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We describe a merged beams experiment to study ion-neutral collisions at the Cryogenic Storage Ring (CSR) of the
Max Planck Institute for Nuclear Physics in Heidelberg, Germany. We produce fast beams of neutral atoms in their
ground term at kinetic energies between 10 and 300 keV by laser photodetachment of negative ions. The neutral atoms
are injected along one of the straight sections of the storage ring, where they can react with stored molecular ions.
Several dedicated detectors have been installed to detect charged reaction products of various product-to-reactant mass
ranges. The relative collision energy can be tuned by changing the kinetic energy of the neutral beam in an independent
drift tube. We give a detailed description of the setup and its capabilities, and present proof-of-principle measurements
on the reaction of neutral C atoms with D+

2 ions.

I. INTRODUCTION

Atomic and molecular collisions are key processes in many
disciplines, from fundamental research to cutting edge techno-
logical developments. Understanding collision processes on
an atomic scale is crucial for astrophysics, atmospheric chem-
istry and plasma physics. Applications range from nuclear
fusion devices to medical treatments and biological imaging.
Owing to the relevance of atomic and molecular collisions in
those diverse disciplines, a number of experimental methods
have been developed for their study throughout the years. One
of those experimental methods is the merged beams approach.

Merged beams experiments are typically characterized by
two atomic or molecular beams that are guided in such a way
that they overlap and propagate in parallel in a straight re-
action region, often with nearly-matched velocities. The rel-
ative collision energy between the two beam species in the
reaction region can be tuned in a controlled fashion by vary-
ing one of the beam energies, allowing for energy-resolved
studies. The merged beams technique has been applied suc-
cessfully to investigate a variety of reactions between different
atomic and molecular species, among them reactions between
neutral atoms1,2 and atomic ions3,4 (including highly charged
ions5–8), ion-ion collisions9–12, and reactions between neutral
atoms and molecular ions13–17. Recently, novel methods using
magnetic and electric guiding fields for paramagnetic species
have enabled ground-breaking experiments on neutral-neutral
collisions at very low energies18,19.

Almost all of the above measurements were carried out in
dedicated single-pass experimental setups. Although proof-
of-principle experiments were already presented in 196520,
merged beams have remained a small but important class of
experiments in the field of heavy particle collisions. This
can be ascribed to technical challenges and a significantly
higher level of complexity, when compared to measurements
in plasma experiments or drift tubes.

a)The authors to whom correspondence may be addressed:
florian.grussie@mpi-hd.mpg.de, holger.kreckel@mpi-hd.mpg.de
b)http://www.mpi-hd.mpg.de/mpi/astrolab

On the other hand, the implementation of merged beams in
the field of electron-ion collisions at heavy ion storage rings
has been a true success story. Again, the pioneering studies
were carried out in single-pass setups21, however, since their
advent in the early nineties, heavy ion storage rings have be-
come the workhorses for electron recombination studies with
atomic22 and molecular ions23. Equipped with low-energy
electron coolers, several facilities around the world have con-
tributed to an impressive body of work, and demonstrated a
remarkable degree of reproducibility23–25.

One of the main advantages of storage ring experiments
with molecular ions lies in the cooling of internal degrees of
freedom by spontaneous emission of radiation. For example,
many infrared-active molecular ions will relax to their vibra-
tional ground state within the first few seconds of storage, thus
allowing for experiments with superior control of the inter-
nal energy. The rotational degrees of freedom, on the other
hand, were ignored for most of the early studies. As the ex-
periments were carried out in room temperature environments,
usually a significant number of rotational states remained pop-
ulated, even when the molecules had enough time to reach
equilibrium with the ambient radiation field. This situation
improved dramatically with the introduction of a new gener-
ation of cryogenic cooled electrostatic rings, like the Cryo-
genic Storage Ring (CSR)26, the RIKEN cryogenic electro-
static ring (RICE)27, and the double ring facility DESIREE28

in Stockholm. For both CSR and DESIREE it has been shown
that small infrared-active molecular ions like CH+ and OH−

indeed cool to their lowest rotational states29–32 within the
achievable storage time window.

Combined with a new low-energy electron target, these ex-
perimental achievements paved the way for the first quantum-
state selective electron recombination studies of HeH+ at the
CSR33. It should be stressed that these measurements are
not only of great importance for the chemistry of the early
universe, they also provide data of a new quality. The state-
selectivity – combined with the precise adjustment of the rel-
ative collision energy afforded by the merged beams arrange-
ment – enables the determination of energy-dependent recom-
bination cross sections for individual rotational states. These
in turn can be convolved with different rotational distributions
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FIG. 1. Outcome of a generic merged beams simulation for the relative collision energy of neutral C atoms colliding with D+
2 ions. The energy

of the D+
2 beam is fixed at 40 keV, while the energy of the C atoms (given at the x-axes) is modified between 115–125 keV. Panel A shows

simulations where the size of the apertures used to collimate the beams is fixed at a diameter of 5 mm, while a Gaussian energy spread between
5–500 eV is assumed for both beams. For Panel B the aperture diameter is varied for both beams, while the beam energy spread is fixed at
5 eV. See main text for details.

and/or kinetic temperatures, and thus be adapted to different
environments, without the need for approximations or extrap-
olations.

Given the success of electron-ion merged beams measure-
ments at storage rings, the possibility of performing ion-
neutral merged beams studies at these facilities has been dis-
cussed in the community for a long time. However, owing to
the difficulties of creating intense and fast neutral beams in
well-defined quantum states, no such attempt had been real-
ized thus far. Here we present proof-of-principle results of
ion-neutral merged beams measurements carried out at the
CSR of the Max Planck Institute for Nuclear Physics in Hei-
delberg.

II. MERGED BEAMS FOR ION-NEUTRAL COLLISIONS

Compared with the majority of traditional experiments in
plasma tubes and afterglows, the merged beams approach has
a number of advantages. Its greatest asset may be the fact that
it allows for energy-resolved measurements, where the rela-
tive kinetic energy of the reactants can be tuned across several
orders of magnitude. Furthermore, it often allows for abso-
lute rate coefficient measurements, as the reaction products
remain focused and can be detected with near-unity detection
efficiency, using modestly-sized single-particle detectors. A
full review of the technique and its various applications is be-
yond the scope of this work, an overview can be found here34.
In this section a brief outline of the merged beams principle
will be given, with special focus on ion-neutral collisions and
the implications that the comparatively high beam energies
used at the CSR have for merged beams studies.

A general representation of the type of ion-neutral reaction

of interest for the present application is

A+M+ −→ X++Y , (1)

where A stands for a neutral atom and M+ denotes a positively
charged molecular ion, whereas X+ and Y denote charged and
neutral reaction products, respectively.

