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Merged-Beams Study of the Reaction of Cold HD* with C Atoms Reveals a Pronounced
Intramolecular Kinetic Isotope Effect
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We present a merged-beams study of reactions between HD ions, stored in the Cryogenic Storage Ring
(CSR), and laser-produced ground-term C atoms. The molecular ions are stored for up to 20 s in the
extreme vacuum of the CSR, where they have time to relax radiatively until they reach their vibrational
ground state (within 0.5 s of storage) and rotational states with J <3 (after 5 s). We combine our
experimental studies with quasiclassical trajectory calculations based on two reactive potential energy
surfaces. In contrast to previous studies with internally excited Hy and DJ ions, our results reveal a
pronounced isotope effect, favoring the production of CH* over CD™ across all collision energies, and a
significant increase in the absolute rate coefficient of the reaction. Our experimental results agree well with
our theoretical calculations for vibrationally relaxed HD™ ions in their lowest rotational states.
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Ion-neutral reactions are important in many fields,
ranging from astrophysics and atmospheric chemistry to
combustion and industrial applications. In cold interstellar
clouds, ion-neutral reactions have been identified as the
main drivers for the formation of small molecules in the gas
phase [1,2]. Their dominant role in interstellar chemistry is
owed to the fact that they can proceed rapidly even at low
temperature and low density. In this framework, exothermic
processes without a reaction barrier are of particular
relevance. Modern interstellar cloud models often contain
several thousand rate coefficients for ion-neutral reactions;
however, very few of them are based on experimental data.
In fact, most of the reaction rates in the models are either
sophisticated guesses or extrapolations from measurements
conducted at high pressure. The data become even more
sparse when deuterated molecules are considered, despite
the fact that those molecules are frequently observed in
space [3] and used to infer information on important
astrophysical parameters. For example, observations of
H,D™ have been used to derive a minimum age limit for
star-forming molecular cores [4]. In these studies, the
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deuteration can be explained by small differences in
zero-point energies [5]. However, while this effect is very
important for reactions that are essentially thermoneutral,
its relevance for exothermic ion-neutral reactions is less
obvious.

Recently, several reactions between sympathetically
cooled rare gas ions and ammonia, including fully deuter-
ated NDj, have been investigated at temperatures between
200 and 300 K. An inverse kinetic isotope effect (where the
rate coefficient involving hydrogen-bearing reactants is
significantly slower than the rate coefficient for deu-
terium-bearing reactants ky/kp < 1) was derived [6,7],
indicating a conflict with common capture theories.
Measurements in selected-ion flow tubes, however, appear
to be at odds with this finding [8], and more research may
be needed [9].

At higher collision energies, a number of experiments
employing crossed beams [10] and guided ion beam
methods [11] with atomic ions have been carried out.
Dating back to the 1960s, theoretical models on the isotope
effect in strippinglike direct reactions, largely based on
classical kinematic and geometric arguments, have been
devised. These considerations were used to interpret
isotope effects observed in early experiments of atomic
ions impinging on hydrogen gas in different isotopic
variants [12-17].

A very important but largely unexplored subclass of ion-
neutral processes are reactions between neutral atoms and
cold molecular ions. For example, many interstellar reaction
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FIG. 1. Evolution of the rotational state populations of HD™

inside the CSR as a function of time. The model assumes
ionization by electron impact at an initial source temperature
of 500 K, while the time evolution [25] is based on published
Einstein coefficients and level energies [31]. For clarity of
presentation, we do not plot levels with J > 5, as they have
an initial population of < 1%.

