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Ion-neutral reactions are driving the formation of small molecules in the gas phase of interstellar clouds,
where hydrogen molecules and their ions are by far the most important collision partners for any species in
the astrochemical network. Here we present absolute rate coefficient measurements for the reactions HD' +
C — CH*/CD* +D/H and Hf + C — CH*/CH; + H,/H obtained using a recently commissioned ion-
neutral collision setup at the Cryogenic Storage Ring. Our measurements with vibrationally cold ions result in
significantly higher rate coefficients when compared with previous studies using internally excited ions, bringing
them in better agreement with classical capture theories. Moreover, we have performed detailed quasiclassical
trajectory (QCT) calculations for the HD* + C reaction, using new potential energy surfaces. Our experimental
results and the QCT calculations show very good agreement for the absolute cross section of the reactions, as
well as for the isotope effect. These results have great potential relevance for the chemistry of the interstellar

medium and the onset of organic chemistry in space.
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I. INTRODUCTION

Ion-neutral reactions are an important class of processes in
a variety of fields. Driven by the attractive potential between
the induced dipole of the neutral reactant and the charge
of the ion, these reactions often proceed rapidly even under
extreme conditions, e.g., in the cold interstellar medium [1] or
in ionized regions of planetary atmospheres [2]. A number of
different techniques have been employed throughout the years
to study ion-neutral collisions, most of them based on flow
tubes at room temperature [3]. A limited number of reactions
have been studied at lower temperatures in uniform supersonic
flows [4,5], with recently upgraded experiments using an ion
selector before introducing the ions into the flow reactor [6,7].
Another type of experiment applies buffer gas cooling in cryo-
genic ion traps to thermalize the reactants by collisions with
inert gases [8]. For an overview and comparison of various
techniques see Ref. [9].

A particularly difficult type of ion-neutral processes for
studies in the laboratory are reactions between molecular ions
and neutral atoms. In this case both collision partners are
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very reactive and need to be carefully prepared in defined
quantum states for meaningful experiments (see Refs. [10,11]
for reviews). Since essentially all elements in the periodic
table (apart from the noble gases) are in molecular form under
terrestrial conditions, the production of neutral atoms requires
some molecular dissociation process. For example, H, O, and
N can be extracted in monoatomic form from microwave
discharges of the molecular parent gases, and introduced into
flow tubes. This technique has been used to study a number
of processes involving these atoms [11], albeit restricted to
measurements at room temperature. Furthermore, reactions
between C atoms and various neutral molecules have been
measured in room-temperature low-pressure flow experiments
[12], while both inelastic and reactive collisions between C
atoms and various molecules have been studied in supersonic
flow reactors [13—15] and in dedicated velocity map imaging
experiments [16].

A more versatile type of experiments, allowing for energy-
resolved studies, employ the merged beams method. Coming
at the expense of increased experimental complexity, initial
merged beams studies were often limited to atomic collision
partners [17-22], while a number of molecular systems have
been addressed by single-pass experiments [23-25], with a
recent emphasis on astrochemical reactions [26-28]. For ex-
ample, the reaction between Hf and C has been measured
in a merged beams study [26] that found the rate coefficient
for the formation of CH™ to be a factor of ~3 below the
classical Langevin value. A recommended thermal rate was
derived from this experiment and astrophysical implications
were examined [29]. Furthermore, a combined experimental
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and theoretical study of the reactions of internally excited
H and D] ions with C atoms by Hillenbrand er al. [30]
found that the experimental cross sections were about a factor
of ~4 lower than standard capture theories, taking into ac-
count either the charge-induced dipole interaction potential or
the combined charge-quadrupole and charge-induced dipole
interaction potentials. Both of these previous studies were
carried out with internally excited molecular ions that were
extracted from standard electron impact ion sources.

We have recently commissioned the first merged beams
setup for ion-neutral reactions at a heavy-ion storage ring [31].
This experiment allows for energy-resolved measurements of
reactions between ground term atoms and stored molecular
ions, which have time to cool to the vibrational ground state
and also undergo some rotational cooling during storage. The
setup is located at the Cryogenic Storage Ring (CSR) of
the Max Planck Institute for Nuclear Physics in Heidelberg,
Germany. Here, we present absolute rate coefficient measure-
ments for reactions of C atoms with vibrationally cold HD*
and HY ions. In both cases we find the experimental rate
coefficients for vibrationally cold ions to be clearly enhanced
compared to the single-pass studies using hot ions, and to be
much closer to the expected classical capture rates.

Furthermore, we present theoretical studies of the HD" +
C collision system in Sec. III A, employing quasiclassical
trajectory calculations on new CHJ reactive surfaces. These
calculations show excellent agreement with our experimental
results, indicating that the present type of exothermic ion-
neutral reaction can indeed be described and understood in
detail using largely classical arguments.

II. EXPERIMENTAL SETUP
AND MERGED BEAMS PRINCIPLE

The design and the operational features of the Cryogenic
Storage Ring (CSR) have been described in an earlier publi-
cation [32]. In brief, the CSR is a fully electrostatic storage
ring with a circumference of 35.1 m. Its ion optical lattice
is able to store positive and negative particle beams with
kinetic energies of up to 300 keV per unit charge. The CSR
vacuum system employs a nested structure with inner ultra-
high vacuum chambers surrounded by a large cryostat. During
operation, the inner vacuum chambers of the CSR are cooled
to cryogenic temperatures of <5 K by a closed-cycle helium
refrigerator. Detailed photodissociation and photodetachment
studies have shown that infrared-active molecular ions cool to
their lowest rotational states within a few minutes of storage
inside the CSR [33-35]. The cryogenic temperatures result in
a very low residual gas density on the order of 10* particles
per cubic centimeter. Two independent high-voltage platforms
are used to supply ion beams to the CSR and adjacent experi-
ments.

A. Ion-neutral merged beams measurements

A dedicated ion-neutral merged beams setup for the CSR
has been constructed recently [31]. The experiment features
a laser neutralization zone to create velocity-matched atomic
neutral beams that can be superimposed to the stored ions in
one of the straight sections of the storage ring. The neutral

beam traverses the CSR ballistically, before it is disposed of in
an extraction beam line downstream of the interaction region,
where the neutral flux can be monitored continuously by sec-
ondary electron emission. Several dedicated detectors are used
to record the charged reaction products at various ports inside
the CSR or at the end of the extraction beam line. Details
on the ion-neutral setup and proof-of-principle experiments of
reactive collisions between D3 ions and ground-term C atoms
forming CD™ ions can be found in a recent publication [31].

For the present work, the molecular ions are produced in
a discharge source, mass selected by a dipole magnet, and
electrostatically accelerated to a kinetic energy of 40 keV. For
the experiments with HD" ions, we utilized HD gas inside the
ion source. The measured reaction channels for the reaction of
HD™" with C atoms are

HD' +C — CH' +D, (1a)
— CD" +H. (1b)

The HD gas was ionized by electron impact and we
suppressed the production of triatomic molecular ions by
operating the ion source with a minimum amount of gas. How-
ever, by repeated scans of the mass range from 1-6 atomic
mass units, we found that a small contamination (<5%) of the
HD™" beam with triatomic hydrogen ions was inevitable. Since
H;* also reacts with C, this will lead to the following reaction
channels:

H + C — CH' + Hy, (2a)
— CHj +H, (2b)

which result in the same product masses (within the resolution
of our experiment) as the HD™ + C reaction. Therefore, we
also measured the rate coefficient of vibrationally cold H; re-
acting with C as a function of the relative collision energy, and
we will use these data to correct the measured rate coefficients
for the contribution resulting from the Hi contamination. For
these experiments we operated the ion source with H; gas.

We stored approximately 2 x 103 HD* (H7) ions at a
kinetic energy of 40 keV inside the CSR, and we observed a
typical initial 1/e beam lifetime around ~15 s for both beams.
While beams of heavier molecules with higher kinetic energy
can exhibit much longer lifetimes [32], faster decays are to
be expected in this case. The comparatively low energy of the
stored beams makes them more susceptible to voltage fluctu-
ations of the electrostatic deflectors, and the large number of
stored ions in the present experiments introduces additional
loss processes, in particular at short storage times, where
space charge effects play a role.