The relative collision energy in the center-of-mass frame
for two non-relativistic, intersecting particle beams with ki-
netic energies E1, E2 and masses m1, m2, respectively, is given
by

Er =
1
2

µv2
r = µ

[
E1

m1
+

E2

m2
−2
(

E1E2

m1m2

) 1
2

cosθ

]
, (2)

where vr denotes the relative velocity and µ the reduced mass
(µ = m1m2/(m1 + m2)). Let’s assume an idealized experi-
ment with perfectly collinear merged beams (cosθ = 1) and
energies for both beams chosen such that E1/m1 = E2/m2
(corresponding to equal beam velocities), then the terms in
the square brackets cancel and it follows that Er = 0. Thus, in
an ideal world, it is possible to have two beams of different
masses interact at nominal zero collision energy in the center-
of-mass frame. In reality, the velocity match is never perfect,
and – more importantly – the angular divergence of the beams
and the energy spread of the ion sources will induce a finite
resolution limit at low collision energies.

In Sect. V we will present proof-of-principle results for the
reaction

C+D+
2 −→ CD++D , (3)

and additional data on collisions of C atoms and H2D+ ions
will be published in a forthcoming article35. Thus, without
any loss of generality intended, we will base most of our quan-
titative considerations and simulations on these examples.
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FIG. 2. Overview of the Cryogenic Storage Ring and the infrastructure and peripherals relevant to the ion-neutral experiment. Note that only a
small part of source platform 1 is shown here for completeness. Details on the sections that have been developed specifically for the ion-neutral
experiment (like, e.g., the photodetachment region and the extraction beam line) are given later in the text.

The CSR can store particle beams with kinetic energies of
up to 300 keV per unit charge, and using beam energies below
30 keV for singly charged ions typically affects the quality of
the stored beams negatively and leads to reduced lifetimes.
As a consequence, our experiments require somewhat larger
kinetic energies for both beams when compared to most previ-
ous single-pass merged beams studies between neutral atoms
and molecular ions15–17. To examine the systematic influence
of beam size and energy spread at these energies, we have
made generic Monte-Carlo simulations to calculate relative
collision energies for the deuterium abstraction reaction given
in equation (3), the outcome is shown in Figure 1 (note that
these general calculations are only for illustrative purposes on
merged beams dynamics, detailed and specific simulations for
the CSR setup will be presented in Sec.IV). We assume that
the D+

2 beam has a fixed kinetic energy of 40 keV, while the
energy of the C beam is varied between 115–125 keV. Both
beams are collimated by circular apertures of the same diam-
eter, which are 2.9 m apart. The relative collision energy of
the merged beams is simulated for a 1 m long interaction zone
starting immediately behind the second aperture. A Gaussian
energy spread – representing a distribution of kinetic energies
caused by the ion source and acceleration stages – is assumed
for both beams. We varied the aperture size between 3 mm
and 10 mm, and the energy spread from 5 eV to 500 eV. Note
that the plots show only the average of the relative collision
energies that we inferred from the simulation, in order to illus-
trate the dependence on beam collimation and energy spread.

The experimental resolution also depends on the distribution
of the relative collision energies and specific simulations for
the CSR setup will be addressed at a later stage.

Typical energy spreads for standard ion sources (e.g., duo-
plasmatron or discharge sources) are on the order of 10 eV5,36

and they can have a major influence on the center-of-mass
collision energies when measuring at lower beam energies.
However, for the energy range that is pursued in the present
experiments, such an energy spread would have a minor in-
fluence on the average collision energy. As the data in Panel
A of Fig. 1 shows, clear deviations at the lowest relative col-
lision energies begin to show up for beam energy spreads
on the order of 100 eV. In fact, for the simulations shown
here – which assume an aperture diameter of 5 mm – energy
spreads with δE < 30 eV are not distinguishable. Neverthe-
less, broader energy distributions can occur during the accel-
eration of the beams, caused by voltage fluctuations of the
acceleration stages or ion optics. Our simulations show that it
is important to keep these effects at a minimum.

Arguably the more important parameter, however, proves to
be the angular divergence of the beams. Panel B shows that
the achievable minimal collision energy increases by more
than an order of magnitude, when the collimation of the beams
is changed from 3 mm to 10 mm. While stronger collimation
is always preferable in terms of resolution, it usually goes at
the expense of signal strength, as smaller apertures translate
into lower currents. For the design of the merged beams setup
at the CSR, it was particularly challenging to find the optimal
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Mirror

Mirror

Power meter

View port

Laser head
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FIG. 3. Sketch of the photodetachment section. The light from the 2 kW diode laser array (operating at a wavelength of 808 nm) is coupled
into the vacuum chamber through anti reflection-coated viewports and superimposed to the ion beam at an angle of 2.7◦. Photodetachment
takes place in a drift tube that can be used to accelerate and decelerate the anions prior to neutralization and thus modify the kinetic energy of
the neutral beam. At the laser exit port the laser beam is deflected into a water-cooled power meter to monitor the power level continuously.
Note that in the present configuration the laser beam intersects the ion beam in the vertical plane, contrary to previous designs37. The changed
geometry accounts for the fact that the laser profile in the central focus area is narrower in the vertical direction and thus the photodetachment
efficiency can be improved considerably.

balance between signal strength and resolution, as we had to
take into account the restrictions imposed by the size and ion
optical lattice of the storage ring.

III. EXPERIMENTAL SETUP

A. Overview

Figure 2 shows an overview of the Cryogenic Storage Ring
and the infrastructure that is relevant to the merged beams ex-
periment. The storage ring has a circumference of 35.12 m.
With its electrostatic ion optics, the CSR can store positive
and negative particles with up to 300 keV kinetic energy per
unit charge (details on the storage ring parameters and capa-
bilities can be found in a dedicated review26). The CSR has
a nested vacuum structure with large outer cryostat chambers
and inner ultra-high vacuum chambers, which can be cooled
to cryogenic temperatures (∼5 K) by a closed-cycle liquid he-
lium circuit. The inner vacuum chambers also house the high
voltage electrodes that keep the stored particles on a revolving
orbit.

The overall shape of the particle orbit inside the CSR is de-
fined by cylindrical dipole deflectors, with each storage ring
corner housing two 39◦ deflectors and two 6◦ deflectors. Two
quadrupole doublets are situated in each straight section be-
tween the dipole deflectors for focusing, amounting to a total

of eight quadrupole doublets organized in four independent
families. The ion optical lattice is important for the layout
and placement of the product detectors and will be discussed
in more detail later.

Two high voltage platforms are used to supply fast ion
beams to the CSR. The main ion source platform can be op-
erated with voltages up to 300 kV, and it is large enough to
accommodate several types of ion sources at the same time.
Since the merged beams experiment requires two different ion
beams simultaneously, a second high voltage platform was
constructed. The second platform is significantly smaller in
size (note that only a small part of source platform 1 is shown
in Figure 2), and its layout allows for the installation of only
one ion source with a maximum platform voltage of 60 kV.
Either platform can be used to deliver both positive and neg-
ative beams to the CSR. In the transfer beam line a large 90◦

deflector with a hole in its outer electrode is used to switch
between the platforms. The deflector is equipped with fast
high voltage switches which permit us to change between the
ion beams within sub-milliseconds. Most of the ion optical
elements in the transfer beam line downstream from the 90◦

deflector can also be switched, to adapt the beam optics to the
type of ion beam coming from either platform.