chains are initiated through reactions between hydrogen
molecularions and neutral atoms, which introduce the heavier
species (e.g., carbon and oxygen) into the chemical network
and, thus, pave the way for the formation of more complex
species. This type of reaction is difficult to study exper-
imentally, as both reactants need to be prepared in specific
quantum states for well-defined measurements. While a
number of room temperature studies with N and O atoms
can be found in the literature [18,19], there are almost no
previous reaction studies between cold molecular ions and
neutral C atoms, which form the backbone of gas phase
organic chemistry in interstellar space. For example, the
UMIST database for Astrochemistry [20] lists more than a
hundred reactions between molecular ions and neutral C
atoms; however, essentially none of the rate coefficients
appear to be based on measurements and no energy depend-
encies are given. Recently, the merged-beams technique has
been employed to study collisions of C atoms with H [21],
H, and DJ [22] ions, albeit employing rovibrationally
excited ions that were extracted directly from standard
discharge ion sources. These studies indicated the apparent
absence of an intermolecular isotope effect when considering
the cross sections between reactions with H; and D, while
the overall reaction rate coefficients were found to be
significantly smaller (by a factor of ~4) than predicted by
capture theories [22]. This discrepancy was partly resolved
upon examination of the relevant reactive states and the
observation that vibrationally excited Hy /D5 ions would
undergo dissociative charge transfer (see Fig. 7 in [22]).
Here, we present measurements for the reaction

HD* + C — CH*/CD* + D/H (1)

using cold HD™ ions with the recently commissioned ion-
neutral merged-beams collision setup at the Cryogenic
Storage Ring (CSR) [23]. The experimental setup has been
described in detail elsewhere [24], and more details on the
present experiments are given in an accompanying pub-
lication [25]; therefore, we will limit ourselves to a brief
overview of the measurement principle.

The CSR is a fully electrostatic heavy-ion storage ring
with a nested vacuum structure of 35 m circumference.
Housed inside a large cryostat, the inner chambers can be
cooled to liquid helium temperatures (7' <5 K) by a
closed-cycle refrigerator. The ion optical lattice allows
for the storage of positive or negative ion beams with
kinetic energies of up to 300 keV per unit charge, in an
extreme vacuum with residual gas number densities on the
order of 10° particles per cm®. For technical details on the
storage ring layout and performance, see Ref. [23].
Previous studies have shown that diatomic infrared-active
molecular ions stored inside the CSR will cool to their
lowest rovibrational states by spontaneous emission of
radiation [26,27]. This allows for experiments with molecu-
lar ions in defined quantum states [28], which greatly
simplifies comparison to theoretical calculations.

For the present experiments, HD* ions were extracted
from a discharge ion source, mass selected by a dipole
magnet, and electrostatically accelerated to a kinetic energy
of 40 keV. We utilized HD gas inside the source, which is
ionized by electron impact. We suppressed the production
of triatomic molecular ions by operating the ion source with
a minimum amount of gas. To be able to subtract the
contribution of a small H3+ contamination, we also mea-
sured the rate coefficient of vibrationally cold Hi + C
forming CH and CHJ, as a function of the collision
energy (the results are presented in [25]).

After injection, typically 2 x 108 HD* ions circulate
inside the CSR, where we observe an average beam lifetime
of ~15 s. This comparatively fast decay is owed to the
small mass of HD™, making the stored beam susceptible to
perturbations by voltage ripple on the electrodes and stray
fields, and the large number of ions that were stored at low
kinetic energy [23,25].

Inside the cryogenic vacuum of the CSR, the internal
excitations of the molecular ions will cool by spontaneous
emission of radiation. The vibrational cooling of stored
HD™ ions has been studied in situ at the Test Storage Ring,
using Coulomb explosion imaging [29]. Those measure-
ments revealed that, after 300 ms of storage, more than 96%
of the ions have reached the vibrational ground state. The
longest vibrational lifetime is around 60 ms (for the v = 1
state), and we expect all ions to have reached the ground
vibrational state after ~0.5 s. The rotational cooling is
significantly slower but straightforward to predict. Along
the lines of previous studies [22,30], we estimate the neutral
gas temperature inside the ion source to be 500 K.
Assuming that electron impact ionization does not change
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the molecular angular momentum, we can infer the initial
rotational population of the stored HD™ ions. It corre-
sponds to a thermal distribution of 245 K, owing to the
difference in the rotational constants between HD and
HD* [25]. The subsequent state evolution is shown
in Fig. 1. It can be modeled using published Einstein
coefficients and level energies of HDT [31]. In the
following, we approximate the average rotational popula-
tion for storage times from 0.5 to 20 s by a thermal
distribution with an effective temperature of 7. = 150 K.
A more detailed description of the cooling model is given
in [25].

