs ™ could reach a
concentration which is 40% of that of H3 ™ [23], but this
estimate is grossly overestimated and flawed by the assump-
tion that H, and H3 ™ are close for, unrealistically, as long
as 10 ns leading to a far too high concentration. Hs+ has
never been observed in the interstellar medium.

DR of Hs*™ [24-27] and Ds* [28], i.e. HD)s ™ +
e~ — neutral products, has been studied in plasma af-
terglow experiments. Leu ef al. studied DR of Hs* [24]
with a microwave afterglow apparatus combined with a
mass spectrometer and determined a DR rate coefficient of
(3.6 £ 1.0)-107% cm? s~ ! at 205 K. MacDonald et al. [25]
later determined the DR rate coefficient as a function of
electron temperature 7, using a microwave afterglow-mass
spectrometer apparatus. From ion and neutral tempera-
tures of 128 K, the DR rate coefficient was found to be
(1.8 £ 0.3) x 107° (T,(K)/300)~%% cm?® s~! over the
range from 128 to 3000 K, with a more rapid decrease as
T, ~! between 3000 and 5500 K. Pysanenko et al. [26] and
Glosik et al. [27] also studied DR of Hs* in flowing and
stationary afterglow plasmas and obtained similar values.
We know of only one earlier recombination study of D5 *
carried out by Novotny et al. [28].
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None of the earlier work has addressed the recombi-
nation cross section, the product branching ratios or dis-
sociative excitation. These are the subjects of the present

paper.

2. Experiment

The experiments were performed in the heavy ion storage
ring CRYRING at the Manne Siegbahn Laboratory, Stock-
holm University [29]. The detailed experimental procedure
has been presented elsewhere [30]. Ds ' ions were pro-
duced from pure D,vapour in a hollow cathode ion source
[31]. The ions were mass-selected by a dipole magnet and
thereafter injected into the ring and accelerated to 9.28 MeV.

The ions were subsequently allowed to interact with
electrons at different relative collision energies, and neu-
tral fragments formed by DR or DE were detected by a
surface barrier detector. The ions were stored in the ring
for 3 s before the experiments began, which should allow
for complete relaxation of vibrational excitations in the in-
jected ions. During this time, the ion beam was merged
with an electron beam over a distance of 0.85 m in the elec-
tron cooler. During this initial storage period, the electron
beam was adjusted to have the same average velocity as the
ion beam. The repeated passage of ions within the electron
beam transferred heat from the ions to the cold electron
beam, which resulted in a reduction of the translational
temperature of the ions and an increase of the ion density
in phase space [32].

Neutral products were generated in the electron cooler
by DR of cluster ions and electrons. Neutral fragments
formed by DR continued in a straight line in the forward
direction, and the fragments were detected by an energy-
sensitive silicon detector (SBD, diameter of active area
60 mm) mounted at a distance of 4 m from the midpoint
of the electron cooler. The fragments created in a single
DR event reached the detector within a short time com-
pared with the integration time of the detector. The pulse
height of the signal from the detector was proportional to
the total deposited energy, and the event was recorded at the
pulse height characteristic of the full beam energy. This is
illustrated in Figure 1(a) where a typical energy spectrum
is shown for DR of Ds* with 0 eV electrons. The peak
observed at the total ion energy of 9.28 MeV is the DR
peak and includes products of all active DR channels. A
background of neutral fragments was created by collisions
between ions and rest gas in the vacuum system. The back-
ground was characterised in a separate experiment with the
electrons turned off and removed from the data displayed
in Figure 1.

The experimental procedure and analysis used to de-
termine absolute cross sections and to deduce thermal rate
coefficients have been carefully described elsewhere [1,33].
During cross-sectional measurements after the initial cool-
ing period, the electron energy was varied in order to
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Figure 1. (a) Energy spectrum of neutral fragments produced in
DR of D5+ measured with a surface barrier detector. (b) Same as
in (a), but with a metal grid in front of the detector, which stops
some of the fragments and separates the measured signal into
peaks corresponding to 1-5D atoms simultaneously reaching the
detector. The spectra were determined with an ion-electron centre-
of-mass collision energy £ = 0 eV. A background spectrum due
to collisions with residual gas molecules has been removed from
the data. The dashed line indicates the kinetic energy of Ds* ions
in the storage ring.

determine the DR rate as a function of collision energy.
The electron cooler voltage was ramped between a high
and a low value crossing the cooling voltage correspond-
ing to a centre-of-mass collision energy of 0 eV. The total
ramp time was 2.0 s. A single-channel analyser amplified
and monitored the signal from the SBD, followed by a
multi-channel scaler giving the number of neutralisation
events as a function of centre-of-mass collision energy. Si-
multaneously with the cross-sectional measurements, the
background processes, including those due to electron cap-
ture from rest gas molecules, were monitored separately
with a scintillation detector in a straight section of the ring
between the accelerating system and the electron cooler.
The registered count rate from this detector served as an
indirect measurement of the ion beam current. The abso-
lute beam current, which is required for a determination of
the cross section, was measured by means of an ac trans-
former which measured the magnetic field generated by the
coasting, bunched beam [34]. The DR cross section was
measured from nominally 0 to 20 eV.