The neutral C atom beam was superimposed to the stored
ions in the same straight section of the CSR that is also used
for the ion beam injection. The C atoms were produced by
laser neutralization of a fast C~ anion beam. The negative
carbon ions were extracted from a standard metal-ion sputter
source (MISS), mass selected by a set of dipole magnets,
accelerated to 161 keV, and guided toward the CSR. On their
path to the storage ring, the C~ ions traversed a 2.9 m long
photodetachment cell, where they are collimated by round
apertures with 4.5 mm diameter. In this chamber, the anions
are exposed to the field of a strong (1.8 kW) continuous diode
laser array operating at a wavelength of 808 nm. The laser is

062804-2



ABSOLUTE RATE COEFFICIENT MEASUREMENTS OF THE ...

PHYSICAL REVIEW A 109, 062804 (2024)

superimposed to the ion beam at a grazing angle of 2.7 degrees
to increase the beam overlap (to an effective overlap length of
roughly 20 cm) and thus boost the neutralization efficiency
(see previous publication for details [36]). A fraction of about
~2% of the fast anions is neutralized and enters the CSR on an
essentially straight (ballistic) trajectory, while the remaining
anions are deflected into a Faraday cup, where their current
is recorded. Upon exiting the CSR, the neutral beam enters
an extraction beam line downstream of the interaction zone,
where it is eventually dumped in a neutral cup that uses
secondary electron emission to monitor the neutral flux [31].

Photodetachment through the infrared laser light will pro-
duce only C atoms in the P ground term, while we expect
the fine structure sublevels to be occupied statistically [28,37].
The laser (and thus the neutral beam) can be switched with
kilohertz frequencies, and we typically turn it on and off
with a period of 6 ms (166 Hz) during the measurements for
background subtraction.

The relative collision energy E, for two nonrelativistic
particle beams that intersect at an angle 6 with kinetic energies
E,, E; and masses m, my, respectively, is given by

1
1 E, E E\E>\?
Er=—MVf=M[—1+—2—2< ! 2) cos@}, 3)

2 m my mymy

where v; denotes the relative velocity and p the reduced mass
[u = mymy/(m; +my)]. In our case, we aim for a colinear
arrangement (cos® = 1) and we vary the relative collision
energy by changing the neutral beam kinetic energy. To this
end the photodetachment takes place inside a drift tube that
can be biased with voltages from —5 to +5 kV. For the present
experiment, we chose fixed kinetic energies of 40 keV for
the stored ions and 161 keV for the C~ beam. With these
values velocity matching was achieved at a drift tube voltage
of —1kV (neutral beam energy of 160 keV), and we were
able to cover relative collision energies of up to 10 eV in the
center-of-mass frame, without changing the platform voltage
for the C~ beam.

The charged reaction products (CHT, CD", or CHJ),
which, owing to their large kinetic energy compared to the
stored HD* or HJ ions, will experience only a small de-
flection by the electrostatic 6° deflector downstream of the
interaction region, are deflected back into the neutral beam by
a parallel deflector and leave the storage ring into the neutral
extraction beam line [31]. Here, the ions are separated from
the neutral beam by electrostatic fields, mass selected by a set
of two large 55° energy analyzers, and eventually recorded
as individual particle events by a channel electron multiplier
(CEM) detector. The background-subtracted product count
rate S is typically smaller than 10s~!, and the CEM has a
near-unity detection efficiency at the energies used here, while
exhibiting a dark count rate below 0.1 s~ .

We measure the merged beams rate coefficient k(E,) as a
product of the reaction cross section o and the distribution of
the relative velocities v;. It is given by

2
K(E) = (ov,) = S Ye (4)
Ty Ic Iv+ L(S2(2))
where S denotes the product count rates in the CEM detector
(for CH* /CD™" or CH" /CHJ ions); 7, stands for the product

transmission of the extraction beam line; n is given by the
detection efficiency of the CEM detector; v¢ and vy+ rep-
resent the velocities of the C atoms and the molecular ions
(HD* or H), respectively; and L denotes the length of the
interaction region with an average merged beams overlap form
factor along the interaction zone (€2(z)) [31]. The current at-
tributed to the circulating ions is given by /y+. As in previous
merged beams studies [21,22,26,31,38], we artificially assign
one elementary charge e to each neutral atom and treat the
neutral flux as a current /.

To evaluate (ov,) on an absolute scale, all the parame-
ters on the right-hand side of the Eq. (4) need to be known
or recorded during the measurement. Our setup allows us
to determine all of the required quantities within reasonable
uncertainties during the experiment. However, as the deter-
mination of the overlap factor €2(z) is time consuming and
introduces the largest uncertainty for the absolute scale of our
measurements [31], we decided to make use of the fact that the
particle trajectories inside the electrostatic ion optical lattice
of the CSR, and thus the ion beam profiles, are independent of
the particle mass for the same kinetic energy. We measured the
known rate coefficient for the reaction of C + D — CD*+
D during the same experimental campaign in order to normal-
ize our data to previous measurements, and thus significantly
reduce the overall systematic uncertainty. A full account of
the error budget for the present study is given in Sec. II C.

B. Characterization of relative collision energies

In any experiment with merged or crossed beams, it
is imperative to understand the distribution of the relative
collision energies, as it typically differs from a thermal dis-
tribution. Furthermore, in the sections where the two beams
are merged and demerged, higher relative collision energies
will be sampled as the beams are not collinear. The resulting
angle leads to increased relative velocities, which need to be
accounted for.

To this end we have performed simulations of the beam
trajectories of the stored ion beam and the overlapping neutral
atom beam. Using the finite-element code TOSCA OPERA3D
[39], the precise field maps for all ion-optical elements
were calculated. These field maps serve as a basis for the
G4BEAMLINE code [40], which allows us to simulate the trajec-
tories of individual particles (see also Ref. [31]). The neutral
atom beam is defined by two round apertures (with a diameter
of 4.5 mm at a distance of 2.9 m from one another) in the
transfer beam line before entering the CSR. As a result, the
neutral atom beam exhibits a 2o emittance of ~1.4 mm mrad
inside the CSR. For the stored ion beam, we assume an emit-
tance of €,,(20') ~ 10 mm mrad, which we routinely observe
in our experiments with uncooled beams when storing ~10%
particles.

Monte Carlo simulations of these beams (neutral beam and
stored ion beam) overlapping in the first straight section of
the CSR were performed. Recording the velocity vectors of
the particles along the ion-neutral interaction region, allows
for the determination of the relative collision energy E,. By
varying the kinetic energy of the neutral particles for each
simulation, we can infer the distribution of the relative colli-
sion energy for all measured data points. As discussed in detail
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FIG. 1. Distributions of the relative collision energies for various
detuning energies of the neutral C atom beam. The distributions were
derived from Monte Carlo simulations of both beams (see main text
for details). Bins are of equal width on a logarithmic scale.

in Sec. IV of Ref. [31], the distribution of the relative collision
energy has a component at higher collision energies that is
caused by collisions inside the 6° deflectors that merge and
demerge the beams and, to a smaller extent, by the focusing
quadrupole doublets inside the straight CSR section (acting
only on the stored ion beam).

Figure 1 shows exemplary distributions of the relative col-
lision energies for velocity-matched beams and for detuned
beams, where the kinetic energy of the neutral beam is shifted
by 0.5 keV, 1 keV, and 2 keV with respect to the matched-
velocity setting. In order to depict the contribution towards
higher collision energies, we chose a double-logarithmic
representation in which also the size of the bins scales
logarithmically with energy (note that this representation
over-emphasizes the contributions at higher energies). The
events at energies greater than 10 eV stem almost exclusively
from collisions inside the 6° deflectors, which account for
about 6.6% of all collisions. However, since the rate coeffi-
cients for our experiments typically tend toward zero at such
high collision energies, these events will have very little im-
pact on the overall shape of our data, but they influence the
absolute calibration of our measurements. Inside the focusing
quadrupoles of the CSR the stored particles experience a de-
flection dependent on the displacement of the ions from their
central orbit. A fraction of about ~10% of all events takes
place inside the quadrupoles and distorts the distribution of the
relative collision energies (appearing as a shoulder exceeding
relative collision energies of 1 eV for matched velocities in
Fig. 1).