The neutral beam for the merged beams experiment is pro-
duced by laser photodetachment of a negative ion beam. In
principle it would have been possible to have a dedicated neg-
ative platform just for neutral beam creation, and to inject the
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neutral beam into any of the straight sections of the CSR. In
this scenario the main ion source platform would always be
used to provide the ions to be stored inside the CSR. How-
ever, since the construction of another 300 kV platform for
the neutral beam would have been prohibitive in terms of cost
and size, this approach would have limited the energy of the
neutral beam severely. To achieve maximum flexibility for
the choice of ion- and neutral beam energies, we decided to
use the straight section downstream of the main transfer beam
line for the merged beams experiment, allowing us to use ei-
ther platform for ion injection into the CSR or neutral beam
preparation, depending on the mass of the reactants.

B. Neutral beam creation and characterization

We create the neutral atoms by partial laser neutralization
of a negative ion beam, largely following the example used in
previous single-pass experiments4,36 and described in detail
here37. The photodetachment section is situated in the CSR
transfer beam line (see Fig. 2), upstream from the straight sec-
tion of the CSR that is used for ion injection. The laser sys-
tem consists of an array of high power diode lasers, operating
at a wavelength of 808 nm. The diodes are arranged in two
stacks with 15 diode bars each and 19 emitters per bar. The
beams from the two laser stacks are merged by interleaved
mirrors and coupled in- and out of the vacuum chamber by
anti reflection-coated viewports. To improve the photodetach-
ment efficiency the laser is superimposed to the ion beam at
a grazing angle of θ = 2.7◦, effectively extending the overlap
between laser and ion beam by a factor 1/sinθ ≈ 20, when
compared to a crossed-beam arrangement at right angles. To
adapt the overlap geometry better to the laser profile, in our
setup the laser beam intersects the ion beam in the vertical
plane, contrary to previous implementations37. Since the laser
profile around the focus area is narrower in vertical direction,
this configuration is expected to increase the photodetachment
efficiency by a factor of ∼1.6837. The laser system is speci-
fied to run at a continuous power level of up to 2 kW, but it
can also be switched on and off at frequencies of up to several
kHz.

Two apertures with a diameter of 4.5 mm each are placed
upstream and downstream of the photodetachment chamber
(apertures 1 and 2 in Fig.3). These apertures are used to colli-
mate the neutral beam, and they are carefully aligned by tele-
scope to the central axis of the CSR injection section. The
aperture diameter is chosen such that none of the neutralized
particles that travel through both apertures in a straight tra-
jectory can be lost inside the CSR; in fact, all of the neutrals
that pass through the CSR unperturbed will be captured in a
large dedicated cup situated at the end of the CSR extraction
section. The apertures can be moved out pneumatically for
each particle injection into the CSR to maximize the number
of stored particles, however, we found that for most measure-
ments with strong ion sources we can leave the apertures in
and still have enough ions to fill the storage ring.

The neutralization takes place inside a voltage-adjustable
drift tube situated inside the photodetachment section (see
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FIG. 4. Calculated relative collision energy as a function of the drift
tube voltage for D+

2 with a kinetic energy of 40 keV stored inside
CSR, while the kinetic energy of the merging C atoms is varied ac-
cording to 122/118 keV + eUdrift, respectively.

Fig. 3), which can be biased by voltages Udrift of up to ±5 kV.
The negative ion beam at kinetic energy Eneg that enters this
drift tube region will be accelerated (for positive drift tube
voltages) or decelerated (for negative voltages) upon entry,
and it will be returning to its original kinetic energy when
exiting the drift tube. Those atoms that are neutralized in-
side the drift tube, however, will remain at the altered energy
of Eneg+eUdrift. Thus, by changing the drift tube voltage we
can tune the neutral beam energy without having to re-align
the injection beam line. Figure 4 shows the relative collision
energy for collisions of a 40 keV D+

2 beam interacting with a
neutral C beam at initial energies of 122 and 118 keV, for the
full range of the drift tube voltage. Obviously, we can scan
the same relative collision energies either with the D+

2 beam
being faster or slower than the C beam. In the experiment, we
typically realize both scan directions for a cross-check of the
experimental parameters.

In principle, it would also be possible to vary the relative
collision energy by tuning the energy of the stored ion beam.
A drift tube inside the overlap region of the storage ring is
available for this purpose. However, our simulations have
shown that the use of this drift tube would complicate the
measurements significantly, as the fields would lead to a fo-
cusing effect (similar to an Einzel lens). This would result in
a modification of the effective overlap during an energy scan,
and the fringe fields created by the drift tube would lead to
additional smearing of the relative collision energies. Fur-
thermore, the tune of the storage ring would change, with ad-
verse effects on the lifetime and the emittance of the stored ion
beam. While the drift tube inside the CSR may become use-
ful for certain measurement schemes in the future, the current
operation mode, where we modify the neutral beam energy
by tuning a drift tube in the injection section, is much more
straightforward.

Behind the photodetachment section a switchable parallel-
plate deflector is used to guide the remaining ions into a Fara-
day cup, where the ion current can be recorded continuously.
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FIG. 5. Sketch of the neutral cup that is used to measure the flux of
neutral atoms at the end of the CSR extraction section (lower panel).
The measurement principle relies on secondary electron emission
upon impact of the neutrals on a copper target. Repeller and target
electrodes are biased to make sure all electrons are collected. The
red traces represent a SIMION simulation of the secondary electron
trajectories. The upper panel shows the movable knife-edge scanner
that is installed in front of the cup. By moving a triangular shape in
front of the cup, and at the same time recording the variation in the
signal, caused by the change in the effective cross sectional area of
the cup, the horizontal and vertical beam profiles can be determined
(see main text for details).

At the same time the neutral flux is measured in a dedicated
cup situated at the end of the CSR extraction section. This
neutral cup (Fig. 5) has a large acceptance diameter of 75 mm
and it measures a signal proportional to the neutral flux by col-
lecting the secondary electrons emitted from a copper surface
upon particle impact. Careful design of the collector elec-
trodes was necessary to make sure all electrons are collected,
while at the same time preventing unwanted background from
stray charge carriers inside the vacuum chamber38. By con-
necting the target and collector electrode, the cup can also be
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FIG. 6. Comparison of the currents measured in the ion and neutral
cups during laser switching. The signal in the ion cup is somewhat
distorted by the capacity of the Faraday cup, while the signal in the
neutral cup represents the actual temporal evolution much better (see
main text for details). The measurements were made with a 122 keV
C− beam. The laser was operated with a diode current of 80 A (cor-
responding to a power level of 1.8 kW during the laser-on phases)
and switched on and off at a frequency of 1 kHz. The average loss in
the ion current during the laser-on phase can be used to determine the
photodetachment efficiency, which at this comparatively high beam
energy corresponds to 2.4 %. Note that the current measured in the
neutral cup corresponds to the flux of neutral atoms multiplied by the
average yield of secondary electrons per neutral impact, which can
vary, depending on the beam energy and the surface condition of the
target inside the neutral cup.

used as an ordinary Faraday cup to measure ion beam cur-
rents. The signal of both cups is amplified by low noise cur-
rent amplifiers (FEMTO DLPCA-200) and fed into the data
acquisition system via analog-to-digital converter cards.

