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We have developed an experimental technique to study charge- and energy-flow processes in sub-eV collisions
between oppositely charged, internally cold, ions of atoms, molecules, and clusters. Two ion beams are stored
in separate rings of the cryogenic ion-beam storage facility DESIREE, and merged in a common straight section
where a set of biased drift tubes is used to control the center-of-mass collision energy locally in fine steps. Here,
we present measurements on mutual neutralization between Li+ and D− where a time-sensitive imaging-detector
system is used to measure the three-dimensional distance between the neutral Li and D atoms as they reach the
detector. This scheme allows for direct measurements of kinetic-energy releases, and here it reveals separate
populations of the 3s state and the (3p + 3d ) states in neutral Li while the D atom is left in its ground state 1s.
The branching fraction of the 3s final state is measured to be 57.8 ± 0.7% at a center-of-mass collision energy of
78 ± 13 meV. The technique paves the way for studies of charge-, energy-, and mass-transfer reactions in single
collisions involving molecular and cluster ions in well-defined quantum states.
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I. INTRODUCTION

Charge- and energy-transfer processes in collisions be-
tween atomic systems have been studied since the early days
of quantum mechanics [1,2]. The main motivation has been
to understand the reaction mechanisms, and ultimately to
determine the corresponding reaction rates. The latter are of
large practical interest in a wide range of fields including stud-
ies of comets [3,4], planetary [5,6] and stellar atmospheres
[7,8], and other astrophysical [9] and fusion [10] plasma.
Furthermore, charge- and energy-transfer processes occur in
chemical reactions in the gas phase [11] and in solution
(see, e.g., Ref. [12]), and they are important to understand
for medical radiation therapy and for radiation protection
(see, e.g., Ref. [13]). There is an enormous body of data
based on fundamental studies of charge- and energy-transfer
processes where a single isolated atomic system interacts
(collides) once with another such system in vacuum [14].
A large fraction of these studies have been performed with
positively charged ions at energies ranging from a few eV
and up, while results on collisions with neutrals and anions
in the same energy range are somewhat less abundant but
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still extensive. At extremely low energies, interactions among
ultracold atoms on the nanokelvin scale have been extensively
studied since the 1990s [15]. In comparison, data are still
very scarce in the intermediate meV collision energy range
and for systems where two ionized systems interact. Such
studies are important for the modeling of cold interstellar
media [16] and of other astrophysical environments [17].
By controlling the internal quantum states, comparisons with
theoretical calculations become much more straightforward.

Major steps forward in the understanding of atomic reac-
tion mechanisms have often been taken in connection with
the inventions of new experimental, theoretical, and computa-
tional techniques. An early breakthrough on the instrumental
side involves the ability to investigate the outcome of sin-
gle individual reactions, which requires a low enough base
pressure and the ability to count (and identify) the separate
reaction products. Reaction microscopy [18,19] and the pos-
sibility to perform kinematically complete experiments where
the momentum vectors of all outgoing reaction products can
be registered with high resolution revolutionized the field of
atomic collision physics in the 1990s. A vast number of stud-
ies have since been performed using this technique. One ex-
ample, which connects back to the very early days of quantum
mechanics, concerns the Thomas electron-capture mechanism
in fast atomic collisions [1]. This mechanism, in which one
electron in the target first scatters on the fast projectile and
then scatters on the target nucleus such that it is captured to
the projectile, produces a characteristic projectile scattering
angle and a characteristic momentum of the recoiling target
nucleus. For fast proton-He collisions, an experimental indi-
cation of the process was first reported in the 1980s [20], but
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it was only through recoil ion momentum spectroscopy that
the Thomas mechanism could be fully separated from other
electron-transfer mechanisms [21].