The absolute cross section for DE of D5 ™ was measured
for the energy range from 0.01 to 20 eV. In DE, an electron



Molecular Physics

Table 1.

2101

Energetically allowed product channels in DR and DE of Ds *, and determined branching ratios (BRs) for DR (95% confidence

interval). The energies given for DR product channels are valid when the fragments are in their rovibrational ground state.

Reaction Product channel BR

Dissociative recombination

Ds* +e (E=0¢eV) 2D, +D+8.84 eV 0.35700) (a)
D, +3D+4.29 eV 0.62+0% (b
D; (2p*Ay") + Dy +3.35 V! 0.0279 (c)
Dy +D+8.79 eV? 0.01750: (d)

Dissociative excitation

Dst 4+ e (E>031¢eV) D;t + Dy +e” - (e)

Ds™ + e (E > 4.86 V) D; ™ +2D+e” - )

Dst 4+ e (E>4.76 V) Dt +2D, + e~ - (2)

! Additional short-lived Dj states energetically allowed.
2 Additional excited Dy states energetically allowed.

collisionally excites the Ds* cluster ion to a dissociative
state or to a short-lived predissociating state. We probed
the formation of fragments having a mass corresponding
to 2D (i.e. either formation of D, or 2D). Two channels
resulting in the formation of either D3 * + D, or D3 ™ + 2D
were energetically allowed, see Table 1. These channels
are clearly resolved from the DR channel, which occurs
at 5D. A contribution to the mass 2D peak arising from
collisions with residual gas molecules was subtracted in
order to obtain the DE cross section. We cannot completely
rule out minor contributions from additional channels listed
in Table 1 in case one or several neutral fragments missed
the detector due to extensive kinetic energy release.

full beam energy determined by mass ratios. The individ-
ual peaks in Figure 1(b) thus correspond to 1-5D atoms
reaching the SBD simultaneously.

The number of counts in each of the five sharp peaks
observed in the energy spectrum was used to determine the
branching ratios. A set of linear equations connecting the
number of dissociations into the different channels N,, N,
N.and N, (see Table 1) to the measured numbers of events in
the five peaks was set up. The measured numbers of events
in the different peaks were represented by N(D), N(2D),
N(3D), N(4D) and N(5D). The following set of equations
relates the number of events in each peak to the number of
dissociations into the different channels:

N(5D) T3 T4 T2 T’ N
N(4D) T*(1-T) 3731 —T) 0 T(1-T) N“
N(3D) | =|21*°0-T) 3T*A-TP+T3(1-T) T(1-T) 0 X N” ) 6))
N(Q2D) 2T(1 —T)* 3T*(1—-TP+TA-Ty TA-T) 0 NC
N(1D) T(1—T)> 37(1—T) 0 T(1-T) d

In order to measure the branching ratios for different
channels of the DR process, a metal grid with a trans-
mission 7 = 0.297 £ 0.015 (99% confidence interval) was
inserted in front of the detector [30]. The grid technique has
also been carefully described in previous work [1,30,35,36].
The grid is thick enough to stop the neutral fragments that
do not pass through the holes. The probability for a neutral
fragment to pass through the grid is 7, and the probability
for the fragment to be stopped is (1 — 7). Each neutral
fragment carries a fraction of the total beam energy propor-
tional to its mass. The effect of introducing the grid in front
of the SBD is illustrated in Figure 1. The upper part shows
the pulse-height spectrum without the grid, with a single
peak at full beam energy. The lower part shows the pulse—
height spectrum with the grid inserted. Particles stopped by
the grid do not reach the detector and the total DR signal,
therefore, splits into a series of peaks with a fraction of the

By solving this set of equations, the branching ratios
were obtained after normalisation to the total number of
dissociations

N;

= with
Na+Nb+Nc+Nd

i=a,b,c,d (2)

n;