During storage, the ions are merged with a neutral
C atom beam propagating along one of the straight sections
of the CSR. The neutral carbon atoms are produced via
photodetachment of a negative C~ beam using a high-
power (1.8 kW) diode laser array at a wavelength of
808 nm. The C~ ions are generated inside a cesium sputter
ion source and accelerated by an electrostatic platform. On
its path toward the CSR, the C~ beam is guided through a
dedicated photodetachment chamber, where the laser array
neutralizes a fraction of about ~2% of the anions, while the
remaining C~ ions are deflected into a Faraday cup. Only
C atoms in the 3P ground term are produced by the photo-
detachment process. We expect the fine structure sublevels
to be occupied statistically [22,32]. The laser (and, thus, the
neutral beam) is switched on and off with a period of 6 ms
(166 Hz) for background subtraction.

While the energy of the stored ions is kept constant at
40 keV during the experiments, the energy of the neutral
beam can be varied to adjust the relative collision energy E,
between the HD' and C reactants. In this way, we can
perform energy-resolved measurements, which yield a
merged-beams rate coefficient (ov,) as a product of the
energy-dependent cross section ¢ and the distribution of the
relative velocities v, (see Appendix A for experimental
methods).

Figure 2 shows the measured merged-beams rate coef-
ficients for both reaction channels at storage times from 0.5
to 20 s. For both channels, the data did not reveal any
statistically significant changes after 0.5 s. At this time, the
ions have reached their vibrational ground state, while the
rotational population distribution is still evolving, albeit
rather slowly. In fact, inspection of Fig. 1 reveals that the
main effect of radiative cooling during this time period is
the increase of population in J = 1, largely due to the decay
of the states with / = 3 and J = 4. Combined with the fact
that only the five lowest rotational states are populated to
begin with, this may explain why the rate coefficient of this
exothermic reaction remains largely unaffected by the
slowly changing rotational populations.

Also shown in Fig. 2 is the rate coefficient for the
reaction of D with C, which we use to calibrate the
absolute scale. The rate coefficients have been corrected for
high-energy contributions stemming from the merging and
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FIG.2. Merged-beams rate coefficients (cv,) for the reaction of
HD™ with C, as a function of the collision energy E,. The red and
blue markers represent the CH™ and CD™' product channels,
respectively. Also shown are measurements for the reaction
Dj + C — CD" + D, and the corresponding calibration curve,
based on previous measurements [22,33]. Note that the data for
D + C collisions were taken with rovibrationally hot ions,
which impacts the overall scale of the rate coefficient. We plot
horizontal error bars for a few typical data points. They reflect the
width of the simulated collision energy distribution. The vertical
error bars reflect the (1¢) counting statistics in each bin, while we
assume an additional absolute uncertainty of 20%. The dotted
lines indicate the energetic opening of the competing dissociative
charge transfer (DCT) reaction, which may differ for both
channels according to the pairwise energy model (see the main
text and Appendix B).

focusing of the ion beam, using the simulated collision
energy distributions [24]. The vertical error bars in the
graph represent 1o uncertainties derived from the counting
statistics at each energy. We estimate an additional total
uncertainty of ~20% for the absolute scale of the rate
coefficients. The lowest energy the experiment can sample
in its current form is on the order of 60 meV, limited by the
angular divergence of the beams. Details on background
subtraction, the data reduction procedure, uncertainties, and
the calibration of the absolute rate coefficients are given in
an accompanying publication [25].

It is important to note that, since we measure two
independent channels for the present reaction, the overall
rate coefficient for reactive collisions is represented
by the sum of both channels. At low collision energies
(£0.1 eV), the total rate coefficient is on the order of
~1.3 x 107 cm? s~!, more than a factor of 3 larger than the
rate coefficient for (internally hot) Dy colliding with C and
forming CD™.