Furthermore, in the 1990s other key instrumental develop-
ments made it possible to study atomic collisions with ions
stored at high velocities in magnetic ion-beam storage rings
operating at room temperature [22–25]. Using electron-ion
merged-beams techniques, this brought new insights into how
free electrons interact with atomic and molecular ions at
very low collision energies [26]. Ideally, however, studies of
atomic collisions should be made with full control of the
quantum states of the collision partners before and after the
collision. This is in general very difficult or even impossible
to achieve in room-temperature devices. Here we focus on
ion-ion collisions and for this we have developed the Double
Electrostatic Ion Ring Experiment (DESIREE) [27,28] facil-
ity for operation at cryogenic temperatures. This device is
designed to enable the first merged-beams experiments with
two stored ion beams. Merged-beams studies provide a level
of control over the collision energy which is not possible with
other methods [29]. The storage in the cryogenic environment
allows for control of the ions’ internal excitation prior to
their interactions by storing them for up to hours [30] and
waiting for spontaneous relaxation or actively manipulating
the distribution on quantum levels [31].

In this paper we report the results of a merged-beams
experiment with two stored ion beams. This pilot experiment
is performed with Li+ and D− in their lowest quantum states.
We measure the kinetic-energy-release distribution for the
mutual neutralization (MN) reactions, which reveals the final
quantum-state distributions of the Li and D neutral products.
Depending on the internal quantum level schemes, charge-
exchange experiments may sometimes be performed with
pure ground-state ion beams for atomic ions even at room tem-
perature [32]. This is virtually impossible for studies of col-
lisions involving molecular or cluster ions. Thus, the present
merged-beams experiment, together with the recent demon-
stration of a (near) single-quantum-state beam of molecular
ions in the same apparatus [31], promise to open up a new
era in the field of atomic and molecular collision physics.
Worldwide there are three cryogenically cooled ion-beam
storage rings in operation [27,33,34] where experiments with
internally relaxed ions are performed [35]. Studies of single
individual ion-ion interactions are, however, only possible in
DESIREE.

Mutual neutralization between Li+ and D−

The abundance of Li measured in stars is a key ob-
servation in astrophysics, providing information on stellar
evolution and nucleosynthesis. For example, Li abundances
measured in old, metal-poor stars probe the primordial Li
produced in big-bang nucleosynthesis and processes occur-
ring since [36–38]. Stellar Li abundances are deduced from
observed spectra, preferably through radiative-collisional
[non-local-thermodynamic-equilibrium (non-LTE)] model-
ing. Such modeling has shown that mutual neutralization
between Li+ and H− is an important collision process to
be included for accurate interpretation of the Li I reso-
nance line intensity and the Li abundance [39,40]. In the

present work we study the mutual neutralization reaction
of Li+ and D−,

Li+(1s2) + D−(1s2) → Li(1s2nl ) + D(1s) + EK(nl ), (1)

where Li+ and D− are in their respective ground states before
the collision. The final state, 1s2nl 2L in Li, determines the
kinetic-energy release, EK(nl ), of the MN reaction in Eq. (1).
For collisions at zero center-of-mass energy, the available
energy in the reaction is the difference between the ionization
energy of Li (5.39172 eV [41]) and the electron affinity of
D (0.754579(87) eV [42]), which is about 4.64 eV. This
amount of energy is too small to excite the D atom, but
excitation in the Li atom is possible. Calculations suggest that
the 3s, 3p, and 3d final states are completely dominating (see,
for example, Ref. [43]). The corresponding kinetic-energy
releases for populations of these states are 1.264, 0.803, and
0.759 eV, respectively. Until recently, there have been very
few experimental studies of MN between Li+ and D− (H−)
[44,45]. In those two earlier studies, the MN cross sections
were measured for center-of-mass energies between 33.3 and
2400 eV [44] and between 0.6 and 300 eV [45]. The final
electron-capture states of Li were, however, not resolved. It
is also important to study the process at lower center-of-mass
energies, closer to the astrophysically relevant energy scale
below 1 eV. Recently, in a single-pass experiment, Launoy
et al. [32] measured final-state-resolved MN of Li+ and D−
for center-of-mass energies down to 3.9 meV where the 3s,
3p, and 3d states were resolved. Here, we present results at
78 ± 13 meV and higher collision energies and compare the
present branching fractions with those reported in Ref. [32].
The present experiment confirms the results of that study.