3. Results and discussion

The absolute DR cross section for Ds ™ as a function of
centre-of-mass collision energy is shown in Figure 2. The
cross section decreases monotonically over the energy range
up to 1 eV, with an increasing slope above approximately
0.02 eV and again further increasing above approximately
0.2 eV. A broad distribution that peaks around 8 eV is
observed at higher energies. Fits to selected energy ranges
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Figure 2. Absolute cross sections for DR and DE of D5 as a
function of centre-of-mass energy. Literature data for D3 * [38].

give (with E used numerically in the expressions for the
cross section):

U(E) — 10—14.87i0.20 X E—1.20i0.08 sz,

0.0005 < E < 0.017eV 3)

O'(E) — 10—]5.93i0.]2 % E_l‘78i0'100m2,

0.017 < E <0.159eV 4)

O_(E) — 10—17.50i0.35 % E'—3.75i0.54(:n.127

0.159 < E < 1.0eV, (5)

where error limits are given as 95% confidence intervals
for fits to the experimental data. The data in the low-energy
range show an E~!2 dependence which is not too far from
the E~! dependence predicted by the Wigner threshold law
[37]. Figure 2 also display DR cross-sectional data for Ds].
At energies below 0.01 eV, the cross section for D [38]. At
energies below 0.01 eV, the cross section for Ds* is more
than 100 times larger than for D3 ™. The DR cross section
for D5+ is similar to the cross sections observed for the
cluster ions D (D,0); [39] and D (NDs), 3 [40], but the
effect of adding a D, unit to D3+ is considerably larger
than to add D,O or NDj to the other cluster ions.

Thermal DR rate coefficients were calculated from the
absolute cross-sectional data by folding the cross section
with an isotropic Maxwellian electron-velocity distribution
[1]. The calculated rate coefficient in the temperature range

Table 2. Experimental rate coefficients for Hs ™ and Ds .

J.B.C. Pettersson et al.

from 10 to 1000 K is well described by (with 7, used
numerically)

a(T,) = (6.96 & 0.02) x 1077, (0:672+0.001)
—(3.454+0.03)- 10 7em’s . ©6)

Table 2 contains results from earlier determinations of
the DR rate coefficients for Ds+ and Hs+ at a few differ-
ent temperatures and the result from the present work at
300 K. The afterglow results are consistently higher than
the merged-beam result from CRYRING. A possible ex-
planation for this is that it was recently discovered that the
H,-assisted ternary recombination rate coefficient is very
large and that this could have had the effect of ternary
recombination domination over binary recombination, re-
sulting in an apparent too large binary recombination rate
coefficient [41].

The DE cross-sectional data in Figure 2 show two broad
peaks that may be associated with the energetic thresholds
of 0.31 and 4.86 for the D3+ + D, and D3+ 42D chan-
nels, respectively. Finite cross sections at energies below
0.31 eV may be due to the thermal excitation (at 300 K)
of D5 ions in the storage ring. The onset of DE around
0.3 eV coincides with a rapid decrease in DR cross sec-
tion in the same energy range. A comparison between the
absolute DR and DE cross sections in the energy range
below 3 eV suggests that electron capture process follows
the same overall behaviour in this range and that DR and
DE are competing outcomes of the ion—electron interac-
tion. As the DE channel becomes energetically accessible
around 0.3 eV, autoionisation is strongly favoured over DR.
The DR cross sections for Ds* and D3t are comparable
around 1 eV, and the DR and DE data at higher energies
both show a broad distribution that peaks around 8 eV. This
is due to a resonant process where autoionisation and DR
are competing outcomes that have comparable cross sec-
tions. The resonant state into which the electron is captured
is the same for both processes, but whereas DR leads to
dissociation, DE leads to autoionisation. Similar resonant
peaks have been observed in DR and DE of D3 ™ [38].
What is striking with the data in Figure 2 is that this is the
first time, to the best of our knowledge, a DE cross sec-
tion has been measured for a cluster ion (D5 ) and made a
comparison with the smaller D3 * possible.