The rate coefficients measured for both product channels
of reaction (1) provide the cross sections, using
o~ {ov,)/(v,), where (v,) is the nominal merged-beams
value of the relative velocity v, at the respective setting.
The results are shown in Fig. 3 as a function of the relative
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FIG. 3. Reaction cross sections for HD* colliding with C as a

function of the relative collision energy E,. The red and blue dots
indicate the experimental results for the CH" + D and CD" + H
products, respectively. We plot horizontal error bars for a few
typical data points. They reflect the width of the simulated
collision energy distribution. For both reaction channels the
theoretical (QCT) calculations including and excluding all the
product molecules in quasibound states are shown, with the range
between these two extreme cases indicated by the shaded areas.
Full lines are obtained by fitting ocp+ (E,) (blue line) and scaling
the collision energy according to the pairwise energy model to
predict ocy+ (E,) =~ ocp+ (E, X pep+/ucp+) (red line). The model
considers the collision of C with either D™ or HT (see the main
text for details).

collision energy E,. In contrast to previous measurements
of the Hy + C and D; + C reaction cross sections, for
which no intermolecular isotope effect was found [22], our
measured HD" + C reaction cross sections show a pro-
nounced intramolecular isotope effect. The CH™ reaction
channel is preferred over the CD* channel at all collision
energies, and the decline of the cross section at high
energies sets in later for CH. The decline of both reaction
cross sections is attributed to an increasing contribution of
the competing dissociative charge transfer (DCT) channel,
HD™' 4+ C - C*™ + H + D, which is endoergic by 0.46 eV
(reduced to 0.34 eV taking into account the HD™ zero-point
energy).

To compare our experimental results to theory, we have
carried out dedicated quasiclassical trajectory (QCT) cal-
culations, employing two recently developed ab initio
potential energy surfaces (PESs), corresponding to the first
two electronic states of quartet spin multiplicity, 1#A’ and
1#A”, of the CHJ system (see Ref. [22] for a discussion of
the electronic states that are likely to drive the present
reaction and [25] for more details on the QCT calculations).
Both the 1A’ and 1*A” states lead to formation of
CH*/CD™ molecules in the same 3T excited electronic
state, corresponding to an exoergicity for reaction (1) of
2.60 eV (reduced to 2.44 and 2.48 eV, taking into account
the zero-point energies of CH™ and CD™, respectively).

The QCT calculations predict that, above the energy
threshold for the DCT channel, a non-negligible fraction of
the product molecules are in quasibound states, with
enough energy to dissociate but trapped behind a centrifu-
gal barrier. In our experiment, the flight time from the
interaction region to the particle detector is on the order of
(6 £ 1) ps. As it is difficult to infer the lifetimes of the
quasibound states precisely in the calculations, here we
have considered two extreme cases. In the first case
(including quasibound states) we assume that all of the
product CH' and CD™ ions reach the detector, and in the
second case (excluding quasibound states) we assume that
all molecules in quasibound states will dissociate before
they can be detected. The experimental cross sections are
compared to the QCT results in Fig. 3. As can be seen,
almost across the entire energy range, the agreement
between experiment and theory is excellent, indicating
that the 1A’ and 1*A” states indeed provide the main
contribution to reaction (1). The fact that the experimental
cross sections are situated between the two extreme cases
considered in the QCT calculations suggests that a fraction
(but not all) of the quasibound product molecules reach the
detector.