II. EXPERIMENT

The DESIREE setup consists of two electrostatic ion-beam
storage rings with 8.7-m circumferences and a 94.8-cm-long
straight section referred to as the merging section, which
is common to both rings and where the two stored ion
beams overlap. The storage rings are enclosed in a single
cryogenically cooled vacuum chamber, operating at 13 K
with a residual gas density of only about 104 H2 molecules
per cm3 [27]. The setup is shown schematically in Fig. 1.
In order to be able to merge two ion beams with different
kinetic energies, one of the rings has been equipped with
four additional deflectors such that the four quadrupole lenses
have to be unevenly distributed around the ring. Because of
this asymmetry, the ring is referred to as the asymmetric
ring. The quadrupoles are evenly distributed around the other
ring which is henceforth referred to as the symmetric ring.
The ion beam with the highest kinetic energy is stored in
the asymmetric ring. The initial-state collision energy in the
center-of-mass frame, Ec.m., for two particles A and B, with
masses mA and mB and laboratory kinetic energies EA and EB,
and with an angle α between their trajectories is given by

Ec.m. = μ

[
EA

mA
+ EB

mB
− 2

√
EAEB

mAmB
cos α

]
, (2)

where μ is the reduced mass of A and B. The beam energies,
and thus the center-of-mass energy, can be controlled locally
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FIG. 1. Schematic of the DESIREE storage rings. The lower part
shows the geometry of the merging section, and the experimental
quantities are defined in the text.

by a system of up to seven drift tubes with a total length of
56 cm in the merging section. By biasing the drift tubes, one
of the ion beams will be accelerated and the other beam, of
ions in the opposite charge state, will be decelerated. With
this setup, Ec.m. can be controlled in fine steps inside the
drift tubes. Neutral products resulting from MN events inside
the biased merging section are unaffected by the electrostatic
fields and follow straight-line trajectories towards an imaging
detector at a distance of 1.683 m from the center of the merg-
ing section. The imaging detector has a diameter of 74.9 mm,
and consists of a triple-stack microchannel plate (MCP) with
a phosphor-screen anode [46]. The light from the phosphor
screen is guided by sets of optics through the windows of the
DESIREE vacuum chambers to an optical beam splitter. As
shown in Fig. 1, the transmitted light is directed at a CMOS
camera, which is used to record the positions of the products
on the detector. The reflected light is sent to a 16-channel
photomultiplier tube (PMT). Two PMT signals from a single
MN event are used to measure the difference in time of
flight, �t , between two neutrals triggering two different PMT
channels.

In the present experiment, Li+ is produced in a Nielsen fil-
ament source [47], using a powder of LiBr heated in an oven.
The Li+ ions are extracted from the source and accelerated
to 17 keV. The D− ions are produced in a SNICS ion source
[48] using a solid TiD cathode, and accelerated to 6.5 keV. The
choice of ion-beam energies is based on the expected collision
energy in the unbiased parts of the merging section, and on the
resulting arrival-time differences, �t , of neutral pairs formed
there. The nominal collision energy without a bias voltage on
the drift tubes is close to Ec.m. = 93 eV according to Eq. (2)
for EA = 17 keV, EB = 6.5 keV, and α = 0. The expected �t
for these events are of the order of hundreds of nanoseconds.
For collisions close to Ec.m. = 0 eV with a bias voltage on the
merging section, the expected �t values are much smaller and
limited to tens of nanoseconds. Since the expected values of
�t differ by an order of magnitude with and without bias, it is
straightforward to separate events that occurred in the biased
part of the merging section from events in the unbiased part.
For the present experiment, the three drift tubes in the center

FIG. 2. Two-dimensional histograms of (a) the horizontal and
vertical positions of Li and D products from Li+ + D− mutual
neutralization reactions on the imaging detector, (b) the geometrical
center positions of the two products, and (c) the center-of-mass posi-
tion for events where the two products can be identified individually.
The shaded area represents the physical size of the imaging detector,
which has a diameter of 74.9 mm.

of the merging section are biased, resulting in an effective
interaction region with a length of 24.4 cm.