Figure 6 shows signal traces for both cups during laser
switching with 1 kHz, using a C− ion beam at 122 keV kinetic
energy. The photodetachment efficiency can be derived from
the reduction in the ion current during the laser-on-phases. In
this case we infer an efficiency of 2.4 %, in agreement with
previous calibration measurements at lower energies38, which
have to be scaled with the inverse of the ion velocity, as a mea-
sure of the dwell time of the ions inside the laser field. The
signal in the neutral cup is given by the flux of neutral par-
ticles multiplied with the so-called γ-factor, representing the
average yield of secondary electrons per neutral impact. The
exact value of γ depends on the type and velocity of the neutral
particles, as well as the surface conditions of the target elec-
trode. Therefore it has to be determined anew for each mea-
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FIG. 7. Examples of neutral beam profiles. The solid lines show
horizontal and vertical profiles recorded at the wire scanner in the
transfer beam line (upper panels) and the knife-edge scanner situated
in the extraction section, downstream of the CSR (lower panels). The
dashed lines show a simple geometric simulation of the neutral beam
(see text for details).

surement (especially if the chamber was vented and exposed
to air). As long as the Faraday cup is kept under vacuum and
the impact position of the beam on the target remains stable
during a measurement campaign, the γ factor typically varies
by less than 15%.

Note that the signal for the ion cup shown in Fig. 6 is some-
what distorted, as the capacity of the cup, in combination with
the bandwidth of the current amplifier, softens the flanks (we
have verified that the plateau at the end of the laser-on phase
is reached, by using longer switching times). The signal in
the neutral cup represents the temporal evolution much bet-
ter. When the laser is switched on, the power level increases
quickly (rise time on the order of 20µs, verified with a pho-
todiode), but it takes a little longer until the full power level
is reached. This is not a problem for the ion-neutral mea-
surements, as we typically operate at a slower switching rate,
with 15 ms time steps. Since the neutral cup signal is also less
prone to electronic noise, we usually use the neutral signal for
the data analysis, and calibrate it using the γ factor that we
average over several measurement runs.

The shape of the neutral beam is mainly determined by
the two apertures that collimate the beam, as they strongly
limit the beam emittance. We use two beam profile moni-
tors (BPMs) outside the CSR to verify that the beam remains
centered. A commercial wire scanner (National Electrostatic
Corporation BPM82) is located in the CSR injection section.
Typical profiles recorded with this device are shown in the
upper panel of Fig. 7 together with a simulation of the neutral
beam, which assumes that the emittance of the negative ion

beam is much larger than the emittance selected by the colli-
mation apertures, and thus the beam covers the apertures ho-
mogeneously. While the vertical profiles agree very well, the
horizontal profile shows that the transmitted beam is slightly
narrower than the simulation. To determine the beam shape
behind the CSR is more challenging. Since the neutrals at this
point have flown ballistically for more than 15 m, the beam
is much wider and the density is too low for standard scan-
ners. We have built a dedicated knife-edge scanner that con-
sists of a metal blade that is moved slowly through the beam
pipe in front of the neutral cup (see Fig. 5). The measurement
principle is similar to that of optical knife-edge scanners, rou-
tinely employed to determine laser beam profiles39,40. Mov-
ing a triangular shape in front of the cup, while continuously
recording the cup signal, allows us to record the horizontal
and vertical profiles separately, however – owing to the small
neutral beam density – this procedure requires averaging for
best results and one full scan takes about 15 min. The lower
panels of Fig. 7 show exemplary horizontal and vertical pro-
files obtained with this second scanner inside the extraction
beam line.

We typically find that the neutral beam almost fills the aper-
tures and thus agrees with an emittance-limited simulation of
a ballistic beam propagation. If the beam shows irregularities
in its shape, they have to be within the limits prescribed by the
apertures, and the fitted beam center typically deviates by less
than 2 mm from the calibrated zero position at the position
of the second BPM, thus limiting the average angle between
neutral beam and the nominal axis of the CSR in the injection
section to less than 0.15 mrad. In summary, our simulations in
the next sections will show that the position and alignment of
the ion beam inside the ring poses a much greater limitation
for our measurements than the neutral beam.

C. Product detection

All reactions of interest for the present experiment result
in one neutral and one charged reaction product, according to
Eq. 1. The neutral product Y will usually be embedded inside
the neutral beam, and while the detection of neutral products
may be possible for certain reactions and dedicated setups4,
we exclusively pursue the detection of the charged reaction
products X+ for the CSR experiments, as it is much more
straightforward. In general, the first 6◦ deflector behind the
ion-neutral interaction zone will deflect the charged products
and introduce an angle with respect to the neutral beam. De-
pending on the mass ratio of the X+ daughter product com-
pared to the initial ion beam M+, stored inside the CSR, this
deflection may leave the X+ products on a trajectory between
the neutral beam and the stored ions (for m[X+] > m[M+]),
or the charged products may be deflected even stronger than
the stored ion beam toward the center of the CSR (for m[X+]
< m[M+]).

To cover different scenarios and mass ratios, we installed
three single particle detectors, dedicated to the ion-neutral ex-
periment. The first two detectors are situated inside the stor-
age ring, in two chambers downstream of the second 6◦ deflec-
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tor in the ion-neutral interaction section. These detectors are
based on micro-channel plates (MCPs) that detect secondary
electrons emitted from converter plates following ion impact.
The design resembles the detectors developed for the electron
cooler section41,42, however, for the present experiment the
open area has been increased significantly to 48× 55 mm2,
and a harp made from stainless steel wires and biased with a
negative voltage to repel low-energy electrons has been intro-
duced. Both detectors can be operated at cryogenic temper-
atures, and they are movable on rails inside the experimen-
tal vacuum chambers. To increase the detection efficiency
and reduce dead times, the MCPs are typically heated with
∼100 mW during operation, by small heating coils situated at
their support base.

Figure 8 shows an overview of the CSR section down-
stream of the ion-neutral overlap region. The positions of
the two movable detectors and the accessible mass ranges
m[X+]/m[M+], based on trajectory simulations, are given.
Note that these mass ratios depend heavily on the size and
emittance of the stored ion beam, and the numbers given here
are meant as guidelines only. They are based on simulations
using typical values for beam size and emittance of an un-
cooled ion beam. One of those trajectory simulations is shown
in the middle panel of Fig. 8, depicting the example reaction
HeH+ + D −→ HD+ + He. The lower panel shows simula-
tions for the reaction D+

2 + C−→ CD+ + D, which results in a
charged product that is much heavier than the initial ion beam.
The simulation shows that the products do not fully separate
from the neutral beam inside the CSR vacuum chambers. In
fact, for mass ratios m[X+]/m[M+]> 3.2, the product and
the neutral beams generally tend to overlap inside the CSR.
Therefore, we have installed a parallel plate deflector toward
the CSR extraction beam line. This deflector permits us to
bend heavy charged fragments back into the neutral beam and
analyze them outside of the CSR using a series of deflectors
and two energy-analyzing 55◦ deflectors (see Fig. 9), followed
by a channeltron detector. This arrangement also allows for
more detailed analysis of the reaction products. Using mov-
able slits between the two 55◦ deflectors, we can discriminate
between various charged reaction products. Figure 9 shows a
simulated outcome of the reaction H2D+ + C, where we have
selected the CD+/CH+

2 reaction channel, while all products of
a different mass are stopped before the slits.