In order to correct for the contributions at higher collision
energies, we developed a simple iterative numerical proce-
dure. We generated the distributions of the relative collision
energies for every nominal neutral beam energy setting that
was used in our experiments, utilizing G4BEAMLINE Monte
Carlo simulations. These discrete distributions were normal-
ized to the total number of events to calculate the relative
probability p(E/) with which a certain collision energy E,
will be sampled at this particular setting. The measured rate
coefficients k(E,) were interpolated by a cubic spline fit (at
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FIG. 2. The graph shows the measured data (open squares) of
the rate coefficient for HD* 4+ C — CD™ 4 H together with a cubic
spline fit (dashed line). The filled squares show the data for the
same channel after correction for the contributions at higher relative
energies (see main text for details).

high collision energies the rate coefficients approach zero),
yielding smooth functions ks(E, ). For the correction, we start
with the data point measured at the highest collision energy
and go step by step towards smaller collision energies. The
corrected rate coefficient ko is determined by

eore (Ey) = (k(E»— Y ks(E) p(E;)) /
E!>Emin
(1— > p(E;)), (5)
E/>Emin

where E™" denotes the transition energy where a particular
simulated collision energy distribution begins to be dominated
by the unwanted events stemming from the quadrupole and
merging regions. This procedure is repeated for each data
point, but in each step the spline fit is recalculated, includ-
ing the corrected data points, and the appropriate distribution
p(E)) of the simulated collision energies for this particular
setting is used.

To illustrate the effect of the correction, we show both the
measured and corrected rate coefficients for the HD' + C —
CD™ + H channel in Fig. 2. The comparison shows that the
overall shape of the rate coefficient is only minimally affected
by the correction, which, in fact, could be approximated rather
well by an overall scaling factor (at close inspection the cor-
rection changes the shape of the curve slightly, as the effective
scaling factor becomes smaller at lower energies).

The error bars shown here and throughout this work depict
only lo statistical uncertainties derived from the absolute
number of counts in each energy bin, using Poisson statistics.
The systematic uncertainties and the absolute scale of the
measurements will be discussed in detail in the next section.
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TABLE 1. Typical experimental values for the quantities given in Eq. (4) with their corresponding uncertainties.

Source Symbol Value Units Uncertainty (%)
Count rate S 0-10 Hz 2-25
Neutral cup calibration y 8.5 15
Neutral C flux (secondary electrons) I- 300 nA 5
Stored ion beam current Iyp+ 1500 nA 14
HD™ velocity VHD+ 1.6x108 cms™! <1

C velocity Ve 1.6x10% cms™! <1
Overlap form factor (2(2)) 0.35 cm™? 25
Interaction length L 480 cm 2
Product transmission T, 0.9 10
Detection efficiency n 0.95 5
Total systematic uncertainty 34

(excluding the count rate S)

C. Absolute scaling of the measured rate coefficients

For absolute rate coefficient measurements we need to de-
termine all experimental quantities given in Eq. (4). Typical
experimental values together with the respective uncertainties
are given in Table I. The individual uncertainties are consid-
ered as independent and added in quadrature, amounting to a
total systematic uncertainty of 34%. The largest contributions
are the overlap form factor between the beams with 25%
and the calibration of the neutral cup with 15%. However,
by calibrating our HD* + C experiment to previous DJ + C
experiments [28,31], the uncertainty of the absolute scale of
our measurement can be reduced.

Therefore, we carried out an additional campaign to
measure the ratio of the rate coefficients for the reactions
HD™" + Cand for D] + C.Both experiments were performed
during the same day, and we retained the kinetic energy for
the stored ions (HD* and DY) at 40 keV. In order to measure
the rate coefficients in the same range of relative collision
energies for both experiments, we scaled the initial kinetic
energy of the C atom beam by a factor of 4/3 for the DY
measurements. Furthermore, the molecular ions were guided
through the same set of 4.5 mm apertures as the neutral beam,
in order to ensure a constant emittance at injection. All ion
optical elements inside the CSR remained at the same poten-
tials. Consequently, we assume that the overlap L(2(z)), the
detection efficiency 1 and the transmission 7, of the products
in the extraction beam line are unchanged between both mea-
surements.

The C atom flux Ic and the stored ion beam currents Iyp-+,
I, which are constantly monitored during the measurements,
are inferred indirectly. Both detection techniques rely on cal-
ibration measurements performed routinely during a beam
time.

The number of stored ions is determined by bunching the
ion beam and detecting the mirror charge in a dedicated capac-
itive pickup electrode inside the CSR. This technique allows
for an absolute measurement of the number of ions stored
in the ring. However, since the ion-neutral measurements are
performed with an unbunched beam, we use the number of
neutral events created by the stored ions in interactions with
the residual gas in the ring, which is constantly recorded dur-
ing the measurements. This number is calibrated in a standard

procedure to the capacitive pickup method and considered
proportional to the number of ions in the ring (as long as the
pressure inside the vacuum chambers does not change).

The C atom flux Ic propagating along the ion-neutral in-
teraction section of the CSR is recorded in a neutral cup
[31]. Inside the neutral cup the C atoms impinge on a copper
surface, and secondary electrons are emitted. The resulting
current I~ is proportional to the neutral C atom flux, e.g.,
Ic = I.- /y. The proportionality factor y represents the aver-
age yield of secondary electrons per neutral impact. This yield
depends on the species, the charge state and velocity of the im-
pinging particle, as well as the target material and its surface
condition. The condition of the copper surface in terms of its
oxide layer and adsorbed water vapor can change over time,
which will also result in a change in the y conversion factor
during a beam-time campaign. These fluctuations are taken
into account by the uncertainty given in Table L.

Since we link the experiments on HD* + C and D] + C,
many of the larger uncertainties in Table I are no longer
relevant. One additional parameter that becomes relevant,
however, is the relative change in the y factor between a
carbon beam at a kinetic energy of 120 keV and at 160 keV.
For this purpose, we determined the y factors for C*, C, C~
at kinetic energies of 120 keV and 160 keV in a separate mea-
surement. The energy dependence y (160 keV)/y (120 keV)
for all three charge states agreed well within the uncertainty.

Figure 3 compares the measured rate coefficients as a
function of the collision energy for the reactions HD™ + C
forming CH* and DJ + C forming CD*, recorded in mea-
surements carried out during the same day. Our experimental
result on the rate coefficient of D; + C forming CD™+ D is
scaled to the previous single-pass experiment by Hillenbrand
et al. [28], using the parametrization curve given in Schuette
and Gentry [25]. Note that this curve had to be scaled by a fac-
tor 0.796 in order to match the more recent data of Hillenbrand
et al. (see original publication for details [28]). This small
difference in the absolute scaling can probably be attributed to
the fact that the data of Schuette and Gentry were taken with
neutral carbon atoms produced in a charge exchange process,
where the production of carbon atoms in excited states can
not be ruled out. We then proceed to fit the same curve to our
data for the CH™ channel in the reaction of HD* and C, and
we infer a scaling factor of 1.66 &= 0.06 between the two fits.
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FIG. 3. Measured merged-beams rate coefficients for the reac-
tion DI + C — CD"+ D (represented by the black dots) and for
the reaction HD™ + C — CH™+ D (indicated by the red squares) as
a function of their relative collision energy. The (dashed) black and
(solid) red lines, respectively, represent the scaled previous single-
pass experiment on Df + C — CD*+ D by Schuette and Gentry
[25]. The scaling factors are given in the inset, they have been derived
by a least-squares fit.

Using this value and the same fit function we can calibrate the
absolute scale of our HD™ + C measurements to the previous
benchmark experiment. The new uncertainties for the absolute
scale are given in Table II, resulting in a reduction of the total
systematic uncertainty to 19%.