Bunches of Li+ and D− ions are injected at the same time
in their respective rings. The positions of the ion beams are
monitored using two sets of capacitive electrostatic pickups
(PU1 and PU2 in Fig. 1). One pickup consists of two conduc-
tive cylinders, diagonally cut into two electrodes. One pair of
electrodes is oriented in the horizontal direction and the other
is oriented in the vertical direction. The voltage difference
between opposing electrodes due to the image charges of the
ion bunches provides a measure of the horizontal and vertical
positions of the beams for the first approximately 50 ms until
the bunches have spread out over the full ring circumference.
The electrostatic ion optics in both rings are then used to
optimize the overlap and trajectories of the two ion beams
based on the measured beam positions before (PU1) and
after (PU2) the merging section (see Fig. 1). For the present
measurements and after optimizing the overlap, the ion beams
are injected, and stored for 10 s, where the MN process is
recorded continuously. After the storage, the ion beams are
ejected from the rings, setting up for the next injection. For
the present system, no explicit time dependence is expected in
the MN signal, and the storage time of 10 s is based on the
storage conditions of the ion beams.

III. ANALYSIS AND RESULTS

As the MN products hit the imaging detector, the positions
and time-of-flight differences �t are recorded on an event-by-
event basis. Before the data are analyzed in detail, we apply
a set of selection criteria. Due to the finite resolution of the
time-detection system, events with �t < 3 ns are rejected.
In Fig. 2(a), we show a two-dimensional histogram of the
positions of both MN products, where the two neutrals have
been detected within 100 ns (�t < 100 ns). The high-intensity
part in the center is primarily due to the heavier product (Li)
and MN events where both neutral products (Li and D) travel
close to the ion-beam axis. The outer, less intense part of the
image consists mainly of neutral D atoms. For each event, the
geometrical center position of the two particles on the detector
is calculated, as shown in Fig. 2(b). If this position is too far
away from the center of the image, the event is rejected. This
selection allows for discrimination against false-coincidence
events resulting from detector background. In Fig. 2(c), we
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FIG. 3. Histograms of the Li+ + D− → Li(nl ) + D(1s) distribution measured at UDT = −1295 V in (a) difference in arrival time between
the Li and D MN products, �t ; (b) separation between the Li and D on the detector, r||; and (c) neutral product separations r, as the first of the
two particles (Li and D) hits the imaging detector. The 3s channel is well separated from the 3p and 3d channels, while the 3p and 3d channels
remain unresolved. The hatched area indicates events occurring in the fringe fields of the biased drift tubes. Inset: Definition of the angles θ

and φ as described in the text.

show the position of the center of mass of the two products
for events where the Li and D atoms were identified, based on
the expected larger distance from the center of the image to
the D atom.

A histogram of the distribution in �t is shown in Fig. 3(a).
This distribution is given by the kinetic-energy release and
the direction of the interatomic vector after the reaction. The
maximum �t occurs when this direction is along the axis of
the two ion beams. When the orientation is perpendicular to
the axis of the two beams, the products hit the detector at the
same time, resulting in �t = 0. For each event, the distance
between the products in the detector plane, r|| (defined in
Fig. 1), is deduced, and the distribution is shown in Fig. 3(b).
The different final states can be associated with the two
peaks at r|| ∼ 24 mm and at r|| ∼ 30 mm. To obtain a better
separation of the final states, the information on �t and r||
can be combined to deduce the spatial separation, r, between

the products as they hit the detector using r =
√

r2
|| + (v�t )2,

where v is taken to be the average velocity of the two beams
inside the biased drift tubes. Using the average velocity of
the beams is an approximation that is valid as long as Ec.m.

is small. For a correct calculation the velocity of the second
product that hits the detector should be used, as indicated by
the geometry in Fig. 1. The quantity r is the distance that the
products have separated during their flight from the point of
interaction to the detector. Hence r is independent of the final-
state interatomic orientation. A histogram of the distribution
in r is shown in Fig. 3(c). In addition to the selection criteria
described above, the data in Fig. 3(c) have also undergone a
selection based on the orientation between the products; these
selection criteria will be described in detail in the following
section.

A. Final-state distributions at the lowest center-of-mass energy

The center-of-mass energy, Ec.m., is dependent on the
velocities of the two ion beams, and the minimum Ec.m. is
achieved when the velocities are equal for a given angle
between the two ion-beam trajectories [see Eq. (2)]. For the
present ion-beam energies, the velocities should be equal in
the biased part of the merging section when UDT = −1277 V.

In order to find the minimum Ec.m. experimentally, the drift
tube voltage is scanned until the maximum MN rate is ob-
served. The MN cross section is approximately σ ∝ 1/Ec.m.