We have performed extensive simulations using both
MAD-X43 and G4beamline44 codes (for which the field maps
of the ion optical elements were calculated with TOSCA
Opera3D45) to optimize all voltages for the deflectors in the
extraction beam line to a given product energy, taking into
account the change of the neutral beam energy induced by
the drift tube voltage in the photodetachment section. Ow-
ing to our comparatively high beam energies, we neglected
the kinetic energy release at this stage. Note that the prod-
uct ions inside the extraction beam line are not only deflected,
but also focused by the quadrupole doublet close to the en-
trance of the beam line, which increases the detection effi-
ciency substantially. We benchmarked our simulations with a
mono-energetic C+ ion beam that we transmitted through the
extraction beam line. Moreover, during the initial ion-neutral

~0.3 <             < ~0.4m[X+]
m[M+]

~0.5 <             < ~0.8m[X+]
m[M+]

~1.3 <             < ~2.5m[X+]
m[M+]                           > ~3.2m[X+]

m[M+]

Movable, cryogenic
product detector

Parallel
plate
de�ector

MCP

Converter
plate

Daughter
product

Neutral
beam

Stored 
ion beam 

Movable, cryogenic
product detectors

To extraction
beamline

Daughter
product

Neutral
beam

Stored
ion beam 

Example: D+ + C       CD+ + D2

Example: HeH+ + D       HD+ + He

FIG. 8. Schematic drawing of the storage ring section downstream of
the ion-neutral overlap region. The particle trajectories in this section
are relevant for the product detection. Two movable cryogenic de-
tectors can be used to detect charged reaction products. The approx-
imate mass detection range of the reaction product (mass m[X+])
compared to the mass of the stored ion beam (mass m[M+]) is given
in the insets of the upper panel. The middle panel shows exemplary
trajectories for the reaction HeH+ + D −→ HD+ + He. The lower
panel depicts the reaction D+

2 + C−→ CD+ + D. As can be seen, for
m[X+]/m[M+] > 3.2 the reaction products and the neutral beam do
not fully separate inside the CSR chambers. Therefore, the products
are deflected back into the neutral beam by a parallel plate deflec-
tor and eventually analyzed by two large electrostatic energy filters
outside of the storage ring (see main text for details) .

experiments we varied all deflector voltages individually, and
found that the simulated voltages yielded the maximum count
rate, indicating that the optimization was successful.

In the meantime, we have successfully used the mass-
separating capabilities of the extraction beam line to measure
branching ratios, and we will report the results in a forthcom-
ing article35.
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55° de�ector

Slits

Plate de�ector

15° de�ector

Neutral
cup

Channeltron
detector

Quadrupole

Knife edge
pro�ler

C
CH+

CD+ /CH2

CHD+

+

Detection of daughter products 
from reaction H2D+ + C

FIG. 9. Schematic drawing of the CSR extraction beam line together
with simulated particle trajectories of the daughter products of the
ion-neutral reaction H2D+ + C. In this simulation the potentials of
the ion optical elements in the extraction beam line are scaled in order
to detect the CD+/CH+

2 products. In this case, the two 55◦ deflec-
tors (acting as energy filters) allow for the separation of the daughter
products into three channels: CH+, CD+/CH+

2 , and CHD+.

IV. SIMULATION OF THE MERGED BEAMS OVERLAP
AND THE COLLISION ENERGY DISTRIBUTION

To assess the effective overlap between ions and neutrals
and the energy resolution of the experiment, detailed simu-
lations of the trajectories of the stored ions and the resulting
overlap with the neutral beam were carried out. A crucial pa-
rameter for merged beams studies is the overlap factor Ω36

Ω =

∫ ∫ ∫
JM+(x,y,z)JA(x,y,z)dxdydz∫ ∫

JM+(x,y)dxdy
∫ ∫

JA(x,y)dxdy
, (4)

where JM+ and JA denote the fluxes of the stored ion beam and
the neutral atom beam, respectively. We introduce a Cartesian
coordinate system (x,y,z), where the z-axis is collinear with
the central axis of the neutral beam (and thus the nominal ion
beam orbit in the center of the CSR injection section), the x-
coordinate points toward the center of the storage ring, and
the y-coordinate points upward, perpendicular to both x- and
z-axes. Following the argumentation in36, we can define the
overlap along the z-axis by

Ω(z) =
∫ ∫ ∫

JM+(x,y,z)JA(x,y,z)dxdy∫ ∫
JM+(x,y)dxdy

∫ ∫
JA(x,y)dxdy

, (5)

and define an average value over the entire length L of the
interaction volume

〈Ω(z)〉= 1
L

∫
Ω(z)dz. (6)

With the shape of the neutral beam severely constrained
through the apertures in the photodetachment region, the size
and divergence of the ion beam in the interaction section

become the essential parameters to determine the value of
〈Ω(z)〉. The simulations of the trajectories of the stored ions
were carried out with the G4beamline code. Precise field
maps for all ion-optical elements were created using the finite-
elements code TOSCA45. Exact geometrical models for all
elements were used and discretized on a three-dimensional
mesh.

The upper panel of Figure 10 shows simulated trajectories
for both ion and neutral beam in the interaction section. While
the neutral beam simply expands ballistically, the ion beam
passes through both deflecting and focusing elements in this
section. The deflecting elements are the two 6◦ deflectors,
which effectively merge and de-merge the beams, while the
focusing action is caused by the two quadrupole doublets sit-
uated in each straight section of the CSR, as part of the sym-
metric ring lattice. Details on the CSR ion optical layout can
be found in26.

Simulations for the standard CSR working point and two
realistic ion beam emittances are used to extract the over-
lap value along the interaction section in the lower panel of
Fig. 10. The smaller 2σ -emittance value of 5 mm mrad is
unrealistic for an un-cooled coasting beam (when having a
high number of stored ions inside CSR), but it is a reason-
able estimate for future experiments where the CSR electron
cooler is applied for translational cooling. In principle, the
two apertures in the transfer beam line from the ion source
to the CSR limit the 2σ -emittance of the transported beam to
∼1.4 mm mrad, however, due to intra-beam scattering and im-
perfect matching of the transfer beam line to the storage ring
Twiss parameters at injection, we often observe in our experi-
ments that the stored ion beam occupies a larger phase space.
From imaging studies we inferred a value of εx,y(2σ )∼10 mm
mrad as a typical value for an uncooled ion beam, when stor-
ing ∼108 particles inside CSR.