III. REACTIONS OF HD* WITH C

A. Quasiclassical trajectory calculations

The interaction between Hf and C in C, symmetry
generates six electronic states of doublet and quartet spin mul-
tiplicity. In a previous study [28] of the H; +C— CH"+H
reaction, a detailed analysis of the CH; system in the reactant
and product channels led us to hypothesize that the reaction
proceeds mainly through the first two 1*A” and 1*A” quartet
states of CHJ . Both states correlate adiabatically the reac-
tants to the CH"(*IT) + H products, with an exoergicity of
2.6 eV, and correspond to attractive long-range interactions
between the reactants [25]. By contrast, the third quartet state
is repulsive at long range and correlates to the CH(*X ™)

+HT products. The three doublet states, leading to form the
CH*('I1) + H and CH(*II) +H™ products, exhibit potential
energy barriers at short range [41] out of collinear geometry
of the reactants. Moreover, multiple nonadiabatic transitions
between the doublet states along the path to CH (' IT) 4+ H are
expected to reduce further their contribution to CH* forma-
tion [25,28,41]. We thus chose to focus on the 1A’ and 1*A”
quartet states to treat the dynamics of the HD' + C reaction.

Potential energy surfaces (PES) for the 1*A’ and 14A”
quartet states have recently been developed by some of us
[42]. They are based on ab initio energies obtained from
multireference configuration interaction [43,44] calculations,
with Davidson correction [45], and using aug-cc-pVQZ basis
sets [46,47] for carbon and hydrogen. Analytical representa-
tions of the two global PESs were built up by means of the
reproducing kernel Hilbert space method [48]. In the reactant
channel, at large separation between H; and C, each PES is
matched with an analytical potential describing the two main
contributions to long-range (LR) interactions, namely the
charge-quadrupole and charge-induced dipole interactions.
Since these LR interactions involve H; only as a point charge,
the associated LR potentials are isotropic and independent
of the bond length of HJ. Discarding the spin-orbit inter-
actions, the states correlating with Hf + C give rise to two
distinct LR potentials, each of them being characterized by
a specific value of |My |, where M, = 0, £1 is the projection
of the orbital angular momentum L of C(*P) on the ion-atom
axis. For both the 1*A’ and 1*A” states, which form a *I7 state
in Cy, symmetry and thus correlate with the M; = £1 state
of C(’P), the LR potential writes [49]

Vir(R) = g @=L L g (6)
R R*2°C 7

where R is the distance between C and the center of
mass of HY, ¢ is the charge of Hf, O}"=' = —0.705 a.u.
and ozgw t=1= 12,41 au. are, respectively, the permanent
quadrupole moment [50] and the static dipole polarizabil-
ity [51] corresponding to the M; = %1 state of C(*P). It is
worth noting that the value tabulated in Ref. [50] for the
quadrupole moment of carbon C(*P) corresponds to @éﬁzo =
(M, =0|0,. M, =0) = —2@%””21, Also, the quadrupole
moment operator ©.. defined in Ref. [50] differs by a factor
of two from the one of Ref. [49]. Accordingly, the values of
@g” il in Refs. [49,50] differ by a factor of two.

TABLE II. Typical experimental values and uncertainties for the relevant quantities needed for absolute measurements after calibration to

the D] + C data of Hillenbrand et al. [28].

Source Symbol Value Units Uncertainty (%)
Count rate S 0-10 Hz 2-25
Neutral cup calibration y (160 keV)/y (120 keV) 1.14 3
Neutral C flux (secondary electrons) 1- 300 nA 5

Ratio of stored ion beam currents Iyp+/ ID; 1.3 10

Fit for the calibration ratio FHDY)/f(D5) 1.66 4
Systematic uncertainty Hillenbrand ez al. [28] 15

Total systematic uncertainty 19

(excluding the count rate )
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The two 1*A” and 1*A” global PESs are barrierless. They
both correlate the HJ + C reactants with the CH" *IT) + H
products, and share the same attractive LR potential in the
reactant channel, as well as the same *IT PES for collinear
approach of the reactants. The two PESs differ most no-
tably by the presence of a deep potential energy well on the
1*A” PES that lies 4.9 eV below the Hf + C dissociation
limit and corresponds to a bent CHJ equilibrium structure
of C,, symmetry [52]. As a consequence, the 1*A” PES fa-
vors the perpendicular configuration of the reactants when
they get close to each other, while the 1*A’ PES favors the
collinear one.

The 1*A’ and 1*A” PESs were employed to perform quasi-
classical trajectory (QCT) calculations of the reaction cross
sections associated with the CHT+ D and CD" + H prod-
uct channels of the HD™ + C reaction. The QCT program,
originally developed by Halvick and Rayez [53], is based
on a standard Monte Carlo sampling of the initial conditions
[54]. The calculations were carried out for 36 values of the
collision energy E, ranging from 0.01-10 eV. For comparison
with the merged beams measurements, the HD' molecular ion
was initially set in its ground vibrational state (v = 0, J) with
rotational states J sampled according to a thermal distribution
at 150 K (this temperature is motivated by models of the
evolution of the internal excitation of the stored ions, see
next section). The initial distance R between C and HD™ was
varied between 20 A and 70 A such that the interaction energy
represents less than 0.1% of the collision energy. Each trajec-
tory was integrated in time using a Runge-Kutta algorithm,
with a time step of 0.01 fs, until the translational energy of
the products varied by less than 10~ eV. For all trajectories
the total energy was found to be conserved within 0.006%.
Due to a significant decrease of the reaction probabilities at
high collision energy, different batches of trajectories were
run depending on the energy range: 5x10* trajectories for
E, <2eV, 1x10° for 2 < E, < 5¢V, and 2x10° for E, >
5eV. This ensured statistical deviations of less than 1% for
all QCT cross section values.

For the present study, we had also to pay particular atten-
tion to the formation of CH™ and CD™ quasibound molecules
in the product channels. Indeed, the C* + H+ D dissociation
limit lies only 0.46 eV above the reactants (reduced to 0.34 eV
when accounting for the zero-point energy of HD'), and the
dissociative charge transfer (DCT) reaction,

HD™"+C—>C"+H+D 7)

becomes a major competing process for collision energies
higher than the DCT energy threshold. Furthermore, above
this energy threshold, the CH"/CD" molecules can be pro-
duced with internal energies greater than their dissociation
energy, and still be bound by the centrifugal energy barrier
induced by their rotational angular momentum. This leads to
quasibound molecules whose finite lifetime depends on the
probability of tunneling through the centrifugal barrier [55].
In the present experiment, the flight time from the interac-
tion region to the particle detector is about 6 us. Hence,
quasibound molecules having lifetimes longer than this value
should contribute to the measured reaction cross sections.
In the QCT calculations, the quasibound CH*/CD* product

molecules were identified as follows. First, we assign each
product channel of reactions (la), (1b), and (7) by impos-
ing different conditions on the internuclear distances at the
end of each trajectory. Then, we discriminate the bound and
quasibound species produced by reactions (la) and (1b) by
comparing the internal energies of the CHt/CD* molecules
to their dissociation energy.

The influence of quasibound product molecules on the
reaction cross sections was evaluated by considering two
limiting cases in the QCT calculations. In the first case, we
assume that all of the CHT/CD™ bound and quasibound
molecules contribute to reactions (la)/(1b). In the second
case, we assume that only the bound species contribute to
reactions (1a)/(1b). The QCT results labeled hereafter “in-
cluding” and “excluding” quasibound states refer to these
first and second limiting cases, respectively. Whatever the
case considered, the QCT cross sections computed at each
collision energy E, from the 1*A’ and 1*A” PESs were finally
averaged as

0u(E,) = ph o (E) + p2 o (E), (8)

where o« = CH'/CD™" for reactions (1a)/(1b), respectively,
and pA = pA" = 4/18 is the probability for the HD™ + C
collision to initiate on one of the two reactive PESs [28]. In C;
symmetry, this probability stems from the spin degeneracy of
each electronic state involved in the collision: among the three
doublet and three quartet electronic states that correlate with
the reactants (amounting to 18 states, which are degenerate in
the asymptotic limit), only the 1A’ and 1*A” quartet states are
assumed to lead to the reaction products. The rate coefficients
associated with each reaction channel were determined from
the QCT cross sections as:

ko (Ey) = oo (Er)vy, )

where v, is the relative velocity of the HD" + C reactants.