The measured product branching ratios are given in
Table 1. The dominant channels are 2D, + D (0.35) and
D; + 3D (0.62), whereas all other channels are essentially

a [107% ecm® s7'] Ton T, (K) Technique Reference
3641 H+ 205 Afterglow [24]
1.8+0.3 Hs ™ 300 Afterglow [25]
3.5+ 0.4 H,+ 195 Afterglow [26]
2-3.5) Hs* 195 — 220 Afterglow [27]
3+1 D+ 190 Afterglow [28]
1.16 £ 0.02 Ds* 300 Storage ring This work
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zero. As pointed out by one of the referees, only the N =
K = 0 rotational level of the 2p?A,” in D; has a sufficiently
long lifetime to survive to the detector, which must be a
very small fraction of all states in D3. The D4 channel must
also be negligible since only dispersion forces are acting
in D4. The dominance of the three-body break-up has been
noted for many molecular ions [1,35,42]; however, in this
particular case, a comparison with other cluster ions is more
relevant but results for comparison are more limited. Clus-
ter ions have typical bond energies in the range 0.2 —1 eV,
with the binding energy of 0.37 eV between H3 * and H,
falling in this range [43]. The product branching ratio for the
water channel 2D,0 + D for DR of the cluster ion DsO, *
was measured in CRYRING to be 0.94 &+ 0.04 [39], which
is substantially larger than the 0.35 measured for Ds*.
It is also known from imaging experiments in CRYRING
that DsO, * + e~ — 2D,0 + D leads to substantial heating
of the water molecules [44]; out of the maximum kinetic
energy release, as much as 4 eV goes into vibrational en-
ergy of the water molecules. It was concluded for DsO, *
that the single-electron transition model proposed by Bates
[45] and termed super-dissociative recombination was less
likely to be operative for DsO, ™ [44] since only an indirect
recombination process could create the conditions needed
for the deuteron to vibrationally heat up D, 0.

A difference between D5 T and DsO, T is that the chan-
nel giving rise to excited D3* and D, in DR of Ds * is open,
whereas the corresponding channel D,O 4 D;0* is not.
Emission from transitions between H;* Rydberg states has
been observed with the characteristic Doppler-like broad-
ening arising from DR of Hs' [46], an effect observed
for the first time in afterglow studies of recombining Ne, +
forming energetic Ne atoms as a result of DR of Ne, +
[47]. The lower n = 2 Rydberg state in these H;* transition
couples to the repulsive ground state of H3, which disso-
ciates into three H atoms [48]. This would account for the
D, + 3D channel, which is the dominant channel for Ds ™.

The picture emerging for DR of Ds* is thus the
single-electron super-dissociative recombination process
suggested by Bates [45], where the electron recombines
with the D3 ™ ion in the slightly asymmetric D5+ ion [43],
and the single-electron capture is possible because of the
vicinity of a D, molecule, which can absorb the kinetic
energy of the free electron and make the capture possi-
ble. The neutral products in the recombination of D3 * with
electrons have never been measured; however, there are data
for the other three isotopologues and they all (H; * [49,50];
H,D™* [51]; DH™ [52]) show a clear inclination for the
three-body break-up, with branching ratios similar that for
the D, 4 3D channel. This suggests that the D, molecule in
this case has a quite passive role, mainly acting as a third
body that enhances the recombination process. If the elec-
tron capture occurs when DT is about midway between the
two D, molecules, the break-up occurs into 2D; + D. This
is of course a simplified and qualitative picture, but is sup-

ported by the experimental results and captures the essential
physics. It should be a challenge to the theoretical commu-
nity to address the recombination process of Ds ™ with the
sophisticated theoretical methods that are available.

4. Conclusions

This paper presents the first experiment in which the abso-
lute cross section and the product branching ratios in dis-
sociative recombination of D5+ with electrons have been
measured. The cross section is between one and two orders
or magnitude larger than the one for D3+, which suggests
that the vicinity of a D, molecule to D3 ™ in the D5+ clus-
ter ion enhances the recombination process by supplying a
third body that can absorb the kinetic energy of the electron
and hence stabilise the capture. In electron recombination
of D3 *, the ion must itself stabilise the capture, something
which is much less effective. The single-electron super-
dissociative recombination model proposed by Bates [45]
seems to capture the essential physics.

The neutral products in DR of Ds* are dominated by
the D, + 3D channel, as predicted by Bates’ model [45].
The 2D, + D channel is also quite large, with a branch-
ing ratio of 0.35. The Ds ™ cluster ion can be described as
a slightly asymmetric D,"D*-D, complex [43], where the
D™ ion vibrates between the two D, molecules. If the elec-
tron is captured when the D is about midway between the
molecules, recombination would result in the 2D, + D de-
cay channel. When metastable D5 ' * is formed, it decays to
D3t and D, [53], whereas the 2D, + D™ channel is absent.

In denser hydrogen plasmas, such as the atmospheres
of the gaseous planets Jupiter, Saturn, Uranus and Neptune,
Hs* should exist because of the presence of a third body
that could stabilise the short-lived Hs * complex formed in
H, +H3 ™ collisions. It seems very unlikely that Hs T is
present in the interstellar medium.
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