The overall decrease of Ω(z) along the beam axis is owed to
the decrease of the neutral beam density because of its ballistic
expansion. The shaded areas inside the graph depict the loca-
tion of the quadrupole doublets and 6◦ deflectors, according to
the legend in the inset. The average values for the integrated
overlap 〈Ω(z)〉 range between 0.35 and 0.43 cm−2, however,
the lower value is probably closer to reality for the present
proof-of-principle measurements with an un-cooled beam and
no particular efforts to match the storage ring parameters at
injection.

Figure 11 shows the resulting collision energies for both ion
beam emittances. The color coding divides the events in three
regimes, depending on where in the interaction region they
occur. The blue area shows all events stemming from colli-
sions in the straight section between the quadrupoles. These
are the majority of events and the ones with the lowest average
collision energy. The dashed lines show a fit with a Maxwell-
Boltzmann velocity distribution with a mean energy expressed
in kBT , ranging from 0.033 to 0.063 eV for the two differ-
ent emittance values. The area shaded in yellow is caused by
the merging and de-merging of the beams in the 6◦-deflectors.
The large angle between the two beams in these sections re-
sults in very high relative collision energies, exceeding 100 eV
in this case. Since the cross sections that we aim to study usu-
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FIG. 10. The upper two plots show the trajectories of a neutral beam
(black lines) and a stored ion beam (red lines) with an emittance of
εx,y(2σ ) = 5 mm mrad, projected onto the horizontal and vertical
plane, respectively. The lower diagram shows the calculated overlap
form factor along the propagation axis in the CSR interaction section:
for a stored ion beam (in CSR standard mode) with an emittance of
εx,y(2σ ) = 5 mm mrad (black line) and for a stored ion beam with
an emittance of εx,y(2σ ) = 10 mm mrad, merged with a neutral beam
collimated by 4.5 mm apertures in the injection beam line.

ally tend toward zero at these high collision energies, and the
fraction of events in this area is low (on the order of 2%), we
can assume that our measurement will not be affected signif-
icantly by the events in the deflectors. Moreover, our simu-
lations show that when collisions occur in the deflectors, the
angle between the two beams is often so large, that only a
fraction of those events will be transmitted through our energy
analyzers and end up at the detector. The situation is differ-
ent for the collisions taking place in the quadrupoles, which
are shaded in green. The focusing fields in these ion optical
elements will introduce an angle between the ion and neutral
beams, also leading to higher collision energies.

The simulated collision energy distribution can be used to
correct the experimental data and account for the increased
collision energies in the focusing sections. However, owing to

the smooth shape of the rate coefficient for the C + D+
2 reac-

tion, combined with the sharp drop at higher energies (shown
in Sect. V C), the correction turned out to have a minimal ef-
fect on the shape of the curve for our proof-of-principal data,
while it would have increased the overall value by about 15%.
Since for the present work we do not aim at a measurement
of an independent rate coefficient on an absolute scale, but
rather a calibration of our measured proof-of-principle data to
previous studies, we will present our data without correction.

V. EXPERIMENT: C + D+
2 −→ CD+ + D

Here we report on energy-resolved measurements of Reac-
tion 3, carried out with the CSR ion-neutral collision setup.

The D+
2 ion was chosen as a reactant for these benchmark

measurements for two reason: firstly, because two indepen-
dent and absolute previous single-pass merged beams stud-
ies exist to calibrate our results14,46; secondly, because the
D+

2 ion does not possess a dipole moment, and therefore its
internal excitation will not change during storage inside the
CSR. Moreover, the distribution of vibrational and rotational
states populated in D+

2 ions created by electron-impact in
conventional ion sources is well-studied and believed to be
reproducible. Consequently, comparisons between previous
single-pass studies and our storage ring measurements be-
come meaningful.

The D+
2 ions were created by electron impact in a discharge

ion source from D2 gas, electrostatically accelerated to 40 keV
at ion source platform 2, and injected into the CSR, where
they were stored for up to 15 s. After ion injection, the CSR
transfer beam line was switched to ion source platform 1, in
order to prepare a neutral atomic carbon beam.

The initial C− ions were produced in a sputter ion source,
accelerated to either 118 or 122 keV and guided through the
transfer beam line toward the CSR. A fraction of ∼2.4% of
the ions were neutralized by the photodetachment laser, which
was operated at 1.8 kW power (during laser-on phases), and
switched on and off with a period of 30 ms. The neutral C
atoms produced by photodetachment entered the ion-neutral
interaction section of the CSR, while the remaining negative
C− beam was deflected upward, and collected in a dedicated
Faraday cup behind the photodetachment section (see Fig. 3).

All deflectors and the energy analyzers in the CSR extrac-
tion beam line were set to the calibrated values to detect CD+

product ions. The relative collision energy was varied by
scanning the drift tube voltage in the photodetachment sec-
tion (Fig. 4). All voltages relevant for the product guidance,
like, e.g., the energy analyzers in the extraction section, were
scaled with the expected total product energy during scans.
As in previous studies17, the kinetic energy release following
Reaction 3 was ignored. We believe this to be a very good
approximation, as we are working with rather high beam en-
ergies.
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εx,y(2σ) = 5 mm mrad εx,y(2σ) = 10 mm mrad

FIG. 11. The two panels on the left-hand side show the simulated collision energy histogram of two velocity-matched beams, namely a neutral
C beam at 120 keV and a stored D+

2 ion beam at a beam emittance of εx,y(2σ ) = 5 mm mrad. The panels on the right-hand side depict a stored
ion beam with an emittance of εx,y(2σ ) = 10 mm mrad. The upper panels use a linear scale that affords a fair representation of the fraction
of events occuring in the various sections of the interaction region at energies below 4 eV, while the lower panels use a logarithmic scale with
increasing bin sizes to provide a better representation of the entire range of collision energies (this leads to a perceived overemphasis of the
high collision energy part). The inset in the upper right panel is a magnification that shows the small fraction of events that takes place in the
6◦ deflectors and results in collision energies in the relevant range below 4 eV, before the strong drop of the rate cofficient at higher energies.

A. Merged beams rate coefficient

While we are not aiming at an independent and absolute
rate coefficient measurement at this stage, we will describe the
reaction rate coefficient and all relevant parameters for com-
parison to previous studies, and for future reference.

We can express the merged beams rate coefficient as a prod-
uct of the energy-dependent cross section σ for Reaction 3 and
the distribution of relative velocities vr by15,36

〈σvr〉=
S

TPη

e2

IC ID+
2

vC vD+
2

L〈Ω(z)〉
, (7)

where S denotes the product (CD+) count rate, TP stands for
the combined product transmission of the extraction beam line
and the energy analyzers, e denotes the unit charge, η de-
notes the detection efficiency of the channeltron detector, IC
and ID+

2
, stand for the currents of C atoms and D+

2 ions, re-
spectively, vC and vD+

2
denote the velocities of the respective

species, and L〈Ω(z)〉 stands for the product of the length of
the interaction section L and the averaged overlap form factor.