B. Internal excitation of the stored HD" ions

After injection into the cryogenic vacuum of the CSR
the HD" ions will begin to cool by spontaneous emission
of radiation. The initial excitation of molecular hydrogen
ions, coming from standard electron impact ion sources, has
been studied extensively [58]. Typically, the majority of the
molecules of the neutral parent gas are assumed to occupy the
vibrational ground state, such that the vibrational distribution
of the ionized molecules is given by the matrix element for
ground-state electron impact ionization [28]. However, for the
present experiment the ion beam is stored long enough for
complete relaxation to the vibrational ground state. In fact,
directly applicable experimental data exist, as the vibrational
cooling of HD" extracted from a discharge ion source was
studied in situ at the Test Storage Ring. Using foil-induced
Coulomb explosion imaging, the vibrational wave function of
the stored ion sample was monitored as a function of storage
time, and cooling curves for the individual vibrational states
[Fig. 4(a)] were derived [56]. It was found that after 300 ms
of storage, more than 96% of the ions occupy the vibrational
ground state. With a lifetime of ~60 ms the remaining popu-
lation in the v = 1 state will also decay quickly, and we can
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1.0 TABLE III. Estimated relative populations of the seven lowest
c rotational states of HD*. The first column gives the angular momen-
2 0.8 tum quantum number J, the second column gives the level energy, the
‘—; third column gives the initial populations based on electron impact
2 0.6 ionization at 500 K (see main text for details), the fourth column
Q gives the average populations for storage times from 0.5-20 s, and
o . .
2 04/ the final column gives the populations for a thermal ensemble at
© 150 K for comparison.
3]
< 0.2
Energy Initial Average Thermal
J (cm™1) population 0.5-20's 150K
0 50 100 150 200 250 300
time (ms) 0 0.0 0.12 0.15 0.20
1 43.8 0.29 0.47 0.39
c 2 131.1 0.28 0.31 0.28
2 3 261.5 0.18 0.07 0.11
'—3” 4 434.1 0.08 0.01 0.03
S 5 647.9 0.03 0.00 0.00
3 6 901.8 0.01 0.00 0.00
2
-
©
o
4
C. Subtracting the contribution from H beam contamination
0.0

10.0 12.5 15.0 17.5 20.0
time (s)

00 25 50 75

FIG. 4. Evolution of the (a) vibrational and (b) rotational states
of HD™" during storage inside the CSR. The vibrational cooling has
been measured at the TSR previously [56]. The initial rotational
distribution is modeled for a neutral gas temperature of 500 K inside
the ion source, assuming that electron impact does not change the
angular momentum of the molecules. The time evolution of the pop-
ulation is based on published Einstein coefficients and level energies
for HD" [57].

safely assume vibrational cooling to be complete after 0.5 s of
storage.

A model of the evolution of the rotational populations
inside the CSR is shown in Fig. 4(b). As in previous work
[28], our calculations are based on two common assumptions:
(i) the temperature of the neutral gas inside of the ion source
is estimated to be 500 K, (ii) electron impact ionization does
not change the angular momentum of the molecules. Since the
rotational constants of neutral HD (B, = 44.7 cm~' [59]) and
HD" (B, =21.9cm™! [57]) differ substantially, this results
in an initial HD"' rotational temperature of approximately
~245 K upon injection into the CSR. The evolution of the
rotational states inside the storage ring can be predicted in
a straightforward manner by solving the ordinary differential
equations that couple the rotational states by radiative transi-
tions, using published Einstein coefficients for the transition
probabilities [57]. The results of the calculation are shown
in Fig. 4(b) and in Table III. As we did not observe any
change in the signal after 0.5 s of storage, we have averaged
the populations for the stored ions from 0.5-20 s, which
essentially spans the entire storage time window that was
used for the present experiment, excluding the initial period
required for vibrational cooling. Comparison with a thermal
HD™ distribution at 150 K gives reasonable agreement. We
have used this estimated temperature as an input for the QCT
calculations presented in Sec. IIT A.

While we produce the HD™ ions using HD gas inside a
discharge ion source, we found that we can not avoid small
contaminations by triatomic hydrogen. After extracting and
accelerating the ions from the source, we use a 90° dipole
magnet to filter the desired mass-to-charge ratio. Scanning the
mass-to-charge ratio between 1 and 6 atomic units allowed
us to quantify the fraction of triatomic ions to diatomic ions
and thus to estimate the fraction of H7 ions in the main HD™*
beam to be ~4%. To correct for this beam impurity, it is not
sufficient to introduce a calibration factor for the number of
stored ions inside the CSR, since the H;r ions will react with
the neutral C atoms [reactions (2a) and (2b)] and the two
possible reaction products have the same mass as the products
involving HD™ ions [reactions (1a) and (1b)].

In order to be able to subtract the contribution of this
contamination, we conducted an independent measurement
of the rate coefficients of H reacting with C, by using H,
gas in the ion source and increasing the pressure to favor the
formation of triatomic hydrogen. For the correction, the rate
coefficients for reactions (2a) and (2b) are fitted first, in order
to interpolate the data points (see Fig. 5). For reaction (2a) we
apply the empirical fit function derived by O’Connor et al. for
previous measurements of this reaction (Eq. (28) in Ref. [26]),
represented by a black line in Fig. 5(a). Since we spent only
a comparatively short time on the H] measurement, our data
points display a larger fluctuation. For reaction (2b) we ap-
plied the fit function used in de Ruette et al. (Eq. (12) in
Ref. [27]), plotted as a black line in Fig. 5(b).

Using these interpolations and assuming a 4% H beam
contamination, we can subtract its contribution from the mea-
sured rate coefficients for HD™ + C forming CH* and CD™,
respectively. Since the contamination impacts the measured
number of stored HD" ions, the result has to be scaled up by
that fraction.

The corrected rate coefficients are indicated by the red and
blue solid symbols in Fig. 5. Note that the overall correction
leads to a slight decrease in the rate coefficient for the CH™"
channel [as the subtracted rate coefficient for reaction (2a)
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FIG. 5. (a) The open red dots indicate the measured rate coefficient for the reaction HD' + C forming CH" [reaction (1a)]. The black
squares show the measured rate coefficient for Hi + C forming CH" [reaction (2a)] with a fit to the data (black line). The red solid dots show
the rate coefficient for reaction (1a) after the 4% contribution from reaction (2a) has been subtracted and the rate coefficient has been scaled
by the appropriate factor (see main text for details). (b) The open blue squares indicate the measured rate coefficient for the reaction HD" + C
forming CD™ [reaction (1b)]. The black dots show the measured rate coefficient for H + C forming CHJ [reaction (2b)] with a fit to the data
(black line). The blue open squares show the rate coefficient for reaction (1b) after the 4% contribution from reaction (2b) has been subtracted

and the rate coefficient has been scaled by the appropriate factor.

is higher compared to reaction (la)], while the corrected
rate coefficient for the CD™ channel is increased [as the as
subtracted rate coefficient for reaction (2b) is lower than for
reaction (1b)].

The main purpose of the Hf + C measurements for the
present work was to quantify the effect of the contamination
on the HD* + C data. Therefore, we used the same storage
time window and settings to obtain a fair correction.

However, the reaction of H;" with C is a very interesting
process in its own right. In fact, it is often assumed that
this reaction introduces carbon into the interstellar chemistry
network, and therefore is responsible for the onset of organic
chemistry in the gas phase of interstellar clouds. While the
rotational distribution sampled for the present experiment is
not well defined, the fact that the H; ions have time to
cool vibrationally inside the CSR already marks a major
advantage over single-pass experiments. Hence, it is interest-
ing to compare the absolute magnitude of our (vibrationally
cold) H; rate coefficients to previous (hot) measurements and
capture theories. This comparison will be discussed in later
sections.