Most remarkably, the theoretical calculations also repro-
duce the branching ratio of the two possible pathways for
reaction (1) almost perfectly (see Fig. 4), except for the
highest energy range, where the theoretical branching ratio
decreases earlier than the experimental one. This discrep-
ancy, which results from theory overestimating the CD*
formation (see Fig. 3), may be due to a limited accuracy of
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FIG. 4. Measured branching ratio ocy+/ocp+ of the cross
sections of the two pathways for reaction (1) (black dots)
compared to the results of QCT calculations (dashed and dotted
lines). The shaded area between the two theoretical curves
indicates the range between calculations including and excluding
all the product molecules in quasibound states, as labeled in the
inset. The full line is obtained as the ratio of ocy+(E,) =
ocp+ (E. X pcy+/pep+) and ocp+(E,.) according to the pairwise
energy model (see the main text and Appendix B).
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the PESs in the high-energy region. For the exoergic and
barrierless ion-neutral reaction studied here, the preference
for CH' formation over CD' can be understood in the
following terms. At low collision energies (typically
E, <1¢eV), we find a slight preference for the CH'
channel that is consistent with a higher probability to
encounter the H atom at large impact parameters. This
effect is driven by the mass asymmetry of the HD™
molecular ion, for which the center of mass is displaced
with respect to the center of charge, causing the opacity
function to extend further out for the CH' channel
compared to CD™ [34,35]. The marked increase of the
branching ratio at higher collision energies (E, > 1 eV) is
compatible with the expectations from a strippinglike
mechanism of the reaction, where the incident C atom
interacts almost exclusively with the HY or D ion which is
abstracted from HD™. Stripping models [13,14] state that
the cross sections for CH" and CD™ formation are identical
when they are compared at the same value of the relative
kinetic energy between C and the abstracted atomic ion
(this energy is also referred as pairwise energy in the
literature [36]). Accordingly, the cross section ocp+ at the
collision energy E, X pucy+/Hcp+ can be used to deduce
ocy+ at the collision energy E,, thereby allowing one to
predict the branching ratio ocy+/ocp+ expected from a
stripping mechanism, as described in more detail in
Appendix B. As can be seen in Figs. 3 and 4, the results
of this model reproduce the measurements for the ratio
ocy+ /ocp+ fairly well over almost the entire energy range.
Furthermore, the model predicts that the effective energy
threshold of the DCT channel depends on whether the H*
or D ion is abstracted. The predicted values of these
threshold energies, indicated in Fig. 2, are consistent with
the onset of the decreasing merged-beams rate coefficients.
Note that, based on quantum mechanical considerations,
in view of the small difference of the zero-point energy
(ZPE) of CH" and CD™, one would expect either no isotope
effect (as the ZPEs are very small compared to the total
exothermicity) or a preference for the formation of the
heavier CD" species, contrary to the present findings. In the
cold interstellar medium, fundamental reactions with small
exothermicities are known to favor the insertion of heavier
isotopes [3]. The fact that our studies reveal a small
preference of the lighter product instead, owing to kinematic
or geometric effects in this barrierless ion-neutral reaction,
has great potential significance for isotopic fractionation in
the interstellar medium and its quantitative treatment in
models involving ion-neutral chemistry. Further studies are
foreseen for important interstellar reactions like Hy + C and
Hj + O, including isotopic variants (H,D" and D,H™).
Those processes are of paramount importance for the
deuterium content of more complex species [3].
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F.G. and H.K. were supported by the European Re-
search Council under Grant Agreement No. StG 307163.
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Recherche Scientifique—FNRS and acknowledges support
under Grant No. 4.4504.10.

Appendix A: Experimental methods.—The photo-
detachment of the C~ beam takes place inside a voltage
drift tube, allowing us to tune the relative energy of the
neutral C atoms with respect to the stored ions. For each
injection cycle, we set the drift tube voltage to a fixed
value between —1 and +5 kV, translating into nominal
ion-neutral collision energies between 0 and 10 eV in
the center-of-mass reference frame. The C atom beam is
collimated by two 4.5 mm apertures separated by 2.9 m
in the injection beam line and propagates ballistically
thereafter. After traversing the interaction zone inside the
CSR, the neutrals are collected in a dedicated cup [24],
where the neutral flux can be monitored continuously by
secondary electron emission.

The reaction products are guided into an extraction beam
line [24], where they are separated from the neutral beam
by electrostatic fields, mass selected by a set of two 55°
deflectors, and eventually recorded as individual particle
events by a channel electron multiplier (CEM). The back-
ground-subtracted product count rate S is typically smaller
than 10 s~!, and the CEM has a near-unity detection
efficiency at the energies used here.

Our measurements yield a merged-beams rate coefficient
as a product of the energy-dependent cross section ¢ and
the distribution of the relative velocities v,. It is given by

2
<61),> = i °

T nlclyp+ L(Q(z))

UcUHD*

(A1)

where § denotes the count rate of the reaction product
(CH" or CD"); T, represents the product transmission of
the extraction beam line; e stands for the unit charge; 7
denotes the detection efficiency of the CEM; vc and vyp+
represent the velocities of the C atoms and the HD™ ions,
respectively; and L(Q(z)) denotes the product of the length
of the interaction section L and the averaged overlap form
factor (©(z)) along the interaction region (see Ref. [24] for
details). The current attributed to the circulating ions is
given by Iyp+. As in previous merged-beams studies
[21,24,37-39], we artificially attribute one elementary
charge to each neutral atom and treat the neutral flux as
a current /.