The product signal S was derived from the count rate
recorded in the channeltron detector behind the energy ana-
lyzers (Fig.9) during the laser-on phases, which was corrected
for background events (see next section).

The transmission TP of the energy analyzers for the prod-
uct ions was estimated from our simulations and benchmark
measurements with a continuous beam to be of the order of
90±10 %. Furthermore, we assume a detection efficiency of
η = 95±5 % for the channeltron detector at these energies.

The flux of C atoms IC was recorded continuously using
secondary electron emission in the neutral cup at the end of
the extraction section (Fig. 5), and corrected by the secondary
electron yield per neutral impact, denoted by γ . The value
for γ was determined for each extended data taking run by
dividing the average current recorded in the neutral cup dur-
ing laser-on phases by the loss of the C− ion current measured
simultaneously in the ion beam dump upstream of the CSR in-

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/5

.00
86

39
1



12

jection section (Fig. 6). Note that in line with previous merged
beams studies36, we express the neutral flux as a current IC in
amperes, artificially attributing a single charge to each neutral
atom.

The ion current ID+
2

inside the CSR was determined in a
two-step procedure. During the measurements we recorded
the count rate RN of a movable single-particle detector41,42 sit-
uated in another section of the CSR. This detector was moved
into a position where it captures the majority of particles neu-
tralized by the residual gas in this section. The signal recorded
here is assumed to be proportional to the number of ions stored
inside the storage ring. To calibrate the signal on a absolute
scale, we established a procedure where we bunch the ion
beam – using a suitable radiofrequency signal – and measure
the total current of the stored particles by the mirror charge in-
duced in a calibrated current pickup electrode26, while count-
ing RN at the same time. This procedure effectively allows
us to infer the particle current ID+

2
during storage from the

recorded neutralization count rate RN. Since the proportional-
ity depends on the storage ring vacuum, the calibration proce-
dure is usually repeated daily in a data-taking campaign. We
find that the pressure in the ring is usually stable to within 10%
during a day of measurements. Larger fluctuations can some-
times be caused by rare temporal instabilities of the cryogenic
helium supply, but they are apparent by a sudden change in the
neutral count rate RN in the data, and the affected injections
can be discarded.

The velocities vC and vD+
2

of the individual beams can be
calculated from the beam energies, the overlap length L and
form factor Ω(z) are taken from our simulations (see Sect. IV).

The overlap factor constitutes by far the largest uncertainty
for our proof-of-principle measurement. Owing to problems
with cryogenic amplifiers during initial runs with the neutral-
beam setup, we were not able to confirm the exact positioning
of the ion beam inside the CSR, introducing a large uncer-
tainty for the beam overlap (the amplifiers have in the mean-
time been replaced with more reliable versions that can op-
erate at room temperature). We will therefore refrain from
giving an absolute rate coefficient for the present measure-
ments and scale our results to previous measurements. Note
that once the absolute scale has been calibrated, it would still
be possible to perform meaningful measurements with differ-
ent species under these conditions, as one of the advantage of
electrostatic storage is that the ion beam trajectories are very
reproducible and do not change for particle beams with differ-
ent masses. We intend to make use of this fact for the absolute
calibration of future measurement campaigns.

B. Background subtraction

The product count rate S of CD+ ions resulting from Re-
action 3 is derived from the count rate Ron measured in the
channeltron detector during the laser-on phases of the experi-
ment. The photodetachment laser is switched with a period of
30 ms and the count rate Roff during the laser-off phases is also
recorded. During the laser-off phases there is a small but mea-
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FIG. 12. The decay of the neutral count rate RN, recorded by a single-
particle detector in the electron cooler section, is shown by a blue
line. This signal is proportional to the number of stored D+

2 ions (see
main text for details). The decay of the unnormalized CD+ signal is
shown by a green line. The respective lifetimes of a single exponen-
tial fit are given in the inset. The normalized CD+ product signal is
shown in red and found to be independent of the storage time. Sta-
tistical error bars, derived from counting statistics, are smaller than
the size of the symbols, as the count rates are integrated across all
relative energies.

surable neutral flux arriving at the neutral cup. These neutrals
are created by electron stripping due to collisions of the C−

beam with the residual gas upstream of the C− beam dump
in the injection beam line. Since these neutrals result from
gas stripping, they are not necessarily in the atomic ground
state, on the contrary, they can occupy highly excited Ryd-
berg states, which may have increased cross sections to react
with the stored D+

2 ions. To eliminate this type of background,
we routinely subtract the count rate during the laser-off phases
from the signal during laser-on phases.

Another form of background in the present experiment
stems from C+ ions that are created via electron stripping of
the neutral C beam colliding with the residual gas in the re-
gion where the beam exits the CSR and enters the extraction
beam line (inside and ahead the 15◦ deflector). However, this
type of background is suppressed very efficiently by the dou-
ble energy analyzers in front of the channeltron. Furthermore,
we routinely remove all ions from the storage ring for a few
seconds at the end of each injection cycle, while the laser se-
quence and the data taking continue. During these intervals
we record the background counts R0

on created by the neutral
beam alone, which we can average and subtract from the sig-
nal count rate. This procedure also allows us to discriminate
potential background created by the stored D+

2 beam, although
we have not seen any evidence of background events caused
by the stored ion beam.

The background-corrected count rate S used for our exper-
imental results is given as

S = Ron−Roff−R0
on , (8)
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FIG. 13. Merged beams rate coefficient for the reaction C + D+
2 →

CD+ + D, measured at the CSR. The red and blue dots were obtained
with initial C- beam energies of 122 and 118 keV, respectively, and
the voltage-adjustable drift tube in the photodetachment section was
used to tune the final neutral beam energy. The absolute scale was
adapted to the previous results of Hillenbrand et al.46 (grey dots). A
fit to the previous experimental results of Schuette and Gentry14 is
shown by the dashed line.

where the event rate R0
on recorded without ions in the ring is

adjusted for the length of the measurement intervals.

C. Results

For the present proof-of-principle measurements we in-
jected a large number of ions into the ring to facilitate the
detection of the CD+ signal. This usually leads to a fast ini-
tial decay component in the first seconds of storage. This fast
decay is in all likelihood induced by space charge or intra-
beam scattering effects, which depend on particle number and
density of the stored beam. In this context, Fig. 12 serves as
a cross check for our calibration and data acquisition routine.
Shown is the decay of the neutral count rate RN (blue line)
recorded at the single-particle detector in the electron cooler
section, which we use as a calibrated proxy of the number of
stored ions. Also shown in the same plot is the CD+ prod-
uct signal S (green line), recorded in the channeltron detector
at the end of the CSR extraction section, averaged over all
collision energies. Since there will be no internal cooling of
the D+

2 beam during storage, we expect both decays to show
a parallel trend, and we indeed find that both data sets can
be modeled well with a single exponential decay with identi-
cal decay constants (within the uncertainties). Moreover, we
find the normalized CD+ signal (red curve) to be independent
of the storage time, confirming that the merged beams over-
lap and the product transmission through the energy analyzers
do not change during the critical phase of the first seconds of
storage.