D. Results for reactive HD* + C collisions

We measured the rate coefficients of reactions (la) and
(1b) for storage times of up to 20 s. As described above,
we expect the vibrational cooling to be complete after 0.5 s
[Fig. 4(a)], while the rotational distribution at these storage
times is still evolving slowly among the lowest rotational
states [Fig. 4(b)]. In both reaction channels the data did not
reveal any significant changes after 0.5 s of storage. Figure 6
shows the merged beams rate coefficients for both reaction
channels divided into ~5 s long storage time intervals (while
excluding the first 0.5 s). The plots show that there are no
statistically relevant trends visible in the data after vibrational
cooling is complete. From here on we will sum up all storage
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FIG. 6. Merged beams rate coefficient for (a) HD' +C —
CH'+ D and (b) HD" + C — CD" + H for different storage time
intervals, as given in the insets. These plots illustrate that no statisti-
cally relevant changes can be discerned after 0.5 s of storage.
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FIG. 7. Merged beams rate coefficients for HD" + C — CH"+
D (red circles) and HD' + C — CD* + H (blue squares) as a func-
tion of the relative collision energy. Storage times from 0.5-20 s were
included. The dashed lines present QCT calculations (see Sec. II1 A),
where the shaded areas represent the difference between calculations
including or excluding all quasibound product molecules (see main
text for details).

times after 0.5 s as vibrationally cold data, to improve the total
statistics.

Figure 7 shows the rate coefficients for both reaction
channels in a storage time interval from 0.5-20 s. The rate
coefficients have been corrected for the HgL contamination
(Sec. III C) and the simulated contributions from higher en-
ergies in the quadrupole and merging sections (Sec. IIB).
After these corrective steps, the plotted data represent merged
beams rate coefficients (ov,) that are valid for each relative
detuning energy E, = %uvf, where 1t denotes the reduced
mass. The error bars in the graph represent 1o uncertainties
derived only from the counting statistics at each energy bin,
assuming Poisson statistics (SN = /N). We estimate an addi-
tional total uncertainty of ~20% for the absolute scale of the
rate coefficients (Sec. I C), as our data have been scaled to
the D; + C rate coefficient measurements of Ref. [28]. The
lowest energy that can be sampled by the experiment in its
current form is on the order of 60 meV, mainly due to the
angular spread of the two beams. Also shown in the plot is the
outcome of the QCT calculations for both channels, which
match the measured rate coefficients very well. Almost across
the entire energy range, the agreement between experiment
and theory is excellent, indicating that the 1*A’ and 1*A”
states indeed provide the main contribution to reactions (la)
and (1b). The experimental values lie between the two limits
of the QCT calculations at high energies, where either all
molecules in quasibound states are assumed to contribute to
the signal, or none of the molecules in quasibound states
contribute (see Sec. III A). This implies that a fraction of
the quasibound molecules live long enough to make it to the
particle detector.

The impact of vibrational excitation on the rate coefficients
is more difficult to assess, as it can only be observed during the
first few hundred milliseconds of storage. Quantitative analy-
sis of the rates at these short times is rather challenging. First,

we can not take data in the first 50 ms, as the stabilization of
the orbit of the stored ions after injection takes a while. At
these short storage times the beam overlap might still change
slightly. Furthermore, for the determination of the number of
stored ions, we rely on neutralization events of the stored
beam with residual gas ions. However, we found that for
vibrationally excited ions the cross section for neutralization
appears increased. This is manifested in a fast decay compo-
nent in the neutralization signal visible during the first 200 ms.
This component constitutes about 20% of the total signal, and
we believe that it does not indicate an actual excess of ions, but
a change in the neutralization efficiency during the vibrational
cooling. Figure 8 provides a qualitative representation of the
change of the rate coefficients for both reaction channels at
very short storage times.

To cope with the rather poor statistics of individual data
points at these short storage time intervals, we decided to
sum up the rate coefficient into a single curve and provide
uncertainty bands for three storage time intervals, taking into
account the uncertainty in the absolute number of ions caused
by the excess neutralization signal at short storage times in
the width of the shaded areas. The purpose of this illustration
is to show that, even including the additional uncertainties
in the calibration procedure, a clear trend toward lower rates
with decreasing storage time (and thus increasing vibrational
excitation) is found. This trend is consistent with the low rate
coefficients measured for the vibrationally excited Hy and D3
ions in previous single-pass experiments [28].

IV. REACTIONS OF Hf WITH C

The triatomic hydrogen ion H; is one of the most im-
portant species for the chemistry of interstellar space. As
an active proton donor, it reacts with many heavier species,
and thus Hy initiates an active ion-neutral chemistry network
in molecular environments. The reaction between H; and C
atoms is particularly interesting, as it introduces carbon into
the network by forming CH" and CHJ, and thereby it enables
the formation of more complex organic species.

In the present work, the H;’ data were mainly taken with
the intent to subtract the background caused by Hf + C re-
actions from our product channels. The reason why we did
not investigate the reactions with triatomic hydrogen ions
in more detail in the present study lies in the complicated
radiative cooling behavior of H;r [60,61]. We have come to
the conclusion that in order to perform experiments with Hy
with proper knowledge of the population of internal states,
it would be preferable to develop a spectroscopic method to
monitor individual states. Such efforts are currently underway
[62], but not yet functional.

However, the data presented in the previous section also
revealed that vibrational excitation can have a major influence
on the rate coefficient, while the changing rotational excitation
did not affect the rate coefficients. Therefore, our vibrationally
cold H;’ data already represent a major improvement com-
pared to previous single-pass experiments with highly excited
vibrational states, and we decided to present them here as
an intermediate status report, until rotationally state-resolved
measurements are within our reach.
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FIG. 8. Merged beams rate coefficients for (a) HD™ 4+ C — CH'+ D and (b) HD" 4+ C — CD™ + H as a function of the relative collision
energy. The solid squares represent the vibrationally cold data, while the shaded areas give a coarse representation of the development of the
rate coefficient at very short storage time intervals, when vibrational cooling is not complete yet. The width of the shaded areas takes into
account uncertainties of the normalization procedure at short storage times (see main text for details). The solid round symbols in light red
(a) and light blue (b) represent exemplary data for the shortest storage time interval from 50-100 ms.

A. Internal excitation of the stored H;' ions

The vibrational and rotational cooling of H;" has been
studied experimentally at the room-temperature Test Storage
Ring [60], and extensive calculations on the radiative cooling
of triatomic hydrogen have been carried out [61]. Owing to its
equilateral symmetry, H;’ hosts both comparatively long-lived
vibrational states, as well as metastable rotational levels. The
initial rotational temperature observed using beams extracted
from standard ion sources during the first milliseconds of
storage was found to be more than 3000 K [60]. In fact, it
is believed that about 2/3 of the 1.7 eV exothermicity of the
classic formation reaction of triatomic hydrogen

Hy +H, > Hf +H (10)
will end up in internal excitation [63]. These excitations can
partly be mitigated by subsequent collisions in the ion source,
as demonstrated by more recent work on the D +H7 atom
exchange reaction, where internal temperatures on the order
of 1200 K for carefully chosen pressure conditions were
found [64,65]. On the other hand, H couples only weakly to
the ambient radiation field, and therefore we can assume that
the cooling inside the cryogenic vacuum of the CSR follows
the same initial pattern as cooling in a room temperature
environment.

The most long-lived vibrational states of H;’ feature the
symmetric breathing mode of the molecule, where the size
of the molecule changes, while the triangular symmetry re-
mains intact. The Coulomb explosion imaging experiments at
TSR revealed that all vibrational states, apart from the lowest
breathing mode level (v; = 1), decay within the first 0.5 s of
storage [60]. Furthermore, the average lifetime of this breath-
ing mode state of 7 = 1.18 s [66] was found to be decreased
considerably due to the coupling to highly excited rotational
states during the TSR experiments [60]. More quantitatively,
less than 5% of the total population remained in the v; = 1
state at 0.5 s of storage, and after 2 s the vibrational cooling
was complete (see Fig. 6 in Ref. [60]). For consistency, we

will average the HY rate coefficient data over the same interval
from 0.5-20 s as the HD' data, and we will assume that
vibrational excitation does not play a significant role at these
storage times any more.