[49]; thus, the rate should have a maximum at the minimum
Ec.m.. The resulting experimental minimum of Ec.m. was found
at UDT = −1295 V. The difference between the calculated
(ideal) and measured UDT value for the minimum Ec.m. is
ascribed to uncertainties in the measurements of the ion-beam
energies and the drift tube bias voltage. In Fig. 3(c), we show
a histogram of r measured at UDT = −1295 V. There is a clear
separation between the 3s (peak at high r) and the 3p and 3d
final states (peak at low r). As expected from the experimental
resolution, which is limited by the ratio between the length of
the biased interaction region and the distance to the detector,
it is not possible to resolve the 3p and 3d states.

From the scan of the drift tube voltage it is also possible to
measure the initial-state collision energy, Ec.m., as a function
of UDT. The total kinetic energy in the center-of-mass system
after an MN event is

Ec.m. + EK(nl ) = μ

2

( rnlv

L

)2
, (3)

where L is the distance between the imaging detector and the
point in the merging section where the MN event occurred
and rnl is the separation between the MN products for the
final state nl in Li. Since it is not possible to determine at
which point the MN event took place, an average value of
L, L = 1.683 ± 0.010 m, is taken as the distance from the
center of the merging section to the imaging detector. The
uncertainty in L is mainly ascribed to the variation in the
overlap between the two beams along their common section.
For each value of UDT, an r distribution corresponding to the
one shown for UDT = −1295 V in Fig. 3(c) is deduced. From
these distributions, average values, rnl , for the 3s channel
separately and for the 3p and the 3d channels together are
extracted. Since the EK(nl ) values are known, an average
initial-state center-of-mass energy E c.m. can be deduced from
v, L, and the rnl values using Eq. (3). In Fig. 4, we show
the experimental values of E c.m. as a function of UDT. The
solid line in Fig. 4 is a fit to Eq. (2) with the average angle
between Li+ and D− trajectories before the collision, α, and a
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FIG. 4. Measured average initial-state center-of-mass Li+ + D−

collision energy, E c.m., as a function of drift tube voltage UDT. The
solid line is a fit to Eq. (2).

voltage offset as free parameters. The fit yields α = 4.1 ± 0.1
mrad, and applying the fitted model to the measurement in
Fig. 3(c) we get E c.m. = 78 meV with a statistical uncertainty
of 3 meV, resulting from the statistical errors in the fit in Fig. 4.
The uncertainty in L is considered a systematic uncertainty,
which is included by treating L as a parameter in the analysis
and performing the fit described above for different values
of L within the interval defined by its uncertainty. Adding
the systematic uncertainties in quadrature with the statistical
uncertainties given above we get α = 4.1 ± 0.4 mrad and
E c.m. = 78 ± 13 meV for the measurement in Fig. 3(c).

The data in Fig. 3(c) can be used to determine the branch-
ing fraction between the 3s state, on one hand, and the 3p and
3d states together, on the other hand. However, a number of
systematic effects must be taken into account. In Fig. 2(a),
there is a lower density of events along the horizontal axis
near the center of the image. This effect is due to a lim-
itation in the ability to measure time differences with the
16-channel PMT. In order to obtain a time difference from
an MN event, the neutral products must trigger two different
channels of the PMT. If the final-state interatomic orientation
is predominantly in the horizontal plane, both products will hit
the same channel on the PMT and no time difference can be
extracted. The probability of both neutrals triggering the same
channel on the PMT increases with decreasing kinetic-energy
release. Accounting for this systematic effect is important and
the correction is made by introducing selection criteria based
on the angles between the interatomic axis, the normal to
the detector surface, and the direction along which the PMT
channels are oriented (the horizontal plane). This is indicated
in the inset in Fig. 3(c). The azimuthal angle, φ, is defined as
the angle between a line connecting the Li and D positions in
the detector plane and a line parallel to the horizontal axis of
the detector. The polar angle, θ , is the angle between the line
connecting the two products as they hit the detector and the
normal to the detector plane as shown in the inset of Fig. 3(c).
For collisions at low center-of-mass energies, the intensities
as functions of φ and cos θ are expected to be uniformly