Our measured merged beams rate coefficient is plotted in

Fig. 13 as a function of the relative collision energy. We
plotted two curves, representing a scan during which we in-
creased the initial energy of the C− beam from 118 to 122 keV
and a scan during which we decreased the beam energy from
122 keV to 118 keV. The energy of the stored D+

2 ions was
40 keV in both cases. The good agreement between both data
set serves as another cross-check for the validity of our beam
simulation and data analysis procedures. The error bars for
our data are purely statistical, they are derived from the accu-
mulated counts in each bin, assuming Poisson statistics.

Also shown are the results of two previous measurements
for comparison. An initial merged beams study of this reac-
tion was carried out in 1982 by Schuette and Gentry14. In their
measurement they used an electron impact ion source for the
D+

2 beam, while the atomic C beam was created by charge ex-
change of C+ in a vapor cell. This procedure may result in the
creation of excited C atoms, although the authors argue that
they expect to produce primarily atoms in the C(3P) ground
term by charge exchange with xenon gas14.

Very recently, single pass merged beams measurements
were carried out for collisions between C atoms and both H+

2
and D+

2 ions46 by Hillenbrand et al. In this case the neutral
C atoms were produced by laser photodetachment, in a setup
very similar to the one used for the present work, yielding
only C atoms in the 3P ground term. Their measured rate
coefficient for the C + D+

2 reaction is essentially compatible
with the previous experiment of Schuette and Gentry across
all collision energies, but on average it is about 20% lower.
We consider the more recent data of Hillenbrand et al. to
be more reliable, in particular due to the possible contamina-
tion of the neutral beam with excited C atoms in the previous
study14. Consequently the absolute scale of our measurements
was scaled to the more modern experiment of Hillenbrand et
al.46

While for our experiment, as well as the study of Hillen-
brand et al., all neutral atoms will occupy the 3P ground term,
there is no control over the distribution of the J = 0,1,2 fine
structure levels, which we assume to be thermal. Regardless
of the validity of this assumption, our setup for the anion beam
and the neutralization scheme are essentially the same as in
the study of Hillenbrand et al., and therefore we do not expect
significant differences in the fine structure populations among
these two experiments.

Likewise, we expect the internal excitation of our D+
2 ions

to be similar to both previous experiments, assuming that elec-
tron impact in our discharge ion source will lead to an essen-
tially vertical transition from D2 (X1Σ+

g ) to D+
2 (X2Σ+

g )47. Im-
plicitly, this also presumes that there are no ion-neutral colli-
sions taking place inside the ions source that could potentially
alter the internal excitation after the ionization process. This
is probably a good approximation, as the ion source was op-
erated with pure D2 gas, and collisions of D+

2 with D2 should
predominantly lead to the strongly exothermic formation of
triatomic deuterium ions D+

3 , rather than inelastic change of
internal energy.

The overall energy-dependence of our measured merged
beams rate coefficient is in very good agreement with both
previous studies. We have assumed a resolution limit of
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∼60 meV for the present study, corresponding to a typical
emittance value of εx,y(2σ )∼10 mm mrad.

The overall agreement between our results and both pre-
vious measurements is very encouraging. We are currently
working on improved diagnostic means including imaging to
establish the beam overlap better. Moreover, first attempts to
work with electron-cooled ion beams are underway.

VI. SUMMARY AND OUTLOOK

We have constructed a dedicated setup to study ion-neutral
collisions at the heavy ion storage ring CSR, to the best of
our knowledge the first of its kind. The neutrals are created
by photodetachment of negative ions, resulting in a fast beam
of pure ground term atoms. The neutral beam energy can be
varied in a voltage-adjustable drift tube. The neutral beam
is superimposed to the stored molecular ions in one of the
straight sections of the CSR. Our experiment allows for the
detection of charged products resulting from collisions be-
tween ground term atoms and stored molecular ions. Fur-
thermore, the merged beams configuration enables energy-
resolved measurements over a wide range of collision ener-
gies.

Our simulations show that the main factor influencing the
energy resolution of the experiment is the emittance of the
stored ion beam. While the present experiment has a moderate
resolution around 60 meV, our understanding of the electro-
static storage ring dynamics keeps improving, and we have re-
cently achieved lower beam emittance values by better match-
ing the injected beam Twiss parameters to the CSR machine
parameters. To define the overlap between both beams bet-
ter, we have recently performed extensive studies using imag-
ing in the electron cooler section. As our understanding of
the storage ring optical lattice increases, it becomes possible
to use the imaging data – in combination with detailed sim-
ulations of the beam dynamics – to predict the shape of the
beam in the overlap section of the neutral beam setup. We are
also considering to introduce wire scanners into this section
to verify our simulations. The most straightforward approach,
however, may be to apply electron cooling to decrease the ion
beam diameter. Once the ion beam is substantially smaller
than the neutral beam, its shape has only a minor influence on
the overlap factor, as the neutral beam is rather homogeneous.
The same principle applies for merged beams measurements
of electron-ion collisions at storage rings, where it allows for
accurate and reproducible measurements of rate coefficients
on an absolute scale. The application of electron cooling for
improved beam quality in combination with the neutral beam
experiment is currently being pursued.

While for the present measurements the C + D+
2 collision

system was chosen specifically to reproduce previous single-
pass experiments, the implementation of an ion-atom merged
beams setup at a cryogenic storage ring opens up unique op-
portunities for future measurements. As a first step, collisions
involving infrared-active ions like, e.g., HD+, H2D+, HeH+,
CH+ and numerous other species of astrophysical interest can
be studied, making use of the fact that these molecules will

cool to their lowest quantum states during storage29,33. This
will yield data that are much more adequate for use in astro-
physical models compared to single-pass experiments, which
sample molecular ions with unknown rotational and vibra-
tional excitation. In fact, data on collisions of C atoms with
HD+ and H2D+ have recently been taken at the CSR, and
initial studies on the important primordial reaction of HeH+

with D have been carried out. Furthermore, the fact that the
CSR can be operated with pulsed ion sources is another sig-
nificant advantage, compared to single-pass setups. For ex-
ample, the probably most important species of astrophysical
interest is the triatomic hydrogen ion H+

3 . While the produc-
tion of H+

3 in standard ion sources leads to extremely high
internal excitation48, it can be pre-cooled in cryogenic ion
traps or supersonic expansion sources in pulsed operation4,25.
Diagnostic efforts to determine the population of individual
rotational states inside the storage ring by laser diagnostic
schemes are currently being developed49. In combination,
these techniques and the setup presented here pave the way
for experiments on some of the most frequent and impor-
tant molecular reactions in the universe, under true interstellar
conditions.

In summary, we present the first measurements for reactive
ion-neutral merged beams measurements obtained at a heavy-
ion storage ring. The energy-dependence of our results agrees
well with previous studies. Data on collisions of C atoms with
HD+ and H2D+ molecules, which both possess a dipole mo-
ment and thus cool during storage inside the CSR, are cur-
rently being analyzed. Efforts to improve the definition of the
ion beam emittance and the beam overlaps are underway and
will be reported in due time.
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