The rotational cooling of H is more complex. The life-
time of rotational states depends not only on the angular
momentum number J, but, crucially, on the projection of the
rotational angular momentum onto the molecular axis, repre-
sented by quantum number K < J (for H nomenclature and
quantum numbers see Ref. [67]). For K approaching J, H; ro-
tational states will become metastable, to the point that some
of them have no obvious decay mechanism anymore, and for
all practical intents and purposes can be considered stable
with respect to radiative decay. This means that the rotational
excitation of HY will cool significantly (states with low K will
decay) within the first 20 s of storage, however, very highly
excited states will remain populated and population will feed
into these metastable states [61].

For the present study, we have to assume that the rota-
tional excitation of Hi during the first 20 s of storage is
still rather high, and at the same time rapidly evolving, while
the rotational distribution is not well defined. This complex
cooling behavior is the main reason why we spent only limited
measurement time on the H;r + C reaction, as the definition
of rotational state populations in the present experiment is
rather poor, and the implementation of a cold ion source and
state-selective diagnostics are foreseen for future studies of
this important ion.

B. Results of the rate coefficient measurements
for reactive H:{ + C collisions

Figure 9 shows the merged beams rate coefficients for
the two reaction channels Hf + C - CH' + H, and HY +
C — CHJ + H individually. In both cases the absolute scale
of the rate coefficients was normalized to the D + C cali-
bration measurement, and the data have been corrected for
the contributions at higher collision energies, caused by the
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FIG. 9. Merged beams rate coefficients for (a) Hf + C — CH" + H, and (b) H] + C — CHJ + H as a function of the relative collision
energy. The solid black squares represent the present measurements for vibrationally cold H (storage times >0.5 s), the gray dots represent
the previous data of O’Connor et al. [26], obtained with vibrationally excited H3+ ions.

merging and focusing of the beams (see Sec. IIB). The
measurements are compared to the previous single-pass ex-
periment of O’Connor et al. [26].

Despite the comparatively short time spent on this mea-
surement, the trend of the rate coefficients agrees reasonably
well with the previous data. However, the present measure-
ments reveal an increase in both rates on the order of ~50%.
As outlined in the previous section, we expect the H;r ions
in the present experiment to be in their vibrational ground
state, while the rotational distribution is poorly defined, and
metastable states with energies as high as 1 eV may still be
present.

Previous theoretical studies of the Hf + C — CH' + H,
reaction by Talbi et al. and Bettens and Collins resulted
in room temperature rate coefficients of 2.3x107 cm ™3 s~!
[68] and 1.3x10~? cm—3s~! [69,70], respectively. However,
while the CH; formation channel was not even considered
in the study of Talbi at al. [68], a very low rate coefficient
of 1.2x 107" cm™3 s~! was predicted by Bettens and Collins
[69,70]. Our measurements for the latter channel result in a
rate coefficient at low collision energies that is about ~40
times higher than these theoretical predictions, supporting the
previous experimental finding of O’Connor et al. [26] that the
CH; formation is much faster than previously assumed, and
should be included in astrophysical models.

V. COMPARISON TO CAPTURE MODELS
AND ASTROCHEMICAL IMPLICATIONS

Many of the ion-neutral reactions used in current databases
and models have not been measured in the laboratory, and
the majority of the rate coefficients in the chemical networks
relies on educated guesses based on classical capture models.
Therefore, it is interesting to assess the validity of these cap-
ture models for the two reaction systems studied here.

The rate coefficients measured for the HD*/H} /D + C
reaction (forming CH* and CD") and the Hf + C reaction
(forming CH" and CHJ) show that product formation oper-
ates rapidly down to collision energies of a few meV [26,28].
The absence of activation energy provides evidence that these

reactions are exoergic and proceed without potential energy
barrier. Under these conditions, the rate of reaction depends
mainly on the ability of the reactants to pass over the centrifu-
gal barrier in the effective potential. Capture models [71-73],
which assume that each collision where the reactants can
overcome the centrifugal barrier leads to reaction, are thus
well suited to determine upper bounds of the reaction rate
coefficients. Since capture models do not provide information
on the reaction products (unless additional treatments be used
[71]), the rate coefficients reported hereafter correspond to the
sum over all product channels of the HD" + C and HY + C
reactions.

At low collision energies, the maximum of the effective
potential occurs at such large ion-neutral separation that the
reactions are dominated by long-range (LR) interactions. For
both reactions (1) and (2), the leading terms of long-range
interactions are the charge-quadrupole and charge-induced
dipole interactions, which involve HD" or H only as a point
charge. Moreover, when the spin-orbit interactions are ne-
glected, each reaction proceeds through two electronic states
[49,68], which are degenerate at long range and correlate
with the M, = %1 state of C(*P). The HD™ + C and Hf + C
reactions are thus characterized by the same long-range po-
tential Vir(R) [given in Eq. (6)], implying that the capture
cross sections should be identical for the two reactions. Since
the HD* 4 C and HJ + C reactants have the same reduced
mass [, the corresponding capture rate coefficients are also
identical for reactions (1) and (2).

In a classical approach of capture theory, the effective
potential writes in terms of the impact parameter b as [71-73]

2
»

Vet (R) = R2

+ ir(R), (11)

and the capture cross section is given by o¢p = 7 bfnax, where

bmax 1S the maximal value of the impact parameter leading
to a reaction. The criterion for capture E, > Vi(R) defines
bmax from the orbiting condition E, = V. (R.), where R, is
the capture distance corresponding to the maximum of the
effective potential when b = bp,x. Accordingly, the reaction

062804-12



ABSOLUTE RATE COEFFICIENT MEASUREMENTS OF THE ...

PHYSICAL REVIEW A 109, 062804 (2024)

cross section can be expressed as

(12)

Oeup(Ey) = 7 Ri[l - M}

E,

and the definition of the capture distance implies that R, is a
solution of the following equation:

R.[ dW;
E —ViRR) = =| —==| .
2| dR R=R.

13)

When the charge-quadrupole and charge-induced dipole con-
tributions to the long-range potential Vi r(R) are accounted
for [see Eq. (6)], then Eq. (13) results in a quartic polyno-
mial equation of which the capture distance R, is the largest
positive solution. Once R, is known, Eq. (12) yields the cross
section value, and the capture rate coefficient is given by

kcap(Er) = Ocap (E)vy,

where v, is the relative velocity of the reactants, whose value
at a given collision energy is identical for reactions (1) and
(2).

Due to the open-shell nature of the carbon atom C(°P),
the interactions between the HD* + C or Hj + C reactants
produce multiple PESs, among which only a fraction leads to
the reaction products through barrierless pathways. In order
to get realistic values of the reaction rate coefficients, the rate
coefficients k,p are thus scaled by a factor pe; corresponding
to the probability to initiate the collision on the reactive PESs
[71]. For HD' + C, among the three doublet and three quartet
PESs arising from the reactants in C; symmetry, only two
quartet PESs are considered as reactive. Accounting for the
spin degeneracy of each electronic state, this leads to pg =
8/18. Similarly, only two of the three triplet PESs that corre-
late with HY + C in C,, symmetry are assumed to be reactive
[68,69], leading to p, = 6/9 = 2/3. The reaction rate coef-
ficients reported hereafter are thus given by keap X per, Where
keap 1s the capture rate coefficient obtained from Eq. (14).

It is interesting to compare the results for kc,p X pei along
with the predictions of the Langevin-Gioumousis-Stevenson
(LGS) capture model [74], which is commonly employed for
exoergic reactions between ions and neutral atoms or non-
polar neutral molecules. In the LGS model, the anisotropy
of the electronic charge distribution of C(*P) is ignored.
Accordingly, the leading term of long-range interactions is
the isotropic charge-induced dipole interaction, corresponding
to Vir(R) = —q?ac/2R*, where a¢ = 11.7 a.u. is the mean
static dipole polarizability of carbon [51]. Using this form of
long-range potential in Eqgs. (12)-(14) leads to the Langevin

rate coefficient
e 1/2
LGS
kcap = 2775](7) >

whose value of 2x107° cm® s~! is independent of collision

energy. Since the LGS model approximates the carbon atom
C(P) by a closed-shell species, the rate coefficient k-5 is not
scaled by pg for consistency with the model hypothesis.