FIG. 5. Two-dimensional histograms. (a) The azimuthal angle
φ and the distance between products in the detector plane, r||. A
decrease in signal at small φ is clearly visible and is due to a higher
probability for Li and D to hit the same PMT channel. (b) The
azimuthal angle, φ, and cos θ , where θ is the polar angle. The dashed
lines show the selected region (φ > π/4 and cos θ < 0.8) used in the
spectrum in Fig. 3(c).

distributed on the intervals 0 to π/2, and 0 to 1, respectively.
For small φ, a large fraction of the MN products will trigger
the same PMT channel, resulting in fewer events as shown in
Fig. 5. The distribution in cos θ is close to uniform over the
whole range. However, events with cos θ close to 1 are largely
due to collisions at higher center-of-mass energies (i.e., to
collisions occurring in the fringe fields of the two outer biased
drift tubes), resulting in additional background at the higher
end of the r spectrum. By selecting events with cos θ < 0.8
this background is significantly reduced. The distribution in φ

and cos θ is shown in Fig. 5(b), and the additional selection
criteria are indicated by the dashed lines.

The orientation-based selection criteria described above
are sufficient to account for the systematic effects due to the
detection system. While important in principle, the correction
is less than 1% for the 3s branching fraction. The data in
Fig. 3(c) can thus be used to determine the branching fraction
for the 3s final state. The channels are well separated in the
spectrum, but due to the small background contribution be-
tween the channels, the choice of intervals in r that defines the
3s state and the (3p + 3d ) states introduces a small systematic
uncertainty. The intervals chosen are indicated by the shaded
areas in Fig. 3(c). The systematic uncertainty is estimated by
determining the branching fraction for different choices of the
intervals, and it is estimated to be 0.4%. At r values below the
(3p + 3d ) channels, there is a small background contribution
that does not affect the measured branching fraction. At r
values above the 3s peak, there is a significant background
contribution. The background is due to collisions at higher
center-of-mass energies resulting from reactions taking place
in the fringe fields at the entrance and exit of the biased drift
tubes. These higher-energy collisions predominantly yield
higher values of r, causing the number of events in the 3s
channel to be overestimated. This background contribution
present in the 3s interval is accounted for by subtracting the
total background contribution on the interval indicated by the
hatched area in Fig. 3(c) from the 3s signal. The underlying
assumption is that the background contribution from the 3s
channel is approximately equal to the background contribu-
tion from the (3p + 3d ) channels, which is reasonable since
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FIG. 6. Histograms of r for Li+ + D− → Li(nl ) + D(1s)
recorded at (a) E c.m. = 78 ± 13 meV, (b) E c.m. = 262 ± 15 meV,
and (c) E c.m. = 630 ± 17 meV. The measurements are compared to
Monte Carlo simulations (red, blue, and green curves) as described
in the text.

the branching fractions are similar for the 3s and (3p + 3d )
channels. From these considerations we obtain the branching
fraction (BF) for the 3s state, BF(3s) = 57.8 ± 0.6%, where
the uncertainty refers to the statistical uncertainty. By adding
the statistical and systematic uncertainties in quadrature we
obtain the final result for the branching fraction of the 3s final
state, BF(3s) = 57.8 ± 0.7%, at a center-of-mass energy of
78 ± 13 meV.

B. Final-state distributions at higher center-of-mass energies

In addition to the data at different E c.m. shown in Fig. 4,
spectra were measured with high statistics at UDT = −1345 V
and at UDT = −1195 V. The corresponding center-of-mass
energies obtained from the fit in Fig. 4 are E c.m. =
262 ± 15 meV and E c.m. = 630 ± 17 meV, respectively. The
measured spectra are shown in Fig. 6, along with the spec-
trum at E c.m. = 78 ± 13 meV. As the center-of-mass energy
increases, the different final states are no longer fully resolved.
The decreased resolution is due to the approximations used in
the calculation of r, as well as the spread in the energies of the
two ion beams. When the channels are no longer separated,
it is not possible to determine the branching fraction by
counting the number of events as for E c.m. = 78 ± 13 meV in
Fig. 3(c). Furthermore, when the collision energy increases,
the distribution in cos θ is no longer expected to be uniform,
and the angular selection described previously is not possible.