To evaluate (ov,), we need to record all the parameters
on the right-hand side of Eq. (A1). The largest uncertainty
in this framework is the determination of the overlap factor
Q(z) [24]. While the neutral beam profile is straight-
forward to evaluate, the profile of the stored ion beam
can only be inferred from time-consuming imaging studies,
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determining the emittance of the beam and its evolution
along the overlap region. In the present study, we therefore
make use of the fact that the particle trajectories inside the
electrostatic ion optical lattice of the CSR—and, thus, the
ion beam profile—are independent of the particle mass. In
particular, at large numbers of stored ions, we find that the
emittance of the stored beam depends almost exclusively
on the number of ions in the ring. We make use of this fact
by linking our data to previous benchmark measurements
of the reaction of D; +C — CD' + D [22,24]. To this
end, we have performed an independent measurement of
the above reaction during the same experimental campaign,
using identical storage ring settings. Details on the absolute
calibration of the merged-beams results are given in an
accompanying publication [25].

Appendix B: Pairwise energy model.—Both measure-
ments and QCT calculations for the HD' + C reaction
show an intramolecular isotope effect in favor of the
production of CH™ over CD". More specifically, the ratio
of the partial rate coefficients kcy+/kcp+ exceeds unity at
all collision energies. The ratio varies slightly between
1.2 and 1.4 below 1 eV and rises steeply at higher
energies (see Fig. 4). Similar intramolecular isotope
effects have been observed previously in ion-neutral
reactions involving HD or HD™ species [11,13,40].

At high energy (above 1 eV), the HD" + C reaction is
believed to proceed via a direct stripping mechanism where
C interacts almost exclusively with the H" or DT that is
picked up from HD™, leaving the other atom almost
unaffected. In the so-called pairwise energy model [36,40],
one expects that the reaction cross sections for CH* /CD*
formation depend on the relative (also called pairwise)
kinetic energies between C and the abstracted atom
(H' or D):

1
Ecy+ = 7 Mo vE, (B1)

1
Ecpr = EMCW vz, (B2)
where v, is the relative velocity between C and the
abstracted atom. Assuming that v, also corresponds to
the relative velocity between C and HD™, the collision
energy writes as

1
Er = 5”C,HD+U%v (B3)
and the pairwise kinetic energies relate to E, as

_ HcHt

ECH+ = Er >~ O38Er, (B4)
Hc Hp*
_ Hcpot

ECD+ = Er =~ O72Er (BS)

Hc HDH

If the reaction probability is primarily governed by the
requirement to overcome the centrifugal potential, then, in
the case of a stripping mechanism, we have to consider the
effective potential between C and the abstracted atom:

. Ecytb
Vel == V(). (B6)
. ECD+b
Vep: = — 7+ V() (B7)

where b is the impact parameter and r is the internuclear
distance. Since the interaction potentials V(r) between C
and H', and between C and DT, are identical, the
centrifugal potentials V&L, and VL. are also identical
for given values of the pairwise energy and impact
parameter. In such a case, the reaction cross sections
ocy+ and ocp- are expected to be identical when they
are compared at the same pairwise energy. Accordingly,
using Egs. (B4) and (BS5), the two reaction cross sections
should relate as follows:

OCH* (Er) >~ Ocp+ (ﬂCH* E,.) = Ocpt (()53 X Er) (B8)
Hcp+

This proportionality is satisfactorily verified for the present
reaction by fitting one of the cross sections and scaling it
for comparison with the other, as illustrated in Fig. 3.

Above the energy threshold for the dissociative charge
transfer (DCT) reaction,

HD" +C - C* + H+D, (B9)
the pairwise energy model should still be valid if the H and
D departing atoms are equally effective in carrying away a
given amount of excess energy to form a stable CH' or
CD* product molecule. If it is indeed the case, Eq. (BS)
tells us that the cross sections ocy+ and ocp+ will start to
fall off at collision energies which differ by about a factor
of 2. Applying Egs. (B4) and (B5) with pairwise energies
equal to the DCT threshold of 0.34 eV, one predicts the
partial cross sections for CH* and CD™ formation to
decrease for collision energies above 0.89 and 0.47 eV,
respectively. These effective threshold energies, which
match the global trend of the measured rate coefficients,
are indicated with vertical dotted lines in Fig. 2.
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