The rate coefficients kcap X per and ki“a(;s for reactions (1)
and (2) are compared in Fig. 10 together with the merged-
beams results, obtained by summing up the rate coefficients

measured for both product channels of each reaction. This

(14)

5)

2.5
~.
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FIG. 10. Measured merged beams rate coefficients summed up
for both reaction channels Hf + C — CH' +H, and CHJ + H
(open symbols) and for HD™ 4+ C — CH"+ D and CD" + H (solid
symbols) as a function of the relative collision energy. Full and
dashed gray lines represent the total QCT rate coefficient including
or excluding all quasibound product molecules. Also shown is the
Langevin rate constant, based on a long-range potential taking into
account the charge-induced dipole interaction (black dashed line).
The dash-dotted line (termed capture model 2/3 in the inset) shows a
calculation that, in addition to the induced-dipole moment, also takes
into account the permanent quadrupole moment of the C(*P) atom
and is scaled with the relevant 2/3 fraction of reactive states for the
H;r + C(CP) collision system. The dotted line (capture model 8/18)
shows the same calculation but scaled with the relevant fraction of
8,18 for the reactive states of the HD™ + C(*P) collision system.

comparison is meaningful only for energies that are below the
pronounced decrease of the merged-beams rate coefficients,
which is due to the opening of competitive reaction channels.
From Fig. 10 we can derive effective threshold energies for
the main competing processes at ~0.6eV and ~3eV for
the HD™ + C and Hy + C reactions, respectively, which may
correspond with the onset of a dissociative charge transfer
process in both cases [26,28]. As can be seen in Fig. 10,
the LGS capture model does not allow us to discriminate
between the two reactions, and, below the threshold energies
mentioned before, the Langevin rate coefficient k-95 exceeds
the measurements by ~50% and ~25% for reaction (1) and
(2), respectively. Taking into account the charge-quadrupole
interaction between C(*°P) and the cation molecules, together
with the fraction p of reactive states belonging to the man-
ifold of reactant states, brings the capture rate coefficients
keap X pet in much closer agreement with the experimen-
tal data [the maximal deviation from the measurements are
~20% and ~12% for reaction (1) and (2), respectively]. In the
particular case of the HD™ + C reaction, the excellent accord
between the capture rates and the QCT values at the lowest
collision energies results from the total reaction probability
being close to unity in this energy range (it is found to be
larger than 0.8 up to ~0.6 eV). Increasing collision energy,
the contribution of additional attractive interactions at short
range, which lack in the capture model, leads to experimental
and QCT rate coefficients that are increasingly larger than the
keap X pel values. For the H;F + C reaction, the experimental
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rate coefficients are slightly smaller than the capture results
at low collision energy. This discrepancy may be attributed
either to a total reaction probability, which differs from unity,
or to Hi + C interactions which are less attractive than it is
assumed in the capture model. Clearly, more sophisticated
calculations are needed to firmly attribute the origin of the
observed deviations.

We can compare the measured rate coefficients for both
reactions to the values listed in astrochemical databases to as-
sess their implications for interstellar chemistry. The UMIST
database [75] and the KIDA database [76] both list the follow-
ing rate coefficients for the two reactions:

HY4+C — CH* + H, k=24x10"ecm’*s™",  (16)
Hi+C — CH' + Hy, k =2.0x10%ecm’®s™!,  (17)

and in both cases it is assumed that the rate coefficients are
independent of temperature between 10 and 280 K. The ori-
gins of the rate coefficients are stated as “literature search”
or “estimation”. The constant values suggest that the LGS
capture model was used to estimate the rate coefficients. For
the temperature range listed in the databases, our data from the
experiment with HD™ ions, for which we assumed a rotational
distribution corresponding to 150 K, are well suited, espe-
cially since we did not see any effect of rotational cooling. For
the experiment with H;’ ions, however, the rotational temper-
ature is not well defined. Nevertheless, as our measurements
are at least carried out with vibrationally relaxed ions, the
results are still better suited than most experiments where
neither rotational nor vibrational states are well defined.
Considering the Hy + C reaction first, our data for HD* +
C indeed indicate that the rate coefficient is essentially con-
stant at low energies. Taking the sum of both isotopic reaction
channels (as shown in Fig. 10), we measured values around
1.3x10%cm®s~". Using this value and scaling it for the
difference in reduced mass (assuming that there is no in-
termolecular isotope effect for the cross section, consistent
with the findings of Hillenbrand er al. [30] for HY and
D;’ reacting with C), we would expect a rate coefficient of

1.8x10~%cm?s~" for the reaction Hf +C — CH' +H at
low temperatures. This value is lower than the value used in
the databases and should therefore be updated. However, since
this reaction is less relevant for interstellar chemistry than the
reaction HY + C, the impact on interstellar cloud models is
probably very limited.

Considering the reaction H;r + C, we find that both re-
action channels combined (as plotted in Fig. 10) result in a
rate coefficient of 1.6x 10~ %cm3 s~ at low collision energies,
which is lower than the value reported in the databases. More
importantly, our data show that the rate coefficient for the
CH™ channel reaches a much lower value at low temperatures
(about half of the database value), while the CH;r channel
continues to grow to values >4x107!%m? s~!. This channel
is not considered in any of the astrochemistry databases thus
far, as already discussed by O’Connor et al. [26] in their study
involving vibrationally excited Hf . Consequently, the change
in the overall rate coefficient for the important H + C reac-
tion and the branching between the CH' and CHJ products
should be corrected in the relevant databases.

VI. SUMMARY AND CONCLUSION

We have performed merged beams studies of reactions
between stored molecular HD™ and Hy ions and ground term
C atoms. The molecular ions were stored in the cryogenic
vacuum of the CSR, where they had time to relax to the
vibrational ground state. The rotational distribution of the
stored HD™ ions for storage times from 0.5-20 s was modeled
using published transition probabilities and common assump-
tions on the ionization process, resulting in a distribution of
rotational states with J < 4, which can be approximated rea-
sonably well with a thermal ensemble of 150 K temperature.
The rotational cooling of Hi is much more complex, and
individual rotational state occupations during the experiment
are not well defined. The neutral atoms are produced by laser
photodetachment of C~ anions, resulting in a ground term C
(®P) beam, for which we assume a thermal population of the
fine structure levels.

We have measured the rate coefficients for collisions be-
tween HD™ and C forming CH" and CD™, and for collisions
between Hy and C forming CH* and CHJ at relative collision
energies from 60 meV to ~10 eV. We calibrated the absolute
scale of our measured rate coefficients to previous DI + C
measurements.

Our vibrationally cold HD" data revealed much higher
rate coefficients when compared to previous measurements
of Hillenbrandt er al. with H and Dj, carried out using
vibrationally excited ions. We attribute this increase in the
rates to the absence of vibrational excitation in our studies.
Consistent with this interpretation, we observe qualitatively
that the measured reaction rates are lower during the first
300 ms of storage, where vibrational cooling is still incom-
plete. We did not see any significant change in the rates after
storage times of 0.5 s, indicating that the influence of rota-
tional excitation on the rate coefficients is not very strong. We
find a small preference to form CH' over CD* a low collision
energies, which increases above 1 eV, where the CD™ channel
shows a sharper decrease with collision energy than the CH™"
channel.

To compare our HD' + C measurements to theory, we
have performed QCT calculations on two newly developed
PESs of quartet symmetry. The QCT results agree very
well with the experimental rate coefficients for both reac-
tion channels. Furthermore, the experimental CH* to CD*
branching ratio is well reproduced by the QCT calculations
up to energies around 5 eV (see Fig. 4 of [77]), where both
the experimental as well as the theoretical cross sections for
the CD™ channel become so small that the evaluation of the
branching ratio is difficult. Overall, the agreement between
experiment and theory is excellent, indicating that this bar-
rierless ion-neutral process can be described and understood
using classical arguments.

Furthermore, we have compared the absolute rate coeffi-
cients for both HD' + C and H; + C with common capture
models, by summing up the rates of both reactive channels
in each case. We find that the combined rate coefficients
agree reasonably well with capture rates that include both
the induced dipole as well as the permanent quadrupole mo-
ment of the neutral C atoms, but only after the fraction of
reactant states that correlates to reactive surfaces is properly
accounted for.
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