In order to be able to extract information on the branching
fractions also from the results for E c.m. = 262 ± 15 meV and

FIG. 7. Measured 3s branching fractions for the Li+ + D− →
Li(nl ) + D(1s) reaction as a function of center-of-mass energy E c.m..
The black data points are the present results and the gray data points
are the measurements by Launoy et al. [32].

E c.m. = 630 ± 17 meV, we have performed Monte Carlo sim-
ulations. The simulations are performed on an event-by-event
basis where the probabilities of the different product channels
are given by assumed branching fractions as described in the
following. The initial kinetic energies of the ions are assumed
to follow a Gaussian distribution centered at the beam energy,
and with a standard deviation of 0.2% of the mean value of the
distribution. The potential as a function of position in the drift
tubes is modeled using SIMION [50]. For each MN event, Ec.m.

is calculated and the event is accepted with a probability pro-
portional to 1/

√
Ec.m. to account for the energy dependence

of the rate coefficient. The flight times of the products as well
as their final positions on the detector are calculated, and the
resulting r spectra are constructed and compared with the ex-
perimental data. In Fig. 6(a), we show a simulation performed
using the 3s branching fraction of 57.8 ± 0.7% measured at
E c.m. = 78 ± 13 meV. For the simulations at higher collision
energies, shown by the red curves in Figs. 6(b) and 6(c),
the branching fractions are extracted by minimizing the sum
of the squared residuals between the data and simulation,
as a function of the assumed 3s branching fraction. This
procedure results in 3s branching fractions of 57.7 ± 5.0% at
E c.m. = 262 ± 15 meV and 60.3 ± 5.0% at E c.m. = 630 ± 17
meV, where the uncertainties are estimated by comparing the
simulated spectra to the data. The blue and green curves in
Figs. 6(b) and 6(c) are the results of simulations where the as-
sumed 3s branching fraction corresponds to the limits (±5%)
of the intervals given by the indicated error estimates. The
additional structures in the simulated data in Fig. 6(b) below
r = 25 mm and at r ≈ 28 mm result from a section of the drift
tubes where the fringe fields result in a lower collision energy.
To understand this effect we consider the bias voltage as a
continuous function of the position in the drift tubes, varying
between 0 and −1345 V. From Fig. 4 it is then clear that at
some point in the fringe fields the center-of-mass energy is
at the minimum. This effect is not present in Fig. 6(c), since
UDT = −1195 V is to the right of the minimum in Fig. 4,
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and therefore the center-of-mass energies for collisions in the
fringe fields will be higher than at −1195 V.

The measured 3s branching fractions for Li+ + D− at
low collision energies, E c.m., are summarized in Fig. 7 and
include the results of Launoy et al. [32]. Combining the
results using the two different techniques suggests that the
branching fraction varies little in the energy region below
about 1 eV. A consequence of performing the experiment with
stored beams is that larger beam apertures are needed than in
a single-pass experiment. Due to the influence of fringe field
effects, this means that also the length of the biased section
where the low controlled relative velocity is obtained must be
longer. As the measured entity is the distance between the two
neutrals as they reach the detector, this increased uncertainty
in the position where the reaction took place translates into
a somewhat poorer resolution. On the other hand, DESIREE
has the unique advantage that it will be possible to prepare
molecular and cluster ions in single or narrow ranges of
rovibrational states before the interactions.

IV. CONCLUSION AND OUTLOOK

In this work we have shown that merged-beams ion-ion
collision studies may be performed by means of cryogenically
cooled, electrostatic, ion-beam storage rings and that different
final states could be resolved. The present pilot experiment
was performed with atomic ions, Li+ (1s2) and D− (1s2),
and the final electron-capture states in neutral Li were partly
resolved such that the 3s state was separated from the un-
resolved 3p and 3d states at a center-of-mass Li+ + D−

collision energy of 78 ± 13 meV. The ability to store the ions
for extended periods of time allows for future studies where
excited metastable states in atomic, molecular, and cluster
ions have time to relax before the stored ions are allowed
to interact. With this technique it will thus be possible to
perform merged-beams experiments with simple and complex
molecular and cluster ions in their lowest vibrational and
rotational states. Ways to improve the energy resolution, and
to go lower in collision energy, are now being implemented
through a better control of the angle between the stored ion
beams in the merging